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List of abbreviations 
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CASP8 Caspase 8 
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Padj. Adjusted p-value 
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PTGS2/COX2 Prostaglandin Endoperoxide Synthase 2 (aka COX2, cyclooxygenase 2) 

ROS Reactive oxygen species 

RT-qPCR Reverse transcription quantitative polymerase chain reaction 

RUNX2 RUNX Family Transcription Factor 2 

TNFRSF11B/OPG  TNF Receptor Superfamily Member 11b (aka OPG, osteoprotegerin) 
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the optimal H2O2 concentration range for the second part of this study. 
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bining H2O2 exposure and in vitro compressive force model (WAB). 

• Cultivation of human primary periodontal ligament cells (hPDLCs). Cell 
stimulation with the selected concentrations of H2O2 followed by compres-
sive force application or recovery period. Conducted laboratory experi-
ments including cell viability and cytotoxicity assessments, sample prepa-
ration, reverse transcription quantitative polymerase chain reaction (RT-
qPCR) and enzyme-linked immunosorbent assays (ELISA). 
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combination of the H2O2 model and the previously established in vitro ten-
sile force application apparatus. 

• Conducted the primary cell culture of hOBs. Stimulated the cells with H2O2 

for 24 h followed by further tensile force stimulation or recovery. Performed 
laboratory techniques including cell viability, cell cytotoxicity, sample prep-
aration, RT-qPCR and ELISA. Utilized in silico assessment methods for 
primer assessment of target and reference genes. Examined the reference 
genes using samples collected during the experiment. Involved in the data 
analysis of the RT-qPCR and ELISA results. Prepared the original manu-
script drafts. Revised the manuscript draft incorporating feedback from the 
co-authors and addressing comments from the reviewers. 
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2. Introductory summary 
The PhD project entitled “Effect of hydrogen peroxide-induced oxidative stress 
on simulated orthodontic tooth movement in a cell culture model” was conducted 
at the Department of Orthodontics and Dentofacial Orthopaedics, University Hos-
pital, Ludwig-Maximilians-Universität München, under the supervision of PD Dr. 
rer. nat. Uwe Baumert, Prof. Dr. med. dent. Andrea Wichelhaus and Prof. Dr. Dr. 
Matthias Folwaczny. 

 
2.1 Orthodontic tooth movement 
In orthodontics, therapeutic forces are applied to correct abnormally positioned 
teeth and orthodontic tooth movement (OTM) is the result of this force application 
(Wichelhaus 2018). Following the application of continuous mechanical forces to 
teeth, complex aseptic inflammatory cellular and molecular responses are trig-
gered in the surrounding tissues (Davidovitch 1991; Vansant et al. 2018). This 
effect is particularly evident in the periodontal ligament (PDL) and alveolar bone 
where human periodontal ligament cells (hPDLCs) and human osteoblasts 
(hOBs) are recognized as key cells in the mechanosensing process (Janjic et al. 
2018). The outcome of mechanical stimulation is bone removal in the direction of 
the force and bone apposition in the opposite direction (Davidovitch 1991) 
(Figure 1), with static compression and tension forces playing dominant roles in 
these processes. 

 
 
 
 
 
 
 
 
 
 

Figure 1. Bone remodelling during OTM. Bone apposi-
tion on the tension side and resorption on the compres-
sion side as the result of the long-term force application. 
[Figure adapted from Janjic et al. (2018), Figure 1 (b); 
licensed under CC BY 4.0/Cropped from the original fig-
ure and colours have been modified] 



2 Introductory summary 11 
 

2.2 Reactive oxygen species and oxidative stress 
 

2.2.1 Oxidative stress 

Oxidative stress (OS) refers to a metabolic condition in cells and tissues which 
occurs due to an imbalance between the production and accumulation of reactive 
oxygen species (ROS) on one hand, and the body's capability to either eliminate 
and neutralize these compounds or repair the resulting cellular damage on the 
other hand (Hosseini et al. 2024b; Pizzino et al. 2017). ROS, including hydrogen 
peroxide (H2O2), hydroxyl radicals (•OH), superoxide radicals (O2•−), and singlet 
oxygen (1O2), are generated as metabolic byproducts in biological systems 
(Pizzino et al. 2017). These compounds are involved in essential cellular pro-
cesses such as inflammatory signalling, apoptosis and differentiation (Pizzino et 
al. 2017). For these mechanisms to operate effectively, the concentrations of 
ROS must be appropriately regulated (Pizzino et al. 2017). 

ROS is known to present a dual nature in cellular biology. At moderate physio-
logical concentrations, ROS function as important signalling molecules in various 
cellular functions, including cell differentiation, proliferation, apoptosis and au-
tophagy pathways (Pizzino et al. 2017). However, high concentrations can be 
detrimental. When ROS levels become excessive, they can lead to significant 
harm to cellular components such as lipids, proteins, and nucleic acids, which 
can compromise cell viability and lead to cell death (Pizzino et al. 2017; Zhu et 
al. 2021). 

 
2.2.2 Influence of oxidative stress on the periodontium 

Periodontitis is a widespread chronic inflammatory condition characterized by on-
going alveolar bone resorption. During periodontitis, persistent inflammation in 
periodontal tissues results in PDL and alveolar bone loss. This is followed by 
tooth loss and mastication problems, significantly impacting overall well-being 
and life quality (Durham et al. 2013; Schröder et al. 2021; Tonetti et al. 2017). 
There have been several studies reporting that oxidative stress (OS) plays an 
important role in the pathogenesis of different chronic inflammations including 
periodontitis, particularly in its initiation and progression (Chen et al. 2022; Mittal 
et al. 2014; Wei et al. 2021). Studies have also demonstrated higher levels of OS 
were observed in gingival crevicular fluid, in saliva, and in serum of patients with 
periodontal disease (Almerich-Silla et al. 2015; Chen et al. 2019b; Wang et al. 
2017). This pathological condition leads into a direction in which neutrophils be-
come excessively activated. This hyperactivation of neutrophils triggers an in-
creased production of ROS as part of the body's defensive mechanism (Wei et 
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al. 2021). Increased levels of OS can cause cytotoxic effects on periodontal tis-
sue. It is reported that ROS affects the osteogenic differentiation of hPDLCs by 
stimulating the production of inflammatory mediators, both in vitro and in vivo 
(Chen et al. 2022). 

 
2.2.3 Influence of oxidative stress on OTM 

During the recent years, the number of adult patients seeking orthodontic treat-
ment increased remarkably. This leads to a higher prevalence of individuals with 
periodontal disease in orthodontic practices seeking orthodontic care 
(Christensen and Luther 2015). Both orthodontic tooth movement and periodontal 
disease are associated with inflammation and alveolar bone remodelling 
(Schröder et al. 2021). 

 
2.3 Establishment of an oxidative stress in vitro loading 

model 
Various biological processes including inflammation, bone remodelling, autoph-
agy, and apoptosis are known to be influenced by either mechanical force or OS 
(Zhu et al. 2022). However, the specific interplay between OS and OTM remains 
unexplored and poorly understood. Despite the recognized importance of OS in 
such physiological mechanisms, its precise role in the context of OTM is still a 
subject of considerable uncertainty and requires investigation (Hosseini et al. 
2024b). Accordingly, in the presented Ph.D. thesis, two projects were conducted 
in which the two cell types playing a dominant role in OTM, hPDLCs and hOBs, 
were subjected to mechanical stimulation with either static compression or static 
tension after OS stimulation using H2O2. 

 
2.3.1 ROS stimulation model establishment 

Force stimulations were applied using the “weight approach”-based (WAB) model 
(Janjic et al. 2018) and the static tension in vitro loading model (Sun et al. 2021), 
mimicking orthodontic forces, with or without preinduction with oxidative stress. 

For this purpose, we combined an in vitro oxidative stress stimulation method 
with the two in vitro mechanical stimulation models (Hosseini et al. 2024a; 
Hosseini et al. 2024b). This method would allow us to study cellular and molecular 
mechanisms of OTM in an increased OS environment. According to the literature, 
OS has been induced by adding H2O2 to the cell culture medium (Chen et al. 
2019a; Tan et al. 2021; Wei et al. 2021). To determine the optimal concentration 
of H2O2 not affecting cell proliferation and viability, dose-response experiments 
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was carried out for each cell type. The cells were stimulated with H2O2 concen-
trations ranging from 50 μM to 500 μM for 24 h. Afterwards, cell viability and pro-
liferation of the cells were assessed to identify “optimal” H2O2 concentrations not 
affecting cell viability and proliferation (Hosseini et al. 2024a; Hosseini et al. 
2024b). These were then used in the next step of the experiment where OS ex-
posure was combined with mechanical stimulation. 

Herein, the cells were first stimulated 24 h with medium containing the predeter-
mined H2O2 “optimal” concentrations and afterwards subjected to mechanical 
stimulation of either compression or tension for additional 24 h. Experimental 
force levels applied in this study were as following: 2.0 g/cm2 for static compres-
sive force and 10 % and 15 % stretching for static tension force, both for the du-
ration of 24 h. These force magnitudes are described in the literature as the “op-
timal” forces for application in experiments (Janjic et al. 2018; Sun et al. 2021). 
An “optimal” force is known as the force level not effecting cell viability and pro-
liferation but leading to a modified expression of genes and metabolites. Cell vi-
ability and proliferation were assessed. OS/force-related genes and metabolites 
expression regulation was analysed in genes/metabolites related to inflammation, 
bone remodelling, autophagy and apoptosis. Gene expression at the transcrip-
tional level was assessed using RT-qPCR and included the following genetic loci: 
(a) inflammation: CXCL8/IL8, IL6, PTRGS2/COX2; (b) bone remodelling: 
RUNX2, P2RX7, BGLAP, TNFRSF11B/OPG; (c) autophagy: MAP1LC3A/LC3, 
BECN1; (d) apoptosis: CASP3, CASP8. Additionally, IL6 and PGE2 secretion 
were determined by ELISA (Hosseini et al. 2024a; Hosseini et al. 2024b). 

Taken together, the main goal of this project was to examine the effect of in-
creased oxidative stress environment on molecular events during OTM. Herein 
and to our knowledge, we established for the first time a dual model to study the 
effects of OS on mechanically stimulated hPDLCs and hOBs. The fundamental 
operating techniques of these two experimental setups can be simply defined by 
two approaches: tensile forces are applied through the deformation of the sub-
strate (Sun et al. 2021), while compressive forces are applied through the appli-
cation of weight (Janjic et al. 2018). 

A brief overview of the two mentioned force application models is given in the 
following sub-chapters. 

 
2.3.2 Compressive force stimulation using WAB model 

To mimic the orthodontic compressive force, the weight approach-based (WAB) 
in vitro loading model was utilized (Figure 2) (Janjic et al. 2018). The WAB model 
has been used since its introduction (Kanai 1992) to investigate the effects of 



2 Introductory summary 14 
 

 
static, compressive, unidirectional force on cellular responses during OTM (Janjic 
et al. 2018). This model makes it possible to study the cellular and molecular 
pathways, especially bone resorption and osteoclastogenesis induction, on the 
compression side during orthodontic tooth movement. In this model, cells are 
precultured in culture dishes and subjected to mechanical loading by placing a 
glass slide over the cell monolayer, with a glass cylinder filled with lead granules 
positioned on top to apply controlled weight. The proper force distribution is en-
sured by the glass slide, and the amount of the compressive force can be modu-
lated by adjusting the number of lead granules in the cylinder (Janjic et al. 2018; 
Kanai 1992; Kanzaki et al. 2002). 

 
 
 
 
 
 
 
 

Glass dish filled with 
lead granules 

Cell monolayer 

 
 
 

Glass disk 

 
Figure 2. Schematic drawing of the WAB in vitro loading model. [Figure redrawn from Janjic et 
al. (2018), Figure 2 (a); licensed under CC BY 4.0] 

 
In the first study (Hosseini et al. 2024a), static mechanical compression was ap-
plied to hPDLCs. Periodontal ligament cells, in general, play a crucial role in 
mechanosensing by responding to mechanical loads applied to teeth, particularly 
in response to orthodontic forces (Sokos et al. 2015; Yang et al. 2015). When 
subjected to static compression, these cells trigger a cascade of biochemical re-
actions that drive bone resorption and tooth movement (Yang et al. 2015). Ac-
cordingly, our first study was designed to better understand how hPDLCs respond 
to compressive stimulation combined with OS pre-stimulation. 

 
2.3.3 Tension force stimulation using a custom-made tension apparatus 

Different in vitro models have been developed to study cellular responses to ten-
sile mechanical force (Sun et al. 2021). These models focused on two key pa-
rameters: temporal variation (continuous "static" or intermittent "dynamic" force) 
and direction of the force application (uniaxial tension along a single principal axis 

K
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or equibiaxial tension across all directions) (Sun et al. 2021). In the current pro-
ject, a custom-made tension apparatus was used to apply static equibiaxial ten-
sile force (Figure 3) (Sun et al. 2022). 

 
 
 

 
Medium 

Cell monolayer 

BioFlex membrane 
 

 
Baseplate 

 
Figure 3. Schematic drawing of experimental setup used to apply tensile strain. [Figure redrawn 
from Sun et al. (2022), Figure 1; licensed under CC BY 4.0] 

 
In the second study (Hosseini et al. 2024b), static tensile force was applied to 
hOBs to investigate the role of tensile forces in promoting bone formation by trig-
gering osteogenic regulation (Sun et al. 2021). As known, bone formation con-
sists of matrix formation and mineralization and osteoblasts are key players in 
this process (Šromová et al. 2023). These cells contribute to matrix protein syn-
thesis and mineralization in response to mechanical loading (Šromová et al. 
2023; Xiao et al. 2023). Moreover, they play a significant role in tension-induced 
osteogenesis, further highlighting their involvement in bone remodelling (Xiao et 
al. 2023). In this regard, our second study was designed to better understand 
how hOBs respond to tension stimulation in combination with OS pre-stimulation. 

 
2.4 Clinical relevance of the project 
Better understanding of the cellular and biological responses could enhance both 
the effectiveness and duration of orthodontic tooth movement (OTM). This under-
standing will particularly help to improve treatment strategies for adult patients, 
who often require more efficient interdisciplinary treatment approaches with lower 
risks. From a therapeutic point, improved knowledge of biology and mechanobi-
ology of the underlying mechanisms in regulation of OTM, will guide to the devel-
opment of more targeted orthodontic materials, leading to a “biologization” of or-
thodontic therapy. Further research is required to bridge the gap between biolog-
ical concepts and clinical practice. This concept could implement personalized 
treatment strategies based on each patient's individual biological response and 
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would also consider age-related variations and/or coexistence of other oral pa-
thologies such as periodontitis. Given that OS is a common factor in numerous 
oral diseases, the findings from this research could be used as an initial step for 
future clinical studies. 

 
2.5 Summary of the papers and key findings 

Both studies employed an in vitro model using H2O2 to induce OS and examined 
its impact on hPDLCs and hOBs under mechanical forces relevant to OTM. In 
both cell types, pre-exposure to H2O2 altered mechanosensing under mechanical 
force, and affected cell viability and proliferation. 

In hPDLCs, changes in gene expression related to inflammation (IL6, CXCL8/IL8, 
PTGS2/COX2), bone remodelling (RUNX2, TNFRSF11B/OPG, BGLAP), apop-
tosis (CASP3, CASP8), and autophagy (MAP1LC3A/LC3, BECN1) were exam-
ined (Hosseini et al. 2024a). Static compression upregulated PTGS2/COX2 ex-
pression, particularly in H2O2-prestimulated groups, which was accompanied by 
increased PGE2 levels. Similarly, static compression enhanced CXCL8/IL8 ex-
pression, especially when pretreatment with H2O2 was done. IL6 expression was 
downregulated. H2O2 pre-exposure reduced osteogenesis-related gene expres-
sion after compression. While autophagy-related genes showed a slight upregu-
lation, apoptosis-related genes were generally downregulated (Hosseini et al. 
2024a). 

In hOBs, changes in gene expression related to inflammation (IL6, CXCL8/IL8, 
PTGS2/COX2), bone remodelling (RUNX2, TNFRSF11B/OPG, P2RX7), apopto-
sis (CASP3, CASP8), and autophagy (MAP1LC3A/LC3, BECN1) were examined 
(Hosseini et al. 2024b). OS influenced tension-induced mechanotransduction. In 
general, 15 % of tension force upregulated the expression of examined genes. 
While tension alone upregulated genes related to osteogenic differentiation, OS 
pre-stimulation did not significantly enhance this effect. Key inflammatory mark-
ers (CXCL8/IL8, IL6, PTGS2/COX2) and apoptosis/autophagy-related genes 
(CASP3, CASP8, MAP1LC3A/LC3, BECN1) showed varied responses. Addition-
ally, increased PTGS2/COX2 expression with higher concentrations of H2O2 cor-
related with elevated PGE2 levels (Hosseini et al. 2024b). 

The findings of these two in vitro projects confirm the altering effects of OS on 
both cell types. The results also showed the potential prolonged influence of OS 
on important cellular processes related to inflammation, bone remodelling, au-
tophagy and apoptosis during OTM. These findings and modulations of gene ex-
pressions show the complexity of OS in relation to mechanical stimulation and 
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underscore the need for more studies in more physiologically relevant environ-
ments, in vivo. Such studies will lead to the betterment of clinical orthodontic 
treatments by having more personalized treatment plans specially in adult pa-
tients with presented periodontal diseases. Such studies will improve clinical or-
thodontic treatment by enabling more personalized treatment planning, particu-
larly for adult patients with coexisting chronic inflammatory oral conditions, such 
as periodontal disease. 
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Abstract: Oxidative stress (OS) is a common feature of many inflammatory diseases, oral pathologies, 
and aging processes. The impact of OS on periodontal ligament cells (PDLCs) in relation to oral 
pathologies, including periodontal diseases, has been investigated in different studies. However, 
its impact on orthodontic tooth movement (OTM) remains poorly understood. This study used an 
in vitro model with human PDLCs previously exposed to H2O2 to investigate the effects of OS under 
a static compressive force which simulated the conditions of OTM. Human PDLCs were treated 
with varying concentrations of H2O2 to identify sub-lethal doses that affected viability minimally. 
To mimic compromised conditions resembling OTM under OS, the cells were pretreated with the 
selected H2O2 concentrations for 24 h. Using an in vitro loading model, a static compressive force 
(2 g/cm2) was applied for an additional 24 h. The cell viability, proliferation, and cytotoxicity 
were evaluated using live/dead and resazurin assays. Apoptosis induction was assessed based on 
caspase-3/7 activity. The gene expression related to bone remodeling (RUNX2, TNFRSF11B/OPG, 
BGLAP), inflammation (IL6, CXCL8/IL8, PTGS2/COX2), apoptosis (CASP3, CASP8), and autophagy 
(MAP1LC3A/LC3, BECN1) was analyzed using RT-qPCR. This study suggests an altering effect of 
previous OS exposure on static-compression-related mechanosensing. Further research is needed to 
fully elucidate these mechanisms. 

 
Keywords: oxidative stress; human periodontal ligament cells; static compressive force; bone remod-
eling; orthodontic tooth movement 

 

 
1. Introduction 

Oxidative stress (OS) arises from an imbalance between the production of reactive oxy-
gen species (ROS) and the host’s ability to detoxify them or repair the resulting damage [1,2]. 
In recent years, research has emphasized the role of OS in various oral pathologies, particu-
larly chronic inflammatory conditions like periodontal disease, as well as in physiological 
processes such as aging [3–7]. 

The inflammatory response to the presence of periodontal pathogens increases the 
production of ROS [7–9]. Various studies have confirmed a positive correlation between 
elevated ROS levels and the degree of periodontal tissue inflammation [10]. Excessive 
ROS accumulation causes OS, leading to the damage of cells and tooth-supporting tissues. 
This damage triggers the release of more inflammatory mediators, creating a continually 
reinforcing feedback loop of inflammation and OS [7,9]. This cycle negatively impacts 
periodontal ligament cells (PDLCs), a dominant cell type in the periodontal ligament (PDL), 
leading to their dysfunction, apoptosis, and reduced regenerative capacity [11,12]. This 
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ongoing damage and inflammation can result in the destruction of periodontal tissues 
and impair bone turnover, thus disrupting the balance between bone formation and re-
sorption [13,14]. Additionally, this process negatively affects cellular functions such as 
autophagy and apoptosis [11,15]. These findings suggest that ROS accumulation might 
contribute to imbalances in bone metabolism and could adversely affect orthodontic tooth 
movement (OTM) and post-treatment stability [14]. 

PDLCs are also known for their crucial role during OTM, where mechanical forces are 
applied to the teeth to correct their alignment. These forces lead to biological responses 
in the surrounding tissues, resulting in tooth movement. Elevated pro-inflammatory 
responses of PDLCs may occur as a consequence of this mechanical stimulation [16]. 
Particularly, the compression side during OTM is characterized by the presence of sterile 
inflammation and the increased expression of inflammatory mediators by the PDLCs [16,17]. 
However, with the exception of few studies that have confirmed increased ROS generation 
on the compression side during OTM [18,19], the impact of OS and ROS accumulation 
on OTM at the molecular level is still largely unknown. While lower concentrations 
of ROS can stimulate tissue-related processes and support regeneration, excessive ROS 
accumulation—e.g., in chronic inflammatory disorders or with aging-related decline in 
antioxidant defense—is linked to tissue-destructive processes [3,20–22]. 

Given the growing elderly population and the increasing number of adult orthodontic 
patients with underlying degenerative inflammatory conditions, the goal of our study 
was to investigate whether pre-exposure to OS alters the cellular response and how this 
may influence static-compression-related mechanosensing in hPDLCs. For these purposes, 
we used a combination of two well-established setups: one for OS simulation and the 
other for OTM simulation. Hydrogen peroxide (H2O2), a key mediator of OS, has been 
widely used in experimental settings to simulate OS conditions in cell cultures [11,20,23–28]. 
By introducing controlled levels of H2O2, the cellular environment observed in aging or 
disease states can be simulated. On the other hand, in vitro models for the application 
of mechanical stimulation have been well established in the field of orthodontics for 
investigating molecular events related to mechanosensing [29]. They allow for an in-depth 
analysis of the complex situation in vivo and investigation of the molecular biology of 
OTM. One of these models is the weight-approach-based (WAB) in vitro model for the 
application of static compression [17,30] that we used in this study. These two models for 
OS and OTM allowed us to simplify the in-depth analysis of the complex situation in vivo 
and investigate the molecular biology of OTM, focusing on just one cell type and one type 
of force. 

In this study, suitable experimental parameters were established based on cell via-
bility and proliferation. OS/WAB-related gene expression regulation was analyzed in 
genes related to bone remodeling (RUNX2, BGLAP, TNFRSF11B/OPG), inflammation 
(IL6, CXCL8/IL8, PTGS2), autophagy (MAP1LC3A/LC3, BECN1), and apoptosis (CASP3, 
CASP8). 

2. Results 
Initially, based on the recommendations from the literature, an appropriate H2O2 

concentration range for use in hPDLC culture was tested. Based on cell viability and 
cytotoxicity assessments, as well as apoptosis marker expression, three concentrations 
(50 µM, 100 µM, and 200 µM) were selected for use in the experiments. 

Afterwards, the effect of ROS stimulation in the hPDLC culture was examined using 
three selected doses of H2O2. Two timepoints for gene expression investigation were 
selected, one directly after H2O2 incubation (the “direct” phase) and the other after 24 h 
of recovery in H2O2-free medium (the “recovery” phase). In this way, it was possible 
not only to see how different ROS concentrations affected the gene expression related to 
inflammation, bone remodeling, and tissue homeostasis but also to confirm and examine 
the consequent long-term changes in cellular behavior. 
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Finally, we examined the effects of the application of a compression force to the cells 

after 24 h of recovery from H2O2 stimulation. The justification for the application of OS 
stimulation prior to mechanical stimulation is based on the clinical recommendations to 
start orthodontic treatment during the remission stage of existing chronical inflamma-
tory disorders. 

2.1. Hydrogen Peroxide (H2O2) Concentration Testing 
Firstly, as part of establishing an OS model, a range of H2O2 concentrations for 

use in the hPDLC culture was evaluated based on the recommendations from the liter-
ature [11,20,24]. To determine the optimal concentrations of H2O2 that induce cytotoxic 
effects without compromising the cell viability, the hPDLCs were exposed to rising con-
centrations of H2O2 from 0 µM to 500 µM. Following an assessment of apoptosis and cell 
viability, concentrations of 50 µM, 100 µM, and 200 µM were identified as suitable for 
further experimental steps (Figure 1). 

 

Figure 1. Effect of different hydrogen peroxide concentrations on apoptosis induction (upper row) 
and cell viability (lower row) in hPDLCs. Upper row: Apoptosis detection using CellEvent™ Caspase-
3/7 Detection Reagent (green fluorescence; yellow arrows) in hPDLCs exposed to different H2O2 
concentrations (0 µM to 500 µM). Insert: Area with higher magnification shows green fluorescence. 
Lower row: Live/dead cell staining of hPDLCs treated with the different H2O2 concentrations. 
Green cells indicate viability, whereas dead cells are either detached or stained red (yellow arrows). 
Fluorescence microscopy was carried out using an EVOS®fl microscope (Invitrogen, Carlsbad, CA, 
USA) (Scale bar: 200 µm). 

 
The results from the resazurin test, used to quantitatively assess cytotoxicity and cell 

viability, supported the selection of 50 µM, 100 µM, and 200 µM of H2O2 as minimally 
cytotoxic while retaining cellular viability (Figure 2). These findings were in line with the 
qualitative results from the microscopic imaging. 

 

Figure 2. Percentage reduction in resazurin. (a) Cytotoxic effect of H2O2; (b) cell viability calculated 
as normalized resazurin reduction relative to that in the control group. 50 µM, 100 µM, and 200 µM 
were identified as the lowest concentrations of H2O2 that showed a cytotoxic effect, however, without 
a pronounced effect on cell viability. 
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2.2. Investigation of H2O2

0s Effect on Gene Expression Directly After Incubation and 24 h 
Post-Incubation 

To assess the effect of OS on the hPDLCs’ gene expression profile, we focused on 
the impact of H2O2 (50 µM, 100 µM, and 200 µM) on the cells directly after its applica-
tion (“direct”) and 24 h post-incubation (“recovery”). The expression of genes related to 
bone remodeling, inflammation, autophagy and apoptosis was assessed using RT-qPCR 
(Figure 3). 

 

 

 

 

Figure 3. Effect of OS induction alone on gene expression immediately after H2O2 incubation 
(“direct”) and 24 h post-incubation (“recovery”). (a) Experimental design. (b–k) RT-qPCR results for 
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genes related to autophagy ((b,c) MAP1LC3A/LC3, BECN1), apoptosis ((d,e), CASP3, CASP8), in-
flammation ((f,h), CXCL2/IL8, IL6, PTGS2/COX2), and bone remodeling ((i,k), RUNX2, P2RX7, 
TNFRSF11B/OPG). For each genetic locus, the gene expression directly after H2O2 exposure (left 
panel, “direct”) and after an additional 24 h of cultivation in H2O2-free cell culture medium (right 
panel, “recovery”) is depicted. Adjusted p-values (padj.) based on multiple comparisons within each 
group are reported: *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001. 

The autophagy-related genes MAP1LC3A/LC3 and BECN1 showed an overall upregu-
lation which was statistically significant, directly after stimulation with 100 µM of H2O2 
for MAP1LC3A/LC3 and after recovery from 200 µM of H2O2 for BECN1 (Figure 3b,c). The 
apoptosis-related genes caspase-3 (CASP3) and caspase-8 (CASP8) showed no significant 
changes in expression across the H2O2-stimulated groups, except for a decrease in CASP3 
expression after recovery from the treatment with 200 µM H2O2 and an increase in CASP8 
expression immediately following stimulation with 50 µM H2O2 (Figure 3d,e). 

Our results showed a complex time- and H2O2-dose-dependent regulation pattern of 
the key inflammatory mediators PTGS2/COX2, CXCL8/IL8, and IL6 in response to H2O2 
stimulation (Figure 3f–h). CXCL8/IL8 showed a biphasic response: initial downregulation 
immediately after H2O2 exposure, followed by upregulation after the 24 h recovery period 
(Figure 3f). Interestingly, IL6 had the opposite pattern: immediate upregulation after H2O2 
exposure, followed by downregulation after recovery (Figure 3g). PTGS2/COX2 displayed 
consistent upregulation with increasing H2O2 concentrations both in the “direct” and 
“recovery” groups in a dose-dependent manner (Figure 3h). 

Overall, the bone-remodeling-related genes exhibited a stable expression pattern, 
characterized by minimal up- or downregulation in different conditions (Figure 3i–k). 
RUNX2 showed a significant increase directly after stimulation with 50 µM H2O2 and 
furthermore a decrease after recovery from 100 µM H2O2 (Figure 3i). BGLAP demonstrated 
a significant decrease in expression after recovery from 100 and 200 µM H2O2 stimulation 
compared to that with 50 µM H2O2 (Figure 3j). TNFRSF11B/OPG was downregulated in 
the direct phase, with statistical significance observed only at the highest concentration 
tested (200 µM H2O2) (Figure 3k). 

2.3. Expression of Genes and Metabolites Related to Inflammation, Bone Remodeling, Apoptosis, 
and Autophagy in Compressed Cells With and Without H2O2 Preincubation 

Next, we examined the effect of the application of H2O2 in the recovery phase followed 
by the application of static compression using the “WAB model” [17,30]. The expression 
patterns of genes and proteins related to inflammation, bone remodeling, apoptosis, and 
autophagy were analyzed (Figure 4). 

2.3.1. Inflammation 
Upregulation in the expression of the PTGS2/COX2 gene was observed after the ap-

plication of static compression in all groups. Especially in the H2O2-prestimulated groups, 
a dose-dependent pattern, with the maximal upregulation in the group “200 µM H2O2 
and WAB” (padj. < 0.001) (Figure 4b), was found. An almost identical pattern for PGE2 
concentration was measured in the corresponding cell culture supernatants (Figure 4c). The 
compression force also increased CXCL8/IL8 expression (Figure 4f). Like PTGS2/COX2, 
the CXCL8/IL8 upregulation was more pronounced in the groups pretreated with H2O2 
in a dose-dependent manner. On the contrary, IL6 gene expression was generally down-
regulated after static compression, with or without H2O2 prestimulation (Figure 4d). The 
IL6 protein concentration in the cell culture supernatant showed the same pattern except 
in the group pretreated with 200 µM H2O2, where upregulation, though not statistically 
significant, was observed (Figure 4e). 
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Figure 4. Expression of genes and metabolites related to inflammation, bone remodeling, apopto-
sis, and autophagy in mechanically stimulated cells with and without previous H2O2 stimulation. 
(a) Experimental setup: The control group (Ctrl) received neither H2O2 nor compression stimulation. 
The compression group (WAB) was stimulated with static compression (2 g/cm2) after 24 h of no 
stimulation. The H2O2/WAB group was stimulated for 24 h with 50 µM, 100 µM, or 200 µM H2O2 

followed by 24 h of static compression at 2 g/cm2. (b–f) Expression of inflammation-related genes and 
metabolites and (g–i) genes related to bone remodeling is reported. Adjusted p-values (padj.) based on 
multiple comparisons within each group are reported: *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001. 

2.3.2. Bone Remodeling 
Although not always statistically significantly, all groups of compressed cells previ-

ously exposed to H2O2 showed lower gene expression levels related to osteogenesis in 
comparison to those in the WAB group where only compression was applied (Figure 4g–i). 
A significant increase in RUNX2 gene expression was noted as an effect of static compres-
sion in the groups of cells without pretreatment in the OS condition (Figure 4g). In contrast, 
TNFRSF11B/OPG showed no significant changes in expression, except after the applica-
tion of a compression force following recovery from 100 µM H2O2 stimulation (Figure 4i). 
The osteogenic gene BGLAP showed a significant decrease in expression after applying a 
compression force to cells preincubated with 100 µM and 200 µM H2O2 compared to that 
in the cells that just received static compression (Figure 4h). 

2.3.3. Apoptosis and Autophagy 
The apoptosis-related genes CASP3 and CASP8 exhibited either no regulation or a 

minimal tendency to be downregulated, which was more pronounced in the groups with 
previous H2O2 stimulation (Figure 5a,b). CASP3 was significantly downregulated in re-
sponse to compression following prestimulation with 100 µM or 200 µM H2O2 (Figure 5b). 
In contrast, the genes related to autophagy showed a slight, although a mostly statisti- 
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cally non-significant, upregulation tendency (Figure 5c,d). The BECN1 expression was 
significantly increased after the application of the WAB method in the group previously 
stimulated with 200 µM H2O2. MAP1LC3A/LC3 had a pronounced increase in expres-
sion following the application of the WAB method after pretreatment with 50 µM H2O2 
(Figure 5c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5. RT-qPCR results for autophagy (a,b)- and apoptosis (c,d)-related genes. Adjusted p-values 
based on multiple comparisons between each experimental treatment are shown. The groups are 
the same as in Figure 4. Adjusted p-values (padj.) based on multiple comparisons between each 
experimental treatment are shown as follows: *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001. 

2.4. Assessment of Cell Viability and Proliferation Under Static Compression With and Without 
Oxidative Stress 

Next, we analyzed the cell proliferation in the hPDLCs treated with H2O2 and sub-
jected to static compression via calculations of the resazurin reduction (Figure 6). These 
experiments indicated a reduced proliferation in the groups pre-exposed to H2O2, with 
a more pronounced effect in the groups that received both OTM and H2O2 stimulation. 
Similar results were obtained through live/dead staining of the cells (Figure 7). 
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Figure 6. Resazurin-reduction-based growth curve. A standard curve was generated as described in 
the Section 4 to examine the cell growth during the experiments. Cells from the 5th passage were 
seeded in triplicate (100,000; 200,000; 300,000; 400,000; 600,000; and 800,000 cells/well). Exponential 
regression was used to calculate the standard curve (red line) (Microsoft Excel). Cellular growth of 
the hPDLCs in the different experimental conditions is shown with red diamonds (⌥) on the fitted 
curve, and data from the standard curve are shown with blue diamonds (⌥). 

 

 

H2O2 (µM) 0 0 

Compression (g/cm²) 0 2 

50 100 

2 2 

200 
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Figure 7. Results of the live/dead cell staining from the WAB in vitro model, with/without H2O2 
stimulation for a qualitative assessment of the cell viability of the cells in different experimental 
groups. Green cells indicate viability, and unattached dead cells are either washed away or stained 
red (Scale bar: 200 µm). 

3. Discussion 
The periodontal ligament (PDL) is a specialized connective tissue that plays a crucial 

role in anchoring the teeth within the alveolar bone, transmitting occlusal forces, provid-
ing sensory feedback, and contributing to the repair and regeneration of the periodontal 
tissues [31]. Its functionality is closely linked to its multi-potential progenitor cells, as 
well as its diverse cellular composition. Among its different cell types, PDL fibroblasts 
play a significant functional role, especially in the process of responding to mechanical 
forces [29,32–34]. These fibroblasts are crucial not only for maintaining the stability and 
health of the periodontium but also in mechanosensing processes, including those induced 
by orthodontic forces [29]. Depending on the type of force applied, they either support 
anabolic or catabolic processes. The compression side during orthodontic tooth movement 
(OTM) is characterized by a pronounced inflammatory response, increased bone resorption 
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activity, reduced proliferation, and the activation of cell-destiny-related pathways. Exces-
sive ROS accumulation, such as that seen in periodontal disease, is also associated with 
catabolic events [35,36]. Herein, we explored the influence of oxidative stress (OS) exposure 
on hPDLCs immediately after ROS stimulation using H2O2, as well as an additional 24 h 
post-incubation. 

Additionally, we investigated how pre-existing OS affects the cellular physiology re-
lated to OTM, particularly in response to a compressive force. In this study, we focused on 
gene/substance expression related to inflammation (IL6, CXCL8/IL8, PTGS2/COX2, PGE2), 
bone remodeling (RUNX2, BGLAP, TNFRSF11B/OPG), autophagy (MAP1LC3A/LC3, 
BECN1), and apoptosis (CASP3, CASP8) and analyzed these at the transcriptional, transla-
tional, and activity levels via RT-qPCR and/or ELISA. While our results generally confirm 
the catabolic influence of OS, they also demonstrate the long-lasting altering effects of 
ROS exposure on gene expression. Additionally, our findings indicate that ROS exposure 
affects the mechanosensing processes during OTM, emphasizing the need for caution when 
treating older patients with pre-existing chronic inflammatory conditions. 

3.1. Inflammation 
Herein, we investigated the expression of the inflammatory markers IL6, CXCL8/IL8, 

PTGS2/COX2, and PGE2 in hPDLCs in response to OS and a static compressive force, both 
known to trigger inflammatory responses. These markers were selected due to their pivotal 
roles in the inflammatory cascade and their relevance to both periodontal pathology and 
OTM [17,37–42]. In this regard, studies have shown an increase in, for example, IL6 in 
gingival crevicular fluid during orthodontic tooth movement [43,44]. As such, we decided 
to track the regulation of IL6 at both the gene and protein expression levels. 

3.1.1. H2O2 Stimulation—Direct vs. 24 h Post-Incubation 
It is known that increased OS and exposure to H2O2 can lead to the elevated expression 

of inflammatory markers [45]. In line with this, the herein-investigated markers IL6 and 
PTGS2/COX2 showed dose-dependent upregulation directly after H2O2 stimulation. On 
the other hand, contrary to the findings from literature [46], CXCL8/IL8 decreased directly 
after H2O2 stimulation. In this study, we also showed that changes in gene expression were 
still visible 24 h after H2O2 stimulation, although to a lesser extent. The results presented 
herein indicate that H2O2 exposure alters the pro-inflammatory response; however, they 
also demonstrate its long-lasting effect. Further studies on the relationship of OS and 
pro-inflammatory markers at the cellular and molecular levels are needed to strengthen 
this evidence base. 

3.1.2. H2O2 Stimulation Followed by Static Compression 
Although not statistically significant, slight gene expression upregulation in response 

to a static compressive force could be observed for PTGS2/COX2 and CXCL8/IL8. This 
is in line with published studies [47–55]. Nevertheless, preincubation with H2O2 induced 
more pronounced dose-dependent upregulation of PTGS2/COX2 and CXCL8/IL8 gene 
expression, demonstrating an enhancing pro-inflammatory effect of ROS stimulation. The 
PGE2 concentration in the corresponding supernatants followed the PTGS2/COX2 expres-
sion pattern as determined using RT-qPCR, which is consistent with its known role as a 
key enzyme involved in PGE2 synthesis [51–54]. Contrary to the findings in the litera-
ture [48–50,56], IL6 gene expression showed slight downregulation, which was generally 
confirmed using IL6 ELISA, with the exception of prestimulation with 200 µM H2O2, which 
might indicate an altered inflammatory response to a higher exposure to OS. These results 
confirm an alteration in the inflammatory response, highlighting the complex interplay 
between OS and mechanical stimuli in regulating key inflammatory mediators. 
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3.2. Bone Remodeling 

hPDLCs play an important role in activating molecular pathways related to both bone 
formation and resorption [57]. Herein, we analyzed the expression of the osteogenic marker 
genes RUNX2, BGLAP, and TNFRSF11B/OPG in the hPDLCs. RUNX2 [58,59] is one of the 
essential transcription factors during bone development, also known to directly regulate the 
expression of BGLAP and TNFRSF11B/OPG, highlighting their interconnected roles in bone 
physiology [60]. BGLAP is a non-collagenous protein secreted by osteoblasts and is involved 
in bone mineralization and calcium ion homeostasis [61]. TNFRSF1B/OPG acts as a decoy 
receptor for RANKL (receptor activator of nuclear factor kappa B ligand), inhibiting its 
interaction with RANK (receptor activator of NF-kappaB) and thereby preventing osteoclast 
differentiation and bone resorption [62]. 

3.2.1. H2O2 Stimulation—Direct vs. 24 h Post-Incubation 
Our results showed a moderate upregulation of RUNX2 directly after stimulation 

with the lower dose of H2O2 (50 µM) or no change with the higher doses (100/200 µM). 
Recently published studies [20,24] reported the downregulation of RUNX2 in hPDLCs 
directly after stimulation with 100 µM H2O2 for 24 h. However, in both studies, the cells 
were precultured in an osteogenic induction medium before H2O2 stimulation, which 
might explain the difference. Nevertheless, according to our results, downregulation 
of RUNX2 was measured 24 h post-incubation, showing delayed negative influence on 
osteogenesis. Similarly, 24 h post-incubation downregulation was observed in BGLAP 
gene expression in groups treated with 100/200 µM H2O2. In contrast to these findings, 
TNFRSF11B/OPG showed immediate dose dependent downregulation with recovery effect 
24 h post-incubation. 

3.2.2. H2O2 Stimulation Followed by Static Compression 
There are limited research data examining the regulation of RUNX2 after the stimula-

tion of hPDLCs with a static compressive force using the WAB in vitro model [63,64]. All of 
the studies identified so far reported either the downregulation of RUNX2 gene expression 
or no stimulation at all within the first 24 h of the application of a static compressive force. 
In contrast, herein, RUNX2 was upregulated by the application of a compressive force, 
while in cases of previous H2O2 exposure, no change in gene expression was observable. 
Similarly, when comparing the reaction to static compression between the cells with and 
without previous H2O2 exposure, BGLAP was also significantly less expressed in the cells 
treated with 100 µM and 200 µM H2O2 compared to the cells that just received the force. 
Our results showed a significant decrease in TNFRSF11B/OPG in the cells pretreated with 
100 µM and 200 µM of H2O2 and then subjected to the compression force. In contrast, 
no significant change in TNFRSF11B/OPG was observed in the cells that underwent the 
mechanical force, which is in accordance with previous results [65]. Nevertheless, different 
studies have reported different expressions of TNFRSF11B/OPG in hPDLCs subjected 
to mechanical compression, examining different magnitudes and durations of compres-
sion [54,66–69]. 

3.3. Autophagy and Apoptosis 
OS has been shown to be involved in various biological and cellular pathways, includ-

ing apoptosis and autophagy [15]. The overproduction of ROS can have destructive effects 
on the structure of cell organelles and biomolecules [15], triggering cell-destiny-related 
pathways. Recent studies have found that autophagy protects PDLCs from apoptosis and 
promotes recovery in an inflammatory microenvironment. In periodontitis, autophagy 
helps to eliminate the periodontal pathogen infection and modulates the immune inflamma-
tory response [70]. Similarly, these pathways are also activated by mechanosensing [71,72]. 
To obtain a better insight into these relationships, we focused on CASP3 and CASP8, with 
both playing an important role in cell apoptosis, and the autophagy-related markers BECN1 
and MAP1LC3A/LC3 [73]. While BECN1 plays a crucial role in the early stages of au- 
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tophagy, MAP1LC3A/LC3 is an essential marker in the final stages, specifically during 
autophagosome formation [74]. 

3.3.1. H2O2 Stimulation—Direct vs. 24 h Post-Incubation 
Previous studies have shown increased rates of apoptosis and autophagy in PDLCs 

and periodontal ligament stem cells following OS stimulation [11,26,27,75]. Although the 
upregulation of the autophagy-related genes MAP1LC3A/LC3 and BECN1 was not always 
statistically significant herein, a general tendency toward upregulation was observed after 
H2O2 stimulation, aligning with previous findings [26]. However, these effects diminished 
in most cases 24 h post-incubation. In contrast, no clear expression pattern was observed 
for the apoptosis-related genes CASP3 and CASP8. Given the limited research on hPDLCs 
regarding OS, autophagy, and apoptosis, further studies are essential to clarify the precise 
impact of OS on these cellular mechanisms [73]. 

3.3.2. H2O2 Stimulation Followed by Static Compression 
Studies have reported contradictory effects of a compressive force on autophagy-

related markers. One study reported a decrease in LC3II/I and BECN1 protein after 24 h 
of a 1.5 g/cm2 compressive force [67], whereas another reported an increase in BECN1 
protein and the ratio of LC3II/I after 24 h of stimulation with a 2 g/cm2 compressive force 
in hPDLCs [76], along with elevated CASP3 protein levels. Herein, the apoptosis-related 
genes exhibited either no regulation or a minimal downregulation tendency, which was 
slightly more pronounced in groups with previous H2O2 stimulation. On the contrary, the 
genes related to autophagy seemed to show a slight, although statistically non-significant 
in most cases, upregulation tendency. 

3.4. This Study’s Strengths/Limitations and Future Perspectives 
OS has not been thoroughly investigated in relationship to mechanosensing in hPDLCs. 

In this study, we combined two established models: one using H2O2 to simulate OS and the 
WAB model as the other to mimic orthodontic static compressive forces. To our knowledge, 
this represents the first attempt to investigate the combined effects of static compression 
forces and OS on hPDLCs. 

Direct exposure of cells to oxidative chemicals like H2O2 is a commonly used method 
for simulating OS [77]. H2O2, an ROS frequently generated during inflammation, including 
periodontal disease [7,78–80], makes this approach particularly relevant to studying OS 
in PDLCs. This method is supported by well-established protocols, allowing for precise 
control over the concentration and exposure time [81]. For a more physiological simulation 
of OS, alternative models involving the knockout or suppression of antioxidant defense 
genes have been proposed [82]. While such approaches can provide a more realistic 
representation of chronic OS, they come with certain limitations. Many genes have multiple 
functions, meaning that knocking out a single gene can trigger unexpected phenotypic 
changes unrelated to OS. Additionally, cells may activate compensatory pathways to offset 
the loss of gene function, potentially obscuring the true effects of the knockout. Furthermore, 
permanent gene knockout complicates the study of time-dependent processes, which was 
particularly relevant in our study, as we aimed to simulate the “recovery effect” following 
periodontal therapy. 

While in vitro models have limitations in replicating the biological complexity of living 
organisms [83], this study lays a foundation for more sophisticated analyses by focusing 
on key mechanistic insights in a controlled setting. We specifically used hPDLCs in a 
2D cellular monolayer, providing a direct view of their response to OS and compressive 
forces. However, in living tissues, interactions with neighboring cells, the extracellular 
matrix, and signaling molecules [84,85] influence these processes. Therefore, future studies, 
such as those using coculture or three-dimensional (3D) models, would further enhance 
our understanding by mimicking the in vivo environment more closely, allowing for in-
tercellular communication and a more physiologically relevant structure [86]. Our study 
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relied on a qPCR-based analysis of MAP1LC3A/LC3 and BECN1 as markers to assess cell 
autophagy. While these markers are widely known autophagy regulators [87,88], their 
roles in other cellular pathways and the lack of direct measurement of autophagic flux limit 
the specificity of our conclusions. Future studies including such direct assays will provide 
a more comprehensive evaluation of autophagic activity [89]. Incorporating additional 
functional assays, such as TUNEL assays for apoptosis detection [90], would provide a 
more comprehensive understanding of how oxidative stress and mechanical force impact 
hPDLC physiology. Additionally, a broader exploration at the gene and protein levels, in-
corporating cells from multiple donors of varying ages and sexes, as well as further in vivo 
studies, could provide valuable insights into the variability in these responses. Such studies 
would help account for individual differences in biology and physiology, bringing us 
closer to understanding how these factors contribute to OTM and related bone remodeling 
processes in vivo. Future research should include animal models to validate our findings in 
a more physiologically relevant context, enabling a deeper understanding of the interplay 
between OS, gene regulation, and tissue remodeling during orthodontic treatment. 

4. Materials and Methods 
4.1. Primary Cell Culture 

Human PDLCs were isolated from the middle third of the roots of caries-free molars 
from a healthy 18-year-old male that were extracted due to orthodontic reasons. Written 
informed consent from the patient or his legal custodian was obtained. This study was 
conducted in accordance with the Declaration of Helsinki, and the study protocol was 
approved by the ethics committee of the Ludwig-Maximilians-Universität München (project 
number 21-0931). 

HPDLCs were obtained from tissue samples utilizing a modified explant technique [91] 
and were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham 
(DMEM/F-12) (D6421; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% FBS 
(F7524; Sigma-Aldrich, St. Louis, MO, USA), 2% MEM vitamins (M6895; Biochrom, Berlin, 
Germany), and 1% antibiotic/antimycotic (15240-062; Life Technologies, Carlsbad, CA, 
USA). The cells were maintained in a humidified environment with 5% CO2 at 37 oC and 
passaged at regular intervals using 0.05% trypsin–EDTA solution (L2143; Biochrom, Berlin, 
Germany). Cells from passages 5 and 6 were used in all of the experimental procedures. 

4.2. H2O2 Concentration Gradient Selection 
To identify the appropriate concentration of H2O2 for the experiment, cell viability, 

cytotoxicity, and apoptosis were analyzed after the stimulation of the hPDLCs with different 
H2O2 concentrations (9681.4; Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The cells 
were seeded at a density of 1.5 ⇥ 105 cells/well into 6-well plates (657160; Greiner Bio One, 
Frickenhausen, Germany) in triplicate and incubated overnight in a CO2 incubator (5% CO2, 
37 oC, humidified atmosphere). On the next day, the cells were stimulated with H2O2 
concentrations of 20 µM, 50 µM, 100 µM, 200 µM, and 500 µM [11,20,24] and incubated 
for 24 h. Wells containing the cell culture medium without H2O2 were considered as 
medium controls. The cytotoxicity of H2O2 in terms of cell viability was monitored using 
a resazurin-based assay, as previously published [92]. Cell viability and apoptosis were 
visually assessed as described below. 

Quantitative assessment of cell viability/cytotoxicity: Cell viability and cytotoxicity were 
assayed using a resazurin assay as previously described [92] with one minor modification: 
the cells were incubated with resazurin-containing medium for 2 h instead of 3 h. The 
cell viability was then calculated as the normalized resazurin reduction relative to the 
control group. 

Qualitative assessment of cell viability and apoptosis using fluorescence microscopy: Follow-
ing the resazurin test, all of the wells were washed twice with phosphate-buffered saline 
(PBS, RNBL5636; Sigma-Aldrich, St. Louis, MO, USA). From each experimental group, 
two wells were used for live/dead cell staining, and one well was used for apoptosis 
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detection. For apoptosis detection, the CellEvent™ Caspase-3/7 Green Reagent kit (R37111; 
Life Technologies, Carlsbad, CA, USA) was employed according to the manufacturer’s 
instructions. The cell viability of the hPDLCs at all concentrations was evaluated using 
a live/dead cell staining kit (L3224; Invitrogen/ThermoFisher Scientific, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. After 30 min of incubation at room 
temperature in the dark, fluorescence microscopy was conducted (EVOS®fl, Invitrogen, 
Carlsbad, CA, USA) for both the live/dead and caspase 3/7 apoptosis tests. Photographs 
of randomly selected fields were captured using 10⇥ and 20⇥ microscope objectives. 

4.3. Effect of Oxidative Stress Induction on Gene Expression in “Direct” and “Recovery” Setups 
To assess the effect of H2O2 on the cells, we defined two setups: one for investigating 

the effect of H2O2 treatment directly after 24 h (the “direct” setup) and another one after 
an additional 24 h post-incubation (the “recovery” setup) (Figure 3a). For this purpose, 
the cells were seeded and incubated overnight as described above. The next day, the 
cell culture medium was replaced with culture medium containing the determined H2O2 
concentrations (50 µM, 100 µM, or 200 µM) in triplicate (n = 3). Wells which received the cell 
culture medium without H2O2 were considered controls. Cell lysates of the “direct” setup 
were collected after 24 h of incubation from each well using 750 µL RNA lysis buffer (R0160-
1-50; Zymo, Irvine, CA, USA) according to the manufacturer’s instructions and stored at 
-80 oC for further RT-qPCR tests (Section 4.5). For the “recovery” setup, fresh normal cell 
culture medium was added to all of the wells. Twenty-four hours post-incubation, the cell 
lysates were prepared and stored according to the same method. 

4.4. Application of Compressive Force During the H2O2 “Recovery” Phase 
To investigate the effect of H2O2 recovery and/or the compression force, the cells were 

evenly seeded as described above in two identical setups of experiments, each consisting of 
five experimental conditions: One setup was then used for cell viability and proliferation 
testing, and the other one was used for RT-qPCR (Section 4.5) and ELISA (Section 4.6). For 
each experimental group, three biological replicates were allocated (n = 3). All of the plates 
were incubated overnight as described above. The cells were stimulated with or without 50 
µM, 100 µM, and 200 µM H2O2 the following day and incubated for 24 h. 

4.4.1. Application of Force with the WAB Model 
After 24 h of stimulation with or without the abovementioned concentrations of H2O2 

in a CO2 incubator, a physiological compressive force of 2.0 g/cm2 was applied to the cells 
for a further 24 h (Figure 4a). Immediately prior to the application of force, the old culture 
medium was removed, and all of the wells were washed twice with PBS. Fresh culture 
medium was then added (2.5 mL/well). The compressive force was applied using a sterile 
glass disc and a small container with lead granules, as described in previously [92]. 

4.4.2. Cell Proliferation and Cell Viability 
As previously described by Janjic Rankovic et al. [92], a resazurin standard curve was 

prepared as follows. Cells from the 5th passage were seeded in triplicate (100,000; 200,000; 
300,000; 400,000; 600,000; and 800,000 cells per well). “Percentage reduction of resazurin” 
was calculated according to the manufacturer’s instructions, and a standard curve (cell 
number vs. percentage reduction in resazurin) was established using exponential regression 
(Microsoft Excel for Windows 365 MSO Version 2404, Microsoft Corporation, Redmond, 
WA, USA) (Figure 6). After the application of force with the WAB method (Section 4.4.1) 
the compression setup was carefully disassembled, and the resazurin assessment was 
conducted as described above. The cell number per well was calculated using the prepared 
standard curve. 

Additionally, cell viability was assessed qualitatively using the abovementioned 
live/dead cell staining kit according to the manufacturer’s instructions. After the re-
lease of the force and the removal of the resazurin test supernatants, all of the wells were 
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washed twice with PBS, and microphotographs were captured as previously outlined 
(Section 4.2) 

4.4.3. Sample Preparation for RT-qPCR and ELISA 
After 48 h of cellular stimulation, the cell culture supernatants from the respective 

setup were collected. Afterwards, the adherent cells were washed twice with sterile PBS. 
Cell lysates were then prepared as explained above (Section 4.3). In between, the collected 
cell culture supernatants were centrifuged and stored at -80 oC for the ELISA analysis [93]. 

4.5. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 
An analysis of PTGS2/COX2, IL6, CXCL8/IL8, RUNX2, TNFRSF11B/OPG, BGLAP, 

CASP3, CASP8, MAP1LC3A/LC3, and BECN1 gene expression following H2O2 stimulation 
and/or the application of compressive force was carried out for all experimental groups 
according to previously described protocols [92,93]. Below is an overview of the sample 
preparation and quantitative RT-PCR (RT-qPCR) process. Additionally, a checklist accord-
ing to the “Minimum Information for Publication of Quantitative Real-Time PCR Experiment” 
(MIQE) guidelines [94] is available in Supplementary Table S2.1. 

Total RNA preparation and cDNA synthesis: RNA isolation and cDNA synthesis were 
conducted utilizing the QuickRNA™ MicroPrep Kit (R1051; Zymo, Irvine, CA, USA) and 
the SuperScript™ IV First-Strand Synthesis System (18091050, Thermo Fisher Scientific, 
Waltham, MA, USA), respectively, and based on previously published data [92,93]. 

PCR primer selection: As previously published [92], the primer sequences for all of 
the genes were sourced from public databases and were tested in silico according to the 
MIQE guidelines [95] (Supplementary Table S2.1). Unmodified primers were acquired 
from a commercial source (TIB Molbiol Syntheselabor GmbH, Berlin, Germany). Gradient 
PCR using the qPCR cycling program as specified in the MIQE checklist was performed 
to determine the optimal annealing temperatures. The primer specificity was confirmed 
through agarose gel electrophoresis. To assess the efficiencies of each primer, serial dilutions 
of cDNA were used to create specific standard curves. These data were then quantified 
using the LightCycler® 480 with the primer pairs as described in Supplementary File S2. 

Reference gene selection: A panel of reference genes (EEF1A1, GAPDH, PPIB, RNA18SN5, 
RPL0, RPL22, and YWHAZ) was selected from public sources [96,97]. cDNA from the 
experimental groups “Control”, “100 µM H2O2”, “100 µM H2O2 + WAB”, “50 µM H2O2”, 
“50 µM H2O2 + WAB”, “WAB”, “50 µM H2O2” (directly after 24 h of stimulation), and 
“100 µM H2O2” (directly after 24 h of stimulation) was used to evaluate the reference 
genes. Gene-specific primers were then used to conduct RT-qPCR (Supplementary File S2). 
RefFinder [98,99] was used to analyze the raw Cq values (Supplementary Table S2.2). This 
web-based tool integrates four different algorithms (BestKeeper [100], NormFinder [101], 
geNorm [102], and the comparative DCt method [103]) to compare and rank candidate 
reference genes. Based on the rankings, the most stable genes (RPL22 and EEF1A1) were 
used as the reference genes in RT-qPCR (Figure 8). 

Quantitative PCR: The LightCycler® 480 SYBR Green I Master Kit (04887352001; Roche 
Diagnostics GmbH, Mannheim, Germany) was used to conduct RT-qPCR according to 
the manufacturer’s protocol (5 µL of cDNA (1:10 prediluted) in each PCR reaction). The 
details are mentioned in the MIQE checklist (Supplementary File S1). The PCR primer 
specifications are summarized in Table 1. 

Gene expression calculation: After averaging (geometric mean) the reference genes 
(RPL22 and EEF1A1) for a given WAB/H2O2 concentration combination, the 2-DDCq 

method was applied for quantification of the gene expression [102,104]. For each ex- 
perimental group, six qPCR reactions were analyzed: two technical replicates from each of 
the three biological replicates (N = 3, n = 6). 
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Figure 8. Reference gene selection was undertaken using RefFinder. (a) Cq values for the panel of 
reference genes. Six quantitative polymerase chain reaction (qPCR) runs were analyzed, representing 
three biological replicates and two technical replicates each (Supplementary Table S2.3). (b) Analysis 
of comprehensive gene stability for the panel of reference genes. Lower values indicate higher gene 
stability (Supplementary File S2). 

Table 1. Specification of the PCR primers used for gene quantification. 

 

Gene Accession (f: 50-Forward Primer-30; Temp. (oC) 

 
r: GCCCTCGCTTATGATCTGTC 

r: TGGCTTGTTCCTCACTACTCTC 

r: TTAGCACTCCTTGGCAAAAC 

r: GGCTCAGGTAGGAGGGGTAA 

r: GAAAGCCGATGTGGTCAG 

r: AATTGTGAGGACACCCAAGC 

r: TCCTCGTCTTTCTCCTGCTC 

r: ACTGTTTCAGCATGGCACAA 

r: CCTGCATCCAAGTGTGTTCC 

r: AGAATGCCTCCTCACACAGG 

r: GGAGCAAAGGTGACCACCATAC 

r: GCTCACCGTAGATGCTCTTTC 

GenBank  Primer Sequence Annealing 

Number r: 50-Reverse Primer-30) 

Amplicon 
Size (bp) 

 
Reference 

PTGS2/COX2 NM_000963.4 f: AAGCCTTCTCTAACCTCTCC 58 234 [92,105] 

IL6 NM_000600.5 f: TGGCAGAAAACAACCTGAACC 58 168 [92,105] 

CXCL8/IL8 NM_000584.4 f: CAGAGACAGCAGAGCACACAA 55 170 [106] 

RUNX2 NM_001015051.4 f: GCGCATTCCTCATCCCAGTA 58 176 [92,107] 

BGLAP NM_199173.6 f: AGCGAGGTAGTGAAGAGAC 64 142 [108] 

BECN1 NM_003766.5 f: AGGTTGAGAAAGGCGAGACA 58 196 [109] 

MAP1LC3A/LC3 NM_032514.4 f: CGTCCTGGACAAGACCAAGT 58 183 [109] 

CASP3 NM_004346.4 f: TGGAGGCCGACTTCTTGTAT 58 111 [110] 

CASP8 NM_001228.5 f: GGAGGAGTTGTGTGGGGTAA 58 207 [111] 

TNFRSF11B NM_002546.4 f: TCAAGCAGGAGTGCAATCG 64 342 [112] 

EEF1A1 NM_001402.6 f: CCTGCCTCTCCAGGATGTCTAC 61 105 [93,97] 

PPIB NM_000942.5 f: TTCCATCGTGTAATCAAGGACTTC 55 88 [93,97] 
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4.6. Enzyme-Linked Immunosorbent Assay (ELISA) 

Cell culture supernatants from all of the wells were collected for ELISA as described. 
The IL6 and PGE2 concentrations in the cell culture supernatants were determined through 
ELISA (IL6: DuoSet human IL6 ELISA kit, DY206-05, R&D Systems, Minneapolis, MN, 
USA; PGE2: PGE2 High-Sensitivity ELISA kit, ADI-931-001, Enzo Life Sciences AG, Lausen, 
Switzerland) on a Varioscan microplate reader (Thermo Electron Corporation, Vantaa, 
Finland). Each marker molecule and experimental condition combination was tested in 
three biological replicates, with each measured twice. The results were reported as “pg per 
100,000 cells”, using the well-specific cell numbers determined previously. 

4.7. Statistics 
Descriptive statistics on the gene expression and ELISA results are reported as the 

mean and standard deviation (SD), median, and minimum/maximum. All of the calcu-
lations were based on three biological replicates, with two technical replicates for each 
gene/experimental condition combination. For each gene locus and marker molecule, 
differences between the different magnitudes of tensile strain and durations were evaluated 
using the Kruskal–Wallis test followed by multiple comparisons with Bonferroni correction 
applied (padj.). All of the statistical procedures were carried out using IBM SPSS Statistics 
29 (IBM Corp., Armonk, NY, USA) and were two-tailed, considering padj. values < 0.05 
as significant. 

5. Conclusions 
The results of this in vitro study not only confirm the catabolic effects of OS but 

also highlight the prolonged influence of ROS exposure (24 h post-incubation) on the 
expression of genes that regulate inflammation, bone metabolism, and cell fate in hPDLCs. 
Furthermore, our findings suggest that ROS alters mechanosensing in hPDLCs during 
the application of static compression force, directly impacting the expression of these 
key genes. 

This alteration could potentially shift the balance between bone resorption and forma-
tion, leading to complications in orthodontic treatment. Understanding these mechanisms 
is essential for developing personalized treatment options that align with the unique bi-
ological characteristics of each patient. Additionally, our study highlights the need to 
create strategies aiming to reduce OS, thereby enhancing the effectiveness and safety of 
orthodontic treatments. By addressing these factors, we can improve and ensure more 
tailored successful orthodontic care, particularly in elderly patients or patients with chronic 
inflammatory diseases, where ROS levels are known to be elevated. 
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Supplementary Table S2.1: MIQE checklist for the RT-qPCR workflow 

Reference: Bustin et al. (2010). BMC Mol Biol; 11:74. 
 

 Details Checklist 

Sample/Template 

Source If cancer, was biopsy screened for adjacent 
normal tissue? 

Human alveolar-bone derived osteoblasts (hOBs) were obtained anonymously from a male 
donor undergoing a surgical procedure based orthodontic treatment and isolated according 
to established procedures (Somerman et al. 1988). 

Method of preservation Liquid N2/RNAlater/formalin Cell lysates were snap frozen in liquid N2 and stored at -80°C until all samples were 
collected. 

Storage time (if appropriate) If using samples >6 months old Not applicable. 

Handling Fresh/frozen/formalin Cell lysates were prepared using RNA lysis buffer from Quick-RNATM MicroPrep kit (R1051; 
Zymo). They were snap-frozen in liquid nitrogen, and then stored at -80°C until further use 
for RNA extraction. 

Extraction method TriZol/columns Defrosted cells lysates were passed through QIAshredder™ columns (Qiagen) to shear 
genomic DNA. The Quick-RNA™ Miniprep Kit (Zymo) was used for further RNA 
purification. After primary column purification, DNase I digestion was applied to reduce 
genomic DNA contamination as described by the manufacturer (Zymo). Finally, 
DNase/RNase-free water was used to elute the RNA from the columns. Before storage in 
the -80°C, RNase inhibitor RNasin® (Promega) was added to each preparation. 

RNA: DNA-free Intron-spanning primers/no RT control Most primers were intron-spanning (Supplementary Table 2.2). Treatment with 
QIAshredder™ columns (Qiagen) and DNase I digestion were applied to reduce genomic 
DNA contamination according to the manufacturer's instructions (Zymo). 

Concentration Nanodrop/ribogreen/microfluidics Purity and concentration of extracted RNA were detected photometrically (Nanodrop ND-
1000; PeqLab). Ratio of A260/280>1.8 was found, indicating free of protein contamination 
during RNA preparations. 

RNA: integrity Microfluidics/3':5' assay No. 

Inhibition-free Method of testing Serial dilution of cDNA as shown in “Primer efficiency” in Supplementary Table S2.3 below. 

Assay optimisation/validation 

Accession number RefSeq XX_1234567 Table 1 in the manuscript and Supplementary Table S2.2. 
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 Details Checklist 

Amplicon details Exon location, amplicon size Supplementary Table S2.2 

Primer sequence Even if previously published Table 3 in the manuscript; Supplementary Tables S2.2 and S2.3. 

Probe sequence* Identify LNA or other substitutions No probes were used. 

In silico BLAST/Primer-BLAST/m-fold Primer-BLAST, UCSC In-Silico PCR, and ENSEMBL were used for in silico testing. 

empirical Primer concentration/annealing temperature The optimal annealing temperatures were first identified by gradient PCR (TProfessional 
Gradient; Biometra, Goettingen, Germany) and then were finalized by qPCR on Roche 
LightCycler® 480 (LC480). Optimal annealing temperatures are recorded in Supplementary 
Table S2.3 below. 

Priming conditions Oligo-dT/random/combination/target-specific The SuperScript® IV First Strand Synthesis System (Invitrogen) was used for cDNA 
synthesis with random hexamers provided. For each cDNA synthesis reaction, 600 ng total 
RNA was used. Target-specific primers for qPCR were used after assessment (Table 1 of 
the manuscript; Supplementary Table S2.3). 

PCR efficiency Dilution curve Information on serial dilutions and primer efficiency was summarized in Supplementary 
Table S2.3. For each gene, two technical replicates were used for each dilution for qPCR. 
For analysis of qPCR including the standard curves, LC480 software version 1.5.0.39 was 
used. 

Linear dynamic range Spanning unknown targets The analyzing software for qPCR appointed the linear dynamic range automatically. 

Limits of detection LOD detection/accurate quantification The analyzing software for qPCR appointed the LOD automatically. 

Intra-assay variation Copy numbers not Cq Each gene was detected on one individual plate. 

RT/PCR 

Protocols Detailed description, concentrations, volumes For real-time PCR, LightCycler® 480 SYBR Green I Master kit (04887352001; Roche 
Diagnostics GmbH, Mannheim, Germany) was used to detect gene expression of 
PTGS2/COX2, IL6, CXCL8/IL8, RUNX2, CASP3, CASP8, MAP1LC3A/LC3, BECN1, 
TNFRSF11B/OPG and BGLAP using the LightCycler® 480 with LC480 software version 
1.5.0.39 (both from Roche Molecular Diagnostics, Basel, Switzerland). According to the 
manufacturer’ protocol, 5 µl diluted cDNA (1:10 with double distilled, sterile water), 1 µl 
gene-specific forward primer, 1 µl gene-specific reverse primers, 3 µl PCR water and 10 µl 
qPCR mastermix were added for reaction. PCR reactions proceeded as follows: 10 min of 
initial denaturation at 95 °C and 45 cycles of amplifications. Each amplification consisted of 
three steps: 15 s of denaturation at 95 °C, 15 s of specific annealing temperature for each 
primer pair and 15 s of elongation at 72 °C. 
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 Details Checklist 

Reagents Supplier, Lot number Primers for genes were synthesized using sequences from related literatures. The primers 
were verified by in silico tests using related bioinformatic tools given in Supplementary 
Table S2.2. All primers were synthesized by TIB Molbiol Syntheselabor GmbH (Berlin, 
Germany). Information on the kits used (Quick-RNA™ MicroPrep kit; SuperScript® IV First 
Strand Synthesis kit, Invitrogen; LightCycler® 480 SYBR Green I Master kit, Roche) were 
all given in the manuscript. 

Duplicate RT ΔCq No, but two technical replicates were repeated for each biological replicate at minimum. 

NTC Cq & melt curves Yes 

NAC ΔCq beginning:end of qPCR No, as no probes were used. 

Positive control Inter-run calibrators No, each gene was tested on one plate with all samples included. 

Data analysis 

Specialist software e.g., QBAsePlus IBM SPSS Statistics 29 (IBM Corp., Armonk, NY, USA) 

Statistical justification e.g., biological replicates For each force magnitude for every force duration, three biological replicates were used. 
Each biological replicate was repeated with two technical replicates, giving a total of 6 
amplifications of qPCR. 

Transparent, validated 
normalization 

e.g., GeNorm summary After testing with RT-qPCR using cDNA from some samples and assessment with 
RefFinder, RPL22 and EEF1A1 were proved to be most stable in this experiment among 
the panel of reference genes. Therefore, RPL22 and EEF1A1 were used as reference 
genes for following analysis. 
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Supplementary Table S2.2: In-silico analysis of the RT-qPCR primer 
 

Official gene 
symbol 

Reference sequence 
(NCBI GenBank) 

5'-forward primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

5'-reverse primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

Amplicon 
length (bp) 

Amplicon location 
(bp of Start/Stop) 

Intron spanning 
(length, bp) 

In silico qPCR 
specificity 

Variants 
targeted 
(Transcript/ 
Splice) 

Reference 

Genes of interest 
PTGS2 NM_000963.4 AAGCCTTCTCTAACCTCTCC 

(20 / 55.9°C / 50% / 5/0) 
GCCCTCGCTTATGATCTGTC 
(20 / 58.2°C / 55% / 4/1) 

234 510 / 743 Yes (430) Yes (BLAST, 
UCSC) 

Yes Janjic Rankovic et 
al. (2020); Shi et 
al. (2019a) 

IL6 NM_000600.5 TGGCAGAAAACAACCTGAACC 
(21 / 56.5°C / 48% / 3/0) 

TGGCTTGTTCCTCACTACTCTC 
(22 / 56.9°C / 50% / 2/0) 

168 317 / 484 Yes (707) Yes (BLAST, 
UCSC) 

Yes Janjic Rankovic et 
al. (2020); Shi et 
al. (2019a) 

CXCL8 / IL8 NM_000584.4 CAGAGACAGCAGAGCACACAA 
(21 / 60.5°C / 52% / 2/0) 

TTAGCACTCCTTGGCAAAAC 
(20 / 56.5°C / 45% / 5/0) 

170 10 / 179 Yes (819) Yes (BLAST) Yes (Jones et al. 2004) 

RUNX2 NM_001015051.4 GCGCATTCCTCATCCCAGTA 
(20 / 56.9°C / 55% / 4/2) 

GGCTCAGGTAGGAGGGGTAA 
(20 / 56.9°C / 60% / 3/1) 

176 947 / 1122 Yes (20131) Yes (BLAST, 
UCSC) 

Yes Shi et al. (2019b); 
Janjic Rankovic et 
al. (2020) 

BGLAP NM_199173.6 AGCGAGGTAGTGAAGAGAC 
(19 / 52.6°C / 53% / 2/1) 

GAAAGCCGATGTGGTCAG 
(18 / 52.3°C / 56% / 2/1) 

142 175 / 316 Yes (201) Yes (BLAST, 
UCSC) 

Yes Gartland et al. 
(2005) 

BECN1 NM_003766.5 AGGTTGAGAAAGGCGAGACA 
(20 / 58.9°C / 50% / 2/0) 

AATTGTGAGGACACCCAAGC 
(20 / 58.3°C / 50% / 4/2) 

196 1297 / 1492 Yes (726) Yes (BLAST) Yes Zhuang et al. 
(2015) 

MAP1LC3A/LC3 NM_032514.4 CGTCCTGGACAAGACCAAGT 
(20 / 59.6°C / 55% / 7/2) 

TCCTCGTCTTTCTCCTGCTC 
(20 / 58.8°C / 55% / 2/0) 

183 286 / 468 Yes (179) Yes (BLAST) Yes Zhuang et al. 
(2015) 

CASP3 NM_004346.4 TGGAGGCCGACTTCTTGTAT 
(20 / 58.4°C / 50% / 4/2) 

ACTGTTTCAGCATGGCACAA 
(20 / 58.6°C / 45% / 4/2) 

111 801 / 911 Yes (1535) Yes (BLAST) Yes Wang et al. (2020) 

CASP8 NM_001228.5 GGAGGAGTTGTGTGGGGTAA 
(20 / 58.9°C / 55% / 2/1) 

CCTGCATCCAAGTGTGTTCC 
(20 / 59.1°C / 55% / 4/0) 

207 931 / 1137 Yes (1873) Yes (BLAST) Yes Cao et al. (2017) 

TNFRSF11B NM_002546.4 TCAAGCAGGAGTGCAATCG 
(19 / 54.9°C / 53% / 6/4) 

AGAATGCCTCCTCACACAGG 
(20 / 56.3°C / 55% / 4/1) 

342 342 / 683 Yes (6020) Yes (BLAST, 
UCSC) 

Yes Yang et al. (2010) 

Reference genes 
RPL0 NM_001002.4 GAAACTCTGCATTCTCGCTTCC 

(22 / 57.4°C / 50% / 4/0) 
GACTCGTTTGTACCCGTTGATG 
(22 / 57.1°C / 50% / 4/0) 

120 702 / 821 Yes (1091) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 

RPL22 NM_000983.4 TGATTGCACCCACCCTGTAG 
(20 / 56.6°C / 55% / 4/2) 

GGTTCCCAGCTTTTCCGTTC 
(20 / 56.4°C / 55% / 4/0) 

98 91 / 188 Yes (4597) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 

GAPDH NM_002046.7 CTCCTGTTCGACAGTCAGCC 
(20 / 57.4°C / 60% / 6/1) 

CGACCAAATCCGTTGACTCC 
(20 / 55.9°C/ 55%/ 3/1) 

103 12 / 114 Yes, rev. primer on 
exon junction 

Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Chirieleison et al. 
(2017) 

EEF1A1 NM_001402.6 CCTGCCTCTCCAGGATGTCTAC 
(22 / 59.0°C / 59% / 5/2) 

GGAGCAAAGGTGACCACCATAC 
(22 / 58.7°C / 55% / 6/2) 

105 804 / 908 Yes (87) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 

PPIB NM_000942.5 TTCCATCGTGTAATCAAGGACTTC 
(24 / 56.7°C / 42% / 4/2) 

GCTCACCGTAGATGCTCTTTC 
(21 / 56.1°C / 52% / 4/0) 

88 313 / 400 Yes (3194) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 

YWHAZ NM_003406.4 AGGAGATTACTACCGTTACTTGGC 
(24 / 57.8°C / 46% / 4/2) 

AGCTTCTTGGTATGCTTGTTGTG 
(23 / 57.4°C / 43% / 4/0) 

91 491 / 581 Yes (617) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 
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Official gene 
symbol 

Reference sequence 
(NCBI GenBank) 

5'-forward primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

5'-reverse primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

Amplicon 
length (bp) 

Amplicon location 
(bp of Start/Stop) 

Intron spanning 
(length, bp) 

In silico qPCR 
specificity 

Variants 
targeted 
(Transcript/ 
Splice) 

Reference 

RNA18SN5 NR_003286.4 AACTGCGAATGGCTCATTAAATC 
(23 / 55.8°C / 39% / 6/3) 

GCCCGTCGGCATGTATTAG 
(19 / 55.2°C / 58% / 5/1) 

103 84 / 186 No (rRNA) No (RNA45S5 
also targeted) 

- Sun et al. (2022), 
Nazet et al. (2020) 

POLR2A NM_000937.5 TCGCTTACTGTCTTCCTGTTGG 
(22 / 57.8°C / 50% / 3/0) 

TGTGTTGGCAGTCACCTTCC 
(20 / 57.4°C / 55% / 3/3) 

108 3811 / 3918 Yes (468) Yes 
(BLAST/UCSC) 

Yes Sun et al. (2022), 
Nazet et al. (2020) 

Tm, melting temperature of primer or qPCR product (amplicon); %GC, percent of guanin/cytosine content; bp, base pairs; Self-comp., self-complementary; Self-3'-comp., self 3' complementary. 
 

To perform silico analysis of RT-qPCR primers, their targets and corresponding amplification products, the following programs and online resources were used. All URLs were valid on 02-12-2020. 
a. Primer-BLAST (URL: https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to check the melting temperature (Tm) and the “length” of each primer, their “in silico qPCR specificity”, 

possible co-amplification of genomic DNA, “Self-comp.” and “Self-3'-comp”. 
i. Settings for “Refseq mRNA”: max primer annealing: 65; intron length range: 100 – 100000, max. target amplicon size: 40000 
ii. Settings for “Refseq representative genomes”: max primer annealing: 65; intron length range: 100 – 100000, max. target amplicon size: 40000 

b. UCSC In-Silico PCR (URL: https://genome.ucsc.edu/cgi-bin/hgPcr) was used to check “In silico qPCR specificity” and RT-qPCR in genomic context. 
c. “Amplicon (length)”, “Amplicon location (bp of Start/Stop)”, “Intron-spanning (length)” was identified or calculated by either Primer-BLAST or UCSC In-Silico PCR 
d. ENSEMBL (URL: https://www.ensembl.org) was used to check “Variants targeted (Transcript/Splice)”. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
https://genome.ucsc.edu/cgi-bin/hgPcr)
https://www.ensembl.org/
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Supplementary Table S2.3: Primer validation by RT-qPCR 
 

Gene symbol Primer sequence 
(f: 5'-forward primer-3'; 
r: 5'-reverse primer-3') 

Reference Specificity 
by melting 
curve / Tm 
(°C) 

Specificity 
by agarose 
gel / 
amplicon 
size (bp) 

Annealing 
temp. (°C) 

Dilution series used for 
efficiency testing – starting from 
1:10 prediluted cDNA 

Primer efficiency 
Efficiency Error Slope Y intercept 

Genes of interest 
PTGS2 f: AAGCCTTCTCTAACCTCTCC 

r: GCCCTCGCTTATGATCTGTC 
Janjic Rankovic et al. 
(2020); Shi et al. (2019a) 

Yes / 81.7 234 58 1:1, 1:10, 1:100, 1:1000 2.028 0.0768 -3.257 35.67 

IL6 f: TGGCAGAAAACAACCTGAACC 
r: TGGCTTGTTCCTCACTACTCTC 

Janjic Rankovic et al. 
(2020); Shi et al. (2019a) 

Yes / 80.3 168 58 1:1, 1:10, 1:100, 1:1000 1.999 0.0277 -3.325 39.05 

CXCL8 f: CAGAGACAGCAGAGCACACAA 
r: TTAGCACTCCTTGGCAAAAC 

(Jones et al. 2004) Yes/ 84.5 170 55 1:1, 1:4, 1:16, 1:64, 1:256 2.082 0.025 -3.141 34.17 

RUNX2 f: GCGCATTCCTCATCCCAGTA 
r: GGCTCAGGTAGGAGGGGTAA 

Shi et al. (2019b); Janjic 
Rankovic et al. (2020) 

Yes / 85.3 176 58 1:1, 1:10, 1:100, 1:1000 1.94 0.00746 -3.475 39.04 

BGLAP f: AGCGAGGTAGTGAAGAGAC 
r: GAAAGCCGATGTGGTCAG 

Gartland et al. (2005) Yes / 86.7 142 64 1:1, 1:4, 1:16, 1:64, 1:256 1.916 0.0196 -3.541 36.33 

BCN1 f: AGGTTGAGAAAGGCGAGACA 
r: AATTGTGAGGACACCCAAGC 

Zhuang et al. (2015) Yes/ 82.7 196 58 1:1, 1:10, 1:100, 1:1000 2.037 0.0676 -3.237 33.41 

MAP1LC3A f: CGTCCTGGACAAGACCAAGT 
r: TCCTCGTCTTTCTCCTGCTC 

Zhuang et al. (2015) Yes/ 87.8 183 58 1:1, 1:10, 1:100, 1:1000 1.951 0.0674 -3.445 34.7 

CASP3 f: TGGAGGCCGACTTCTTGTAT 
r: ACTGTTTCAGCATGGCACAA 

Wang et al. (2020) Yes/ 81.7 111 58 1:1, 1:10, 1:100, 1:1000 1.984 0.01 -3.362 37.23 

CASP8 f: GGAGGAGTTGTGTGGGGTAA 
r: CCTGCATCCAAGTGTGTTCC 

Cao et al. (2017) Yes/ 81.0 207 58 1:1, 1:10, 1:100, 1:1000 2.033 0.0614 -3.245 35.23 

TNFRSF11B f: TCAAGCAGGAGTGCAATCG 
r: AGAATGCCTCCTCACACAGG 

Yang et al. (2010) Yes / 84.8 342 64 1:1, 1:10, 1:100, 1:1000, 1:10000 1.915 0.0164 -3.545 37.27 

Reference genes 
RPL0 f: GAAACTCTGCATTCTCGCTTCC 

r: GACTCGTTTGTACCCGTTGATG 
Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 83.8 120 64 1:1, 1:10, 1:100, 1:1000, 1:10000 1.947 0.027 -3.455 32.54 

RPL22 f: TGATTGCACCCACCCTGTAG 
r: GGTTCCCAGCTTTTCCGTTC 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 80.1 98 61 1:1, 1:10, 1:100, 1:1000, 1:10000 2.004 0.007 -3.313 33.4 

GAPDH f: CAACTACATGGTTTACATGTTC 
r: GCCAGTGGACTCCACGAC 

Sun et al. (2022), 
Chirieleison et al. (2017) 

Yes / 84.4 103 52 1:1, 1:10, 1:100, 1:1000, 1:10000 1.968 0.002 -3.4 30.4 

EEF1A1 f: CCTGCCTCTCCAGGATGTCTAC 
r: GGAGCAAAGGTGACCACCATAC 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 82.4 105 61 1:1, 1:10, 1:100, 1:1000, 1:10000 2.038 0.002 -3.235 29.41 

PPIB f: TTCCATCGTGTAATCAAGGACTTC 
r: GCTCACCGTAGATGCTCTTTC 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 82.4 88 55 1:1, 1:10, 1:100, 1:1000, 1:10000 1.992 0.007 -3.341 33.77 

YWHAZ f: AGGAGATTACTACCGTTACTTGGC 
r: AGCTTCTTGGTATGCTTGTTGTG 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 81.3 91 55 1:1, 1:10, 1:100, 1:1000, 1:10000 2.019 0.012 -3.276 33.48 

RNA18SN5 f: AACTGCGAATGGCTCATTAAATC 
r: GCCCGTCGGCATGTATTAG 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 80.4 103 55 1:1, 1:10, 1:100, 1:1000, 1:10000 2.022 0.021 -3.271 19.26 

POLR2A f: TCGCTTACTGTCTTCCTGTTGG 
r: TGTGTTGGCAGTCACCTTCC 

Sun et al. (2022), Nazet et 
al. (2020) 

Yes / 83.7 108 58 1:1, 1:10, 1:100, 1:1000, 1:10000 2.046 0.016 -3.216 34.72 
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Raw data (Cq values) 
 

Treatment PPIB GAPDH RPL22 YWHAZ EEF1A1 RPL0 RNA18SN5 
Control 20.16 16.81 20.21 20.05 16.44 19.17 8.24 
Control 20.19 16.85 20.14 20.09 16.59 19.07 6.00 
H2O2 100µM 19.95 16.53 19.88 19.94 16.02 19.13 5.00 
H2O2 100µM 19.84 17.00 19.90 19.97 16.06 19.08 6.00 
H2O2 100µM + WAB 20.13 16.13 19.80 20.43 15.86 18.50 6.00 
H2O2 100µM + WAB 20.15 16.08 19.83 20.48 15.89 18.47 6.00 
H2O2 50µM 19.90 16.59 19.99 19.90 16.08 18.71 6.00 
H2O2 50µM 19.88 16.86 19.92 19.88 16.01 18.87 6.00 
H2O2 50µM +WAB 20.28 16.08 19.85 20.53 16.00 18.21 6.00 
H2O2 50µM +WAB 20.27 16.07 20.05 20.51 15.99 18.31 6.00 
WAB 20.24 16.28 19.78 20.10 16.16 18.57 6.00 
WAB 20.22 16.10 19.72 20.20 16.03 18.65 6.00 
H2O2 100µM (direct) 20.10 16.68 19.88 20.16 16.10 18.62 5.00 
H2O2 100µM (direct) 20.18 16.65 19.89 20.01 16.06 18.64 6.00 
H2O2 50µM (direct) 20.67 17.08 20.56 20.44 16.72 19.44 6.61 
H2O2 50µM (direct) 20.84 17.05 20.66 20.51 16.86 19.09 7.00 

 
 Ctrl 

(N= 2) 
WAB only 

(N= 2) 
H2O2 direct 

(N= 4) 
H2O2 recovery 

(N= 4) 
H2O2 w/WAB 

(N= 2) 
H2O2 w/WAB 

(N= 2) 
All 

(N= 16) 
PPIB        

Mean (SD) 20 (0.021) 20 (0.014) 20 (0.36) 20 (0.046) 20 (0.0071) 20 (0.014) 20 (0.26) 
Median [Min, Max] 20 [20, 20] 20 [20, 20] 20 [20, 21] 20 [20, 20] 20 [20, 20] 20 [20, 20] 20 [20, 21] 

GAPDH        

Mean (SD) 17 (0.028) 16 (0.13) 17 (0.23) 17 (0.22) 16 (0.0071) 16 (0.035) 17 (0.38) 
Median [Min, Max] 17 [17, 17] 16 [16, 16] 17 [17, 17] 17 [17, 17] 16 [16, 16] 16 [16, 16] 17 [16, 17] 

RPL22        

Mean (SD) 20 (0.049) 20 (0.042) 20 (0.42) 20 (0.048) 20 (0.14) 20 (0.021) 20 (0.27) 
Median [Min, Max] 20 [20, 20] 20 [20, 20] 20 [20, 21] 20 [20, 20] 20 [20, 20] 20 [20, 20] 20 [20, 21] 

YWHAZ        

Mean (SD) 20 (0.028) 20 (0.071) 20 (0.24) 20 (0.040) 21 (0.014) 20 (0.035) 20 (0.24) 
Median [Min, Max] 20 [20, 20] 20 [20, 20] 20 [20, 21] 20 [20, 20] 21 [21, 21] 20 [20, 20] 20 [20, 21] 

EEF1A1        

Mean (SD) 17 (0.11) 16 (0.092) 16 (0.41) 16 (0.033) 16 (0.0071) 16 (0.021) 16 (0.30) 
Median [Min, Max] 17 [16, 17] 16 [16, 16] 16 [16, 17] 16 [16, 16] 16 [16, 16] 16 [16, 16] 16 [16, 17] 

RPL0        

Mean (SD) 19 (0.071) 19 (0.057) 19 (0.39) 19 (0.19) 18 (0.071) 18 (0.021) 19 (0.35) 
Median [Min, Max] 19 [19, 19] 19 [19, 19] 19 [19, 19] 19 [19, 19] 18 [18, 18] 18 [18, 19] 19 [18, 19] 

RNA18SN5        

Mean (SD) 7.1 (1.6) 6.0 (0) 6.2 (0.87) 5.8 (0.50) 6.0 (0) 6.0 (0) 6.1 (0.74) 
Median [Min, Max] 7.1 [6.0, 8.2] 6.0 [6.0, 6.0] 6.3 [5.0, 7.0] 6.0 [5.0, 6.0] 6.0 [6.0, 6.0] 6.0 [6.0, 6.0] 6.0 [5.0, 8.2] 
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Supplement 2: RefFinder results 
 

RefFinder – Summary 

Ranking Order (Better--Good--Average) 
 

Method 1 2 3 4 5 6 7 
Delta CT RPL22 EEF1A1 PPIB RPL0 GAPDH YWHAZ RNA18SN5 
BestKeeper PPIB RPL22 YWHAZ EEF1A1 RPL0 GAPDH RNA18SN5 
Normfinder EEF1A1 RPL22 PPIB RPL0 GAPDH YWHAZ RNA18SN5 
Genorm RPL22 | EEF1A1  RPL0 GAPDH PPIB YWHAZ RNA18SN5 
Recommended 
comprehensive ranking 

RPL22 EEF1A1 PPIB RPL0 GAPDH YWHAZ RNA18SN5 

 
 

Comprehensive Ranking: 
 

Genes Geomean of ranking values 
RPL22 1.41 
EEF1A1 1.68 
PPIB 2.59 
RPL0 3.94 
GAPDH 4.95 
YWHAZ 5.05 
RNA18SN5 7.00 
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Supplement 2: RefFinder results 
 

Delta CT 
 

Genes Average of STDEV 
RPL22 0.30 
EEF1A1 0.31 
PPIB 0.35 
RPL0 0.38 
GAPDH 0.40 
YWHAZ 0.43 
RNA18SN5 0.68 
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Supplement 2: RefFinder results 
 

BestKeeper 
 

CP data of housekeeping Genes by BEST KEEPER 
 PPIB GAPDH RPL22 YWHAZ EEF1A1 RPL0 RNA18SN5 

n 16 16 16 16 16 16 16 
geo Mean [CP] 20.19 16.55 20.00 20.20 16.18 18.78 6.08 
AR Mean [CP] 20.19 16.55 20.00 20.20 16.18 18.78 6.12 

min [CP] 19.84 16.07 19.72 19.88 15.86 18.21 5.00 
max [CP] 20.84 17.08 20.66 20.53 16.86 19.44 8.24 

std dev [+/- CP] 0.17 0.32 0.20 0.21 0.24 0.30 0.44 
CV [% CP] 0.87 1.96 1.00 1.05 1.46 1.58 7.16 
min [x-fold] -1.27 -1.39 -1.22 -1.25 -1.25 -1.48 -2.11 

max [x-fold] 1.57 1.45 1.58 1.26 1.61 1.58 4.48 
std dev [+/- x-fold] 1.13 1.25 1.15 1.16 1.18 1.23 1.35 

 
Pearson correlation coefficient ( r ) by BEST KEEPER 

 
 PPIB GAPDH RPL22 YWHAZ EEF1A1 RPL0 RNA18SN5 

GAPDH 0.157 - - - - - - 
p-value 0.561 - - - - - - 

RPL22 0.735 0.671 - - - - - 
p-value 0.001 0.004 - - - - - 

YWHAZ 0.707 -0.384 0.300 - - - - 
p-value 0.002 0.142 0.259 - - - - 

EEF1A1 0.718 0.705 0.908 0.150 - - - 
p-value 0.002 0.002 0.001 0.580 - - - 

RPL0 0.183 0.853 0.643 -0.343 0.705 - - 
p-value 0.499 0.001 0.007 0.194 0.002 - - 

RNA18SN5 0.414 0.309 0.571 0.156 0.548 0.360 - 
p-value 0.111 0.245 0.021 0.563 0.028 0.170 - 

Pearson correlation coefficient ( r ) 
BestKeeper vs. PPIB GAPDH RPL22 YWHAZ EEF1A1 RPL0 RNA18SN5 
coeff. of corr. [r] 0.612 0.555 0.822 0.204 0.806 0.583 0.923 
p-value 0.012 0.026 0.001 0.448 0.001 0.018 0.001 
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Supplement 2: RefFinder results 
 

normFinder 
 

Gene name Stability value 
EEF1A1 0.007 
RPL22 0.063 
PPIB 0.197 
RPL0 0.259 
GAPDH 0.297 
YWHAZ 0.346 
RNA18SN5 0.642 
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Supplement 2: RefFinder results 
 

Genorm 
 

Gene name Stability value 
RPL22 | EEF1A1 0.126 
RPL0 0.217 
GAPDH 0.233 
PPIB 0.263 
YWHAZ 0.300 
RNA18SN5 0.408 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
7 



 

4 Paper II 56 

 

 
4. Paper II 

 
 
 
 

Investigation of Oxidative-Stress Impact on Human Os-
teoblasts During Orthodontic Tooth Movement Using 

an In Vitro Tension Model 

 
Hosseini S, Diegelmann J, Folwaczny M, Sabbagh H, Otto S, Kakoschke TK, 

Wichelhaus A, Baumert U, Janjic Rankovic M 

 
Int J Mol Sci. 2024 Dec 17;25(24):13525. 

 
 
 
 
 

 
DOI: 10.3390/ijms252413525 

PMID: 39769290 
PMCID: PMC11677893. 

 
 

(44 pages including supplements) 



 

  
 

 

 
Article 

Investigation of Oxidative-Stress Impact on Human Osteoblasts 
During Orthodontic Tooth Movement Using an In Vitro 
Tension Model 
Samira Hosseini 1 , Julia Diegelmann 2 , Matthias Folwaczny 2, Hisham Sabbagh 1 , Sven Otto 3, 
Tamara Katharina Kakoschke 3, Andrea Wichelhaus 1 , Uwe Baumert 1  and Mila Janjic Rankovic 1,* 

 
1 Department of Orthodontics and Dentofacial Orthopedics, LMU University Hospital, LMU Munich, 

80336 Munich, Germany; samirahosseini1251@gmail.com (S.H.); 
hisham.sabbagh@med.uni-muenchen.de (H.S.); kfo.sekretariat@med.uni-muenchen.de (A.W.); 
uwe.baumert@med.uni-muenchen.de (U.B.) 

2 Department of Conservative Dentistry and Periodontology, LMU University Hospital, LMU Munich, 
80336 Munich, Germany; julia.diegelmann@med.uni-muenchen.de (J.D.); 
matthias.folwaczny@med.uni-muenchen.de (M.F.) 

3 Department of Oral and Maxillofacial Surgery and Facial Plastic Surgery, LMU University Hospital, 
LMU Munich, 80337 Munich, Germany; sven.otto@med.uni-muenchen.de (S.O.); 
tamara.kakoschke@med.uni-muenchen.de (T.K.K.) 

* Correspondence: mila.janjic@med.uni-muenchen.de 
 
 
 
 
 
 
 

 
Citation: Hosseini, S.; Diegelmann, J.; 

Folwaczny, M.; Sabbagh, H.; Otto, S.; 

Kakoschke, T.K.; Wichelhaus, A.; 

Baumert, U.; Janjic Rankovic, M. 

Investigation of Oxidative-Stress 

Impact on Human Osteoblasts During 

Orthodontic Tooth Movement Using 

an In Vitro Tension Model. Int. J. Mol. 

Sci. 2024, 25, 13525. https://doi.org/ 

10.3390/ijms252413525 

Academic Editor: Luigi Canullo 
 

Received: 6 November 2024 

Abstract: In recent years, there has been a growing number of adult orthodontic patients with 
periodontal disease. The progression of periodontal disease is well-linked to oxidative stress (OS). 
Nevertheless, the impact of OS on orthodontic tooth movement (OTM) is not fully clarified. Therefore, 
we applied an OS in vitro-model utilizing H2O2 to study its effect on tension-induced mechanotrans-
duction in human osteoblasts (hOBs). Experimental parameters were established based on cell 
viability and proliferation. Apoptosis detection was based on caspase-3/7 activity. Gene expres-
sion related to bone-remodeling (RUNX2, P2RX7, TNFRSF11B/OPG), inflammation (CXCL8/IL8, 
IL6, PTRGS2/COX2), autophagy (MAP1LC3A/LC3, BECN1), and apoptosis (CASP3, CASP8) was 
analyzed by RT-qPCR. IL6 and PGE2 secretion were determined by ELISA. Tension increased the 
expression of PTRGS2/COX2 in all groups, especially after stimulation with higher H2O2 concentra-
tion. This corresponds also to the measured PGE2 concentrations. CXCL8/IL8 was upregulated in all 
groups. Cells subjected to tension alone showed a general upregulation of osteogenic differentiation-
related genes; however, pre-stimulation with OS did not induce significant changes especially towards 
downregulation. MAP1LC3A/LC3, BECN1 and CASP8 were generally upregulated in cells without 
OS pre-stimulation. Our results suggest that OS might have considerable impacts on cellular behavior 
during OTM. 
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1. Introduction 
Orthodontic tooth movement (OTM) serves as a therapeutic approach to correct 

misaligned and/or dispositioned teeth. OTM involves mechanical stimulation, eliciting 
intricate aseptic inflammatory cellular and molecular responses that lead to tissue remodel-
ing. This results in bone resorption on the compression side and bone apposition on the 
tension side [1]. In recent years, there has been a notable increase in the number of adult 
orthodontic patients with preexisting periodontal disease [2]. It is well-established that 
both orthodontic force and periodontal disease exert a significant influence on cellular and 
tissue homeostasis [3,4]. They stimulate bone remodeling, inflammatory responses, and 
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pivotal biological processes such as autophagy and apoptosis [5]. Like various inflamma-
tory diseases, periodontal disease is associated with oxidative stress (OS)—a condition 
arising from an imbalance between the production and accumulation of reactive oxygen 
species (ROS) in cells and tissues [6–8]. ROS, including hydrogen peroxide (H2O2), are 
highly reactive oxygen metabolites produced in living organisms as a by-product of aer-
obic processes [9,10]. Under normal conditions, antioxidants neutralize ROS, preventing 
tissue damage. However, during inflammation, ROS production escalates, overloading 
the antioxidant defense system and leading to oxidative stress and tissue damage [6,11]. 
ROS can directly induce tissue damage through lipid peroxidation, DNA damage, pro-
tein damage, and enzyme oxidation [6]. Additionally, they serve as important signaling 
molecules or mediators of inflammation [6], indirectly influencing the production of cy-
tokines, chemokines, and enzymes, interplaying with multiple pathways. For example, 
oxidative stress can trigger the expression of IL6, CXCL8/IL8, and PTGS2/COX2, which are 
involved in inflammatory responses and immune modulation [12]. As a signaling factor, 
ROS are known to influence bone metabolism by affecting osteoblasts. Consequently, a 
reduced osteoblastogenesis and a disruption in normal cellular signaling pathways might 
occur, leading to an imbalance between bone formation and resorption [13]. 

Clinically, orthodontic treatment should be initiated after periodontal therapy during 
remission [4,14]. This is also linked to improved redox balance and a reduction in inflam-
matory parameters, mitigating the damaging effects of oxidative stress on cellular function, 
but not completely restoring it [15,16]. While increased oxidative stress is a hallmark of 
periodontal disease and is proven to influence many molecular events including bone 
remodeling, inflammation and cell destiny [7], its effect on OTM is not fully clarified. There-
fore, this study aims to address this gap by investigating the interplay between OS and 
mechanosensitive gene expression in human alveolar osteoblasts (hOBs) under combined 
conditions of oxidative and mechanical stress. 

To establish an OTM-related OS in vitro model, two well-established in vitro setups 
were combined. The effect of OS was simulated by exposing cells to H2O2 [17,18]. Af-
terwards, the cells were mechanically stimulated using tensile strain [19,20] (Figure 1). 
Suitable experimental parameters were established based on cell viability and prolifera-
tion. Gene expression related to bone remodeling (RUNX2, P2RX7, TNFRSF11B/OPG), 
inflammation (IL6, CXCL8/IL8, PTGS2/COX2), autophagy (MAP1LC3A/LC3, BECN1) and 
apoptosis (CASP3, CASP8) was examined. 

 

Figure 1. Oxidative stress in vitro-model utilizing H2O2 [21] and tensile strain [20] to study its effect 
on mechanotransduction in primary human alveolar osteoblasts. 
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2. Results 
2.1. Hydrogen Peroxide (H2O2) Concentration Testing 

To identify the lowest concentrations causing a cytotoxic effect without affecting cell 
viability, different H2O2 concentrations ranging from 20 µM to 500 µM were tested on 
primary hOBs. Unstimulated (i.e., 0 µM H2O2) but otherwise identically treated cells served 
as controls. 

Apoptosis induction and cell viability were assessed qualitatively by caspase-3/7 
activity detection using a specific reagent (R37111; Life Technologies, Carlsbad, CA, USA) 
and a live/dead cell staining kit (L3224; ThermoFisher Scientific, Carlsbad, CA, USA), 
respectively (Figure 2). The higher the concentration of H2O2 applied, the fewer living cells 
were observed, while caspase-3/7 positive cells became more prominent. These changes 
were especially visible in groups stimulated with 200 µM and 500 µM of H2O2. 

H2O2 concentration (µM) 

20 50 100 200 500 
 

 
 

Figure 2. Effects of different hydrogen peroxide concentrations ranging from 0 µM (i.e., control) 
to 500 µM on apoptosis induction (upper row) and cell viability (lower row) on primary human 
osteoblasts. Upper row: Apoptosis induction was detected using the CellEvent™ Caspase-3/7 
Detection Reagent (R37111; Life Technologies, Carlsbad, CA, USA). Caspase-3/7-positive cells were 
stained green (overlay of fluorescence and phase contrast). Lower row: Cell viability assessment 
using live/dead cell staining. Green cells represent living cells. Dead cells are either detached and 
washed away or stained with the red color. (Scale: 200 µm). 

The impacts of the different H2O2 concentrations on cytotoxicity and cell viability 
were quantitatively determined using a resazurin-based assay (Figure 3). The findings are 
in line with the results of the apoptosis and cell viability tests (Figure 2). 

 

Figure 3. Percentage reduction of resazurin: (a) Cytotoxic effect of H2O2, (b) cell viability calculated as 
normalized resazurin reduction relative to the control group. 50 µM and 100 µM were identified as the 
lowest concentrations of H2O2 showing a cytotoxic effect; however, these did not have pronounced 
effects on cell viability. 
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Based on these results, H2O2 concentrations of 50 µM and 100 µM were chosen to 

further investigate the effects of higher and lower OS exposure levels. 

2.2. Effect of Oxidative Stress Induction Alone on Gene Expression Immediately After H2O2 
Incubation and After Additional 24 h Post-Incubation 

Herein, we evaluated the immediate and lasting effects of oxidative stress induction 
on gene expression. hOBs were stimulated with either 50 µM or 100 µM H2O2 for 24 h. The 
expressions of genes related to bone remodeling, inflammation, autophagy and apoptosis 
were determined either immediately after the stimulation (“direct”) or after an additional 
24 h post-incubation period in H2O2-free medium (“recovery”) (Figure 4, Table 1). 

 

 

 

Figure 4. Effect of oxidative stress induction alone on gene expression immediately after H2O2 
incubation (“direct”) and 24 h post-incubation (“recovery”). (a) Experimental design. (b–k) RT-qPCR 
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results for genes related to autophagy (b,c, MAP1LC3A/LC3, BECN1), apoptosis (d,e, CASP3, CASP8), 
inflammation (f–h, CXCL2/IL8, IL6, PTGS2/COX2), and bone remodeling (i–k, RUNX2, P2RX7, 
TNFRSF11B/OPG). For each genetic locus, gene expression directly after H2O2 exposure (left panel, 
“direct”) and after an additional 24 h cultivation in H2O2-free cell culture medium (right panel, 
“recovery”) is depicted. Adjusted p-values based on multiple comparisons within each experimental 
group are reported: *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001. 

 
Table 1. Summary statistics and comparisons of the effects of 50 µM and 100 µM H2O2 on gene ex-
pression (CXCL8/IL8, IL6, PTGS2/COX2, CASP3, CASP8, MAP1LC3A/LC3, BECN1, TNFRSF11B/OPG, 
and P2RX7) reported as fold change in primary hOBs immediately after H2O2 incubation (“direct”) 
and 24 h post-incubation (“recovery”). p-values were obtained with the Kruskal–Wallis test (KW) 
and adjusted by Bonferroni correction for multiple tests (adjusted p, padj.). 

 

Analyte Treatment Mean SD Median Min Max  K-W of Treatment  

      p Value Post-Hoc Test vs. Ctrl (padj.) Sig. a 

Direct         

CXCL8/IL8 Ctrl 1.00 0.06 1.00 0.94 1.12 0.004  ** 

(FC) 50 µM 0.97 0.17 0.96 0.81 1.26  1.000 n.s. 
100 µM 1.41 0.16 1.38 1.26 1.69  0.018 * 

Ctrl 1.02 0.24 1.00 0.75 1.37 0.001  ** 
IL6 (FC) 50 µM 1.49 0.36 1.45 1.01 1.96  0.249 n.s. 

100 µM 2.47 0.47 2.65 1.54 2.86  0.001 ** 
PTGS2/COX2 Ctrl 1.01 0.13 1.00 0.86 1.17 <0.001  *** 

(FC) 50 µM 2.15 0.06 2.15 2.08 2.22  0.153 n.s. 
100 µM 3.39 0.43 3.23 2.99 4.08  <0.001 *** 

Ctrl 1.00 0.06 1.00 0.94 1.07 0.003  ** 
RUNX2 (FC) 50 µM 0.64 0.14 0.60 0.50 0.83  0.015 * 

100 µM 0.61 0.21 0.71 0.31 0.79  0.007 ** 
Ctrl 1.02 0.21 1.00 0.76 1.28 0.205  n.s. 

CASP3 (FC) 50 µM 0.74 0.29 0.64 0.49 1.11  0.350 n.s. 
100 µM 0.97 0.31 1.11 0.38 1.19  1.000 n.s. 

Ctrl 1.01 0.19 1.00 0.80 1.31 0.026  * 
CASP8 (FC) 50 µM 1.35 0.39 1.55 0.81 1.65  0.248 n.s. 

100 µM 1.57 0.14 1.60 1.39 1.77  0.024 * 
MAP1LC3A/LC3 Ctrl 1.00 0.10 1.00 0.90 1.17 0.002  ** 

(FC) 50 µM 1.20 0.05 1.20 1.13 1.28  0.144 n.s. 
100 µM 1.28 0.05 1.28 1.21 1.34  0.001 ** 

Ctrl 1.00 0.10 1.00 0.90 1.19 0.001  ** 
BECN1 (FC) 50 µM 1.17 0.05 1.17 1.08 1.24  0.388 n.s. 

100 µM 1.64 0.23 1.52 1.44 1.96  0.001 ** 
TNFRSF11B/OPG Ctrl 1.01 0.13 0.98 0.86 1.25 0.128  n.s. 

(FC) 50 µM 0.94 0.25 1.05 0.63 1.20  1.000 n.s. 
100 µM 0.84 0.11 0.86 0.72 0.95  0.154 n.s. 

Ctrl 1.01 0.16 1.00 0.83 1.28 0.003  ** 
P2RX7 (FC) 50 µM 0.56 0.16 0.60 0.32 0.73  0.024 * 

100 µM 0.49 0.07 0.46 0.42 0.58  0.004 ** 

Recovery         

CXCL8/IL8 Ctrl 1.00 0.03 1.00 0.96 1.05 <0.001  *** 

(FC) 50 µM 0.83 0.06 0.83 0.73 0.94  0.154 n.s. 
100 µM 1.68 0.39 1.51 1.33 2.21  0.154 n.s. 
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Table 1. Cont. 

 

Analyte Treatment Mean SD Median Min Max  K-W of Treatment  

      p Value Post-Hoc Test vs. Ctrl (padj.) Sig. a 

Ctrl 1.00 0.05 1.00 0.92 1.07 0.142  n.s. 
IL6 (FC) 50 µM 0.98 0.09 0.97 0.84 1.09  1.000 n.s. 

100 µM 1.07 0.09 1.07 0.98 1.21  0.665 n.s. 
PTGS2/COX2 Ctrl 1.00 0.04 1.00 0.93 1.07 <0.001  *** 

(FC) 50 µM 0.69 0.09 0.70 0.57 0.78  0.154 n.s. 
100 µM 2.10 0.32 2.08 1.73 2.48  0.154 n.s. 

Ctrl 1.00 0.09 1.01 0.84 1.08 0.024  * 
RUNX2 (FC) 50 µM 0.84 0.09 0.83 0.78 1.02  0.028 * 

100 µM 0.86 0.12 0.89 0.64 0.95  0.126 n.s. 
Ctrl 1.00 0.01 1.00 0.99 1.01 0.001  ** 

CASP3 (FC) 50 µM 0.89 0.12 0.88 0.75 1.06  0.575 n.s. 
100 µM 2.83 0.68 2.76 2.00 3.66  0.067 n.s. 

Ctrl 1.00 0.01 1.00 0.98 1.01 0.005  ** 
CASP8 (FC) 50 µM 0.91 0.18 0.89 0.69 1.17  1.000 n.s. 

100 µM 1.24 0.15 1.24 1.09 1.51  0.038 * 
MAP1LC3A/LC3 Ctrl 1.01 0.12 1.00 0.88 1.19 0.001  ** 

(FC) 50 µM 0.61 0.01 0.61 0.60 0.63  0.091 n.s. 
100 µM 1.17 0.05 1.17 1.11 1.24  0.388 n.s. 

Ctrl 1.00 0.02 1.00 0.96 1.02 0.003  ** 
BECN1 (FC) 50 µM 0.87 0.19 0.86 0.66 1.12  1.000 n.s. 

100 µM 2.71 0.42 2.68 2.21 3.19  0.028 * 
TNFRSF11B/OPG Ctrl 1.00 0.02 1.00 0.97 1.03 <0.001  *** 

(FC) 50 µM 0.70 0.14 0.69 0.52 0.88  0.154 n.s. 
100 µM 1.75 0.04 1.75 1.70 1.80  0.154 n.s. 

Ctrl 1.00 0.03 1.00 0.96 1.03 <0.001  *** 
P2RX7 (FC) 50 µM 0.86 0.05 0.87 0.78 0.92  0.154 n.s. 

100 µM 0.57 0.03 0.57 0.52 0.62  0.154 n.s. 
a Sig., significance; *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001; n.s., not significant. 

 
The autophagy or apoptosis-related genes MAP1LC3A/LC3, BECN1 and CASP8 

showed dose-dependent upregulation patterns immediately after H2O2 stimulation. Simi-
lar gene expression regulation patterns were observed after 24 h post-incubation concerning 
the apoptosis-related gene CASP3 (padj. = 0.001) and the autophagy-related gene BECN1 
(padj. = 0.028) stimulated with 100 µM H2O2 (Figure 4b–e). 

In all three inflammation-related genes, CXCL8/IL8, IL6 and PTGS2/COX2, a concen-
tration-dependent upregulated expression was observed directly after H2O2 stimulation 
(Figure 4f–h). After 24 h post-incubation, a recovery effect was observable. While IL6 gene 
expression was downregulated to control level, pre-stimulation with 100 µM H2O2 led 
to a persistent upregulation of CXCL8/IL8 and PTGS2/COX2 after 24 h post-incubation 
(CXCL8/IL8—padj. < 0.001; PTGS2/COX2—padj. < 0.001). 

The genes related to bone remodeling were concentration-dependently downregulated 
directly after H2O2 stimulation depending on the concentration (Figure 4i–k). After 24 h 
post-incubation, a recovery of RUNX2 and P2RX7 expression was observed, but still 
below the corresponding controls. This contrasted with TNFRSF11B/OPG, which was 
downregulated directly after H2O2 stimulation, showing partially contradicting results 
24 h post-exposure; 50 µM H2O2 resulted in a more pronounced downregulation, whereas 
100 µM H2O2 led to an upregulation compared to the control (mean FC: 1.75). 
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2.3. Expression of Genes and Metabolites Related to Inflammation, Bone Remodeling, Apoptosis 
and Autophagy in Mechanically Stimulated Cells with and Without Previous OS Stimulation 

Next, we investigated the effects of the static tension on hOBs with and without 
previous H2O2 stimulation focusing on the gene expression related to inflammation, bone 
remodeling, apoptosis and autophagy (Figure 5a, Table 2). Based on a previously published 
review [22], our initial intention was to test two different tensile strains—10% as the most 
frequently used one in studies applying static tension, and 15% to simulate a more tensile 
strains. However, due to almost identical gene/protein expression patterns, we decided to 
present only results derived from the 15% tensile strain setup. Nevertheless, results derived 
from the 10% tension setup are summarized in Supplementary Materials S1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Expressions of genes and metabolites related to inflammation and bone remodeling 
in mechanically stimulated cells with and without previous H2O2 stimulation. (a) Experimental 
setup: the control group (ctrl) received neither H2O2 nor tension stimulation. The tension (T10%, 
T15%) group was stimulated by static tension after 24 h non-stimulation. The H2O2/tension group 
was stimulated for 24 h with 50 µM or 100 µM H2O2 followed by 24 h static tension at 10% or 
15% stretching. Shown here are the results from 15% tension stimulation. (b–f) The expression of 
inflammation-related genes and metabolites and (g–i) genes related to bone remodeling are reported. 
Shown are the adjusted p-values based on multiple comparisons between each experimental treatment 
(*, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001). Results derived from 10% tension are reported in 
Supplementary Materials S1. 
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Table 2. Summary statistics and comparison of the expression of genes and metabolites in mechani-
cally stimulated cells with and without previous H2O2 stimulation. Data from RT-qPCR experiments 
are given as fold change, and data from ELISA (PGE2 and IL6) as “pg/100,000 cells”. p-values were 
obtained with the Kruskal–Wallis test (K-W) and adjusted by Bonferroni correction for multiple tests 
(adjusted p, padj.). 

 

Analyte Treatment Mean SD Median  Min Max K-W of Treatment 
 

p Value Post-Hoc Test vs. Ctrl (padj.) Sig.a 

Ctrl 1.00 0.03 1.00 0.96 1.05 <0.001 *** 

CXCL8/IL8 (FC) T15% 2.74 0.34 2.85 2.08 3.00 0.001 ** 
50 µM/T15% 2.37 0.90 2.36 1.19 3.38 0.010 * 
100 µM/T15% 1.55 0.30 1.49 1.25 1.91 0.397 n.s. 

Ctrl 1.00 0.05 1.00 0.92 1.07 <0.001 *** 

IL6 (FC) T15% 2.01 0.42 1.93 1.55 2.55 0.022 * 
50 µM/T15% 1.17 0.08 1.17 1.06 1.30 0.989 n.s. 

100 µM/T15% 0.45 0.06 0.42 0.40 0.58 0.784 n.s. 

Ctrl 1.00 0.04 1.00 0.93 1.07 <0.001 *** 

PTGS2/COX2 (FC) T15% 2.03 0.34 2.13 1.56 2.35 0.024 * 
50 µM/T15% 1.49 0.08 1.48 1.38 1.59 0.754 n.s. 

100 µM/T15% 3.06 0.48 2.83 2.66 3.69 <0.001 *** 

Ctrl 1.00 0.09 1.01 0.84 1.08 <0.001 *** 

RUNX2 (FC) T15% 1.09 0.12 1.07 0.95 1.25 1.000 n.s. 
50 µM/T15% 0.52 0.10 0.50 0.42 0.71 0.042 * 

100 µM/T15% 0.49 0.07 0.51 0.40 0.56 0.042 * 

Ctrl 1.00 0.01 1.00 0.99 1.01 <0.001 *** 

CASP3 (FC) T15% 2.86 0.09 2.89 2.69 2.93 <0.001 *** 
50 µM/T15% 1.63 0.34 1.69 1.21 2.06 0.326 n.s. 

100 µM/T15% 1.89 0.49 1.96 1.24 2.57 0.075 n.s. 

Ctrl 1.00 0.01 1.00 0.98 1.01 0.008 ** 

CASP8 (FC) T15% 1.64 0.33 1.68 1.19 2.00 0.009 ** 
50 µM/T15% 1.25 0.36 1.32 0.74 1.78 1.000 n.s. 

100 µM/T15% 1.45 0.17 1.42 1.27 1.72 0.086 n.s. 

Ctrl 1.01 0.12 1.00 0.88 1.19 <0.001 *** 

MAP1LC3A/LC3 (FC) T15% 2.14 0.27 2.18 1.80 2.43 <0.001 *** 
50 µM/T15% 1.77 0.43 1.63 1.37 2.45 0.033 * 
100 µM/T15% 1.47 0.22 1.45 1.14 1.80 0.345 n.s. 

Ctrl 1.00 0.02 1.00 0.96 1.02 <0.001 *** 

BECN1 (FC) T15% 2.98 0.14 2.97 2.80 3.15 <0.001 *** 
50 µM/T15% 2.65 0.21 2.64 2.34 2.98 0.037 * 

100 µM/T15% 2.44 0.24 2.44 1.99 2.69 0.396 n.s. 

Ctrl 1.00 0.02 1.00 0.97 1.03 <0.001 *** 

TNFRSF11B/OPG (FC) T15% 1.81 0.28 1.77 1.49 2.25 <0.001 *** 
50 µM/T15% 1.25 0.12 1.24 1.06 1.39 0.037 * 
100 µM/T15% 0.84 0.16 0.83 0.61 1.11 0.396 n.s. 

Ctrl 1.00 0.03 1.00 0.96 1.03 <0.001 *** 

P2RX7 (FC) T15% 1.45 0.12 1.44 1.31 1.66 0.119 n.s. 
50 µM/T15% 1.11 0.20 1.05 0.90 1.35 1.000 n.s. 

100 µM/T15% 0.40 0.06 0.37 0.34 0.51 0.272 n.s. 

Ctrl 91.91 6.85 93.31 82.88 100.73 <0.001 *** 

PGE2 (pg/100,000 cells) T15% 139.88 4.20 140.10 135.10 145.15 0.850 n.s. 
50 µM/T15% 169.36 10.80 166.20 157.58 186.22 0.012 * 
100 µM/T15% 185.15 7.16 184.72 177.37 193.31 <0.001 *** 

Ctrl 230.68 16.07 236.51 205.93 245.50 <0.001 *** 

IL6 (pg/100,000 cells) T15% 281.39 27.81 281.23 253.51 313.45 0.086 n.s. 
50 µM/T15% 301.51 19.78 304.30 270.36 329.25 0.009 ** 

100 µM/T15% 226.57 13.24 225.64 207.95 248.14 1.000 n.s. 
a Sig., significance; *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001; n.s., not significant. 

 
2.3.1. Inflammation 

After tension force application, IL6 expression was significantly more strongly up-
regulated in cells without prior OS induction than in the groups with OS preinduction, 
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especially in the experimental group stimulated with 100 µM H2O2 (padj. < 0.001). This 
was also confirmed by ELISA (padj. = 0.042). Tension force also increased the expression 
of the inflammatory gene PTGS2/COX2 in all groups, especially in the group previously 
stimulated with 100 µM H2O2 concentration (padj. < 0.001). These results correspond 
to the measured PGE2 concentrations in supernatants reflecting PTGS2/COX2 activity. 
CXCL8/IL8 was also upregulated in all groups, with the highest upregulation in cells 
without previous OS induction (Figure 5b–f). 

2.3.2. Bone Remodeling 
The general stimulatory effect of tension force on genes related to bone formation was 

observed in groups of cells without H2O2 pre-stimulation (Figure 5g–i). This effect was 
either less pronounced or even caused downregulation in groups previously subjected to 
H2O2 stimulation compared to control. 

2.3.3. Apoptosis and Autophagy 
Apoptosis- and autophagy-related genes were upregulated in all experimental groups 

compared to the control; however, this was considerably stronger in cells without previous 
H2O2 stimulation (Figure 6). 

 

 
 
 

 
 

 

 

 

 

 

 
 

Figure 6. RT-qPCR results for autophagy- (a,b) and apoptosis (c,d)-related genes. Shown are the 
adjusted p-values based on multiple comparisons between each experimental treatment. The groups 
are the same as in Figure 5. *, padj. < 0.05; **, padj. < 0.01; ***, padj. < 0.001. 
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2.3.4. Effect of Static Tension on Viability and Proliferation 

To estimate the cell number, a standard curve was established based on resazurin re-
duction (Figure 7). Generally, tensile strain seemed to have a positive effect on proliferation; 
however, the groups previously exposed to H2O2 showed a slower proliferation tendency. 
This is also in line with live/dead staining results (Figure 8). 
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10,000 
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Mean resazurin reduction (%) 

Figure 7. Establishment of a standard curve to assess cell growth of the hOBs used in the experiments. 
The resazurin standard curve was prepared as described in materials and methods. hOBs of the 
5th passage were seeded in triplicate (70,000; 100,000; 200,000; 300,000; 400,000; 500,000) or duplicate 
(800,000 and 900,000 cells per well). Exponential regression was used to calculate the standard curve 
(red line) (Microsoft Excel). The cellular growth of hOBs in the different experimental setups (legend: 
lower right) is shown with violet diamonds (⌥) on the fitted curve. 

 

 

H2O2 (µM) 0 0 50 100 
Tension (%) 0 15 15 15 

Figure 8. Qualitative assessment of cell viability of cells belonging to the different experimental 
groups using live/dead cell staining. Independent of the experimental group, cells proved to be 
viable (green staining). Dead cells were rarely observed (red staining). (Scale bar: 200 µm). (Data 
from experiments with 10% tension are provided in Supplementary Materials S1. 

3. Discussion 
With the rising number of adult patients seeking orthodontic treatment in recent years, 

orthodontists are more frequently encountering individuals with periodontal disease [2]. 
The dysregulation of redox homeostasis under pathological conditions characterized by 
chronic inflammation, such as periodontal disease, results in the excessive generation of 
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reactive oxygen species (ROS), leading to oxidative stress (OS). Although it is known that 
OS has an important influence on processes that are also affected by mechanical stimulation, 
such as inflammation, bone metabolism, autophagy and apoptosis, the role of OS in relation 
to orthodontic tooth movement (OTM) is still largely unknown. 

Therefore, this in vitro study aimed to elucidate this topic focusing on cells centrally 
involved in OTM, human osteoblasts derived from the alveolar bone, and static tension 
force, as one of the most dominant forces during OTM. For the simulation of oxidative 
stress, we applied H2O2 as an ROS stimulus. 

3.1. Experimental Parameters and Viability and Proliferation Assessment in Relation to 
OS Stimulation 

There are several ways to experimentally study OS in cell cultures, where OS is in-
duced by exposure to various chemicals that promote ROS generation, such as menadione, 
paraquat, and potassium bromate, or by exposure to ROS directly, such as H2O2, superoxide 
anion, hydroxyl radical, and peroxynitrite [23]. Menadione primarily generates superoxide 
and has been widely used to study ROS-related cell damage and proliferation [23,24]. 
Potassium bromate induces oxidative stress through distinct pathways, while other oxi-
dants, such as hydroxyl radicals and peroxynitrite, have been employed to study specific 
cellular effects, including apoptosis and mitochondrial dysfunction [23,25,26]. H2O2 is 
both an ROS and an inducer of further ROS formation, playing a dual role in oxidative 
stress and cellular signaling. Its use as a stressor is well-established across various cell 
types, including osteoblasts [27] and periodontal ligament cells [28–31]. The widespread 
application of H2O2 in experimental setups and its reliability as a model for simulating 
oxidative stress were key factors in our decision to use it in this study. 

Although H2O2 is widely used in in vitro experiments, its cytotoxicity varies between 
different cell cultures and thus has to be individually defined for different experimental 
cell models [32]. Therefore, in all experimental procedures applied in this study, special 
attention was paid to monitoring cell viability and proliferation. Herein, the experimental 
parameters were chosen to identify the lowest concentrations of H2O2 showing a relevant 
cytotoxic effect, but without pronounced negative effects on cell viability. H2O2 is a non-
radical ROS, lacking an unpaired electron, and thus exhibits moderate reactivity [33]. The 
ability of H2O2 to easily penetrate membranes, to migrate significant distances from its 
production site, and to maintain high stability, enables it to exert its effects at various cellular 
locations [34]. Physiologically, H2O2 demonstrates dual roles in cells, both as a toxic agent 
and a signaling molecule critical for cellular defense and regulation [34,35]. This dual role is 
concentration-dependent and exhibits a biphasic effect. At low concentrations, H2O2 acts as 
a signaling molecule that supports cellular proliferation, differentiation, and survival [35]. 
It achieves this by modulating intracellular redox status, upregulating glutathione, and 
activating DNA-binding proteins like those targeting the antioxidant response element. 
These actions contribute to maintaining cellular homeostasis and enhancing adaptive 
responses to mild oxidative stress [11,35,36]. In contrast, at high concentrations, H2O2 is 
known to have negative effects on cell proliferation, and inflict severe cellular damage 
through oxidative modifications of proteins and DNA, leading to cell death [33,37]. 

Clinically, this dual role could have significant implications. Under inflammatory 
conditions or during aging, where dysregulated ROS levels exacerbate tissue damage, 
understanding and harnessing the dose-dependent effects of H2O2 could guide the de-
velopment of antioxidant-based treatments to restore redox balance without disrupting 
essential signaling pathways. 

OTM induces differential responses in osteoblast activity, with the stimulation of 
tissue formation expected on the tension side [38]. According to a recent systematic 
review [39], tension signals can increase the proliferation in hOBs. In line with these 
findings, we observed stronger proliferation in cells subjected to tension. However, this 
was less pronounced if the cells were previously exposed to higher H2O2 concentrations, 
suggesting a potential inhibiting influence of OS on cell proliferation during mechanical 
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stimulation with tensile strain. These results indicate that oxidative stress may affect 
orthodontic treatment outcomes in periodontal patients, as an impaired proliferation of 
osteoblasts could limit the desired response to mechanical forces. 

3.2. Gene and Protein Expression Related to Inflammation 
Herein, we investigate the expression of three different regulatory genes known to 

have a critical role in the regulation of inflammation: IL6, CXCL8/IL8, and PTGS2/COX2. 
The latter is an enzyme that converts arachidonic acid into prostaglandins, including PGE2. 
It has been shown that both PGE2 and PTGS2/COX2 regulate inflammation-associated 
processes by modulating the secretion of cytokines. PGE2 can enhance the synthesis 
of IL6, a pro-inflammatory cytokine, which, if not properly controlled, may result in 
chronic inflammation and the progression of many inflammatory diseases, including 
various oral entities, i.e., periodontitis [40,41]. Similarly, PGE2 can also promote the 
synthesis of CXCL8/IL8, which is crucial for attracting neutrophils to sites of infection or 
inflammation [42]. These cytokines are also essential for coordinating the resorption and 
formation of bone during OTM, ensuring that the teeth can be moved effectively [43]. 

It is generally accepted that H2O2 at micromolar levels can function as a second mes-
senger, initiating inflammatory responses [44]. Gene expression in hOBs cell culture directly 
after H2O2 incubation showed dose-dependent increases in the proinflammatory gene ex-
pressions of all three genes. Although less expressed, this proinflammatory effect was still 
observable in cells treated with higher H2O2 concentrations after 24 h post-incubation. On 
the contrary, in cells exposed to lower H2O2 concentrations, proinflammatory markers 
were found to be non- or downregulated after 24 h post-incubation. These results suggest a 
diminishing, but still present, dose-dependent altering effect of OS on cellular function in 
hOBs. Although these in vitro findings presented here are in line with clinical observations 
linking oxidative stress marker levels to the severity of periodontal inflammation [15,45–47], 
they should not be overinterpreted. 

Despite being related to anabolic processes during OTM, like OS, tensile strain is also 
known to induce proinflammatory responses within the surrounding tissues [22]. This 
is confirmed by many in vitro studies, which were reviewed recently with special focus 
on human primary PDL cells [22]. However, information derived from studies using 
hOBs is limited [48,49], and to our knowledge, this is the first study investigating this 
topic in relation to OS stimulation. Based on our results, the mechanical stimulation of 
cells previously exposed to oxidative stress (OS) appeared to have a different effect on 
proinflammatory gene expression. Specifically, for genes like IL6 and CXCL8/IL8, tension 
seems to induce less proinflammatory gene expression in cells previously exposed to OS 
compared to cells exposed to tension alone. IL6 and CXCL8/IL8 are central cytokines 
in the inflammatory response, and their dysregulation has been strongly implicated in 
the pathogenesis of periodontal diseases such as gingivitis and periodontitis [50,51]. In 
periodontitis, the upregulation of IL6 and CXCL8/IL8 contributes to tissue destruction and 
bone resorption, processes that are also regulated during orthodontic tooth movement 
(OTM) [51–55]. This underscores the importance of understanding how mechanical forces 
interact with oxidative stress in modulating these cytokines, especially in periodontal 
tissues, where both factors are at play during inflammation and tissue remodeling [54,56]. 
Also, contrary to these findings, in the case of PTRGS2/COX2 gene expression and the 
related PGE2 secretion, tensile strain induced significantly higher gene expression in cells 
pre-exposed to higher dose of H2O2. Nevertheless, the current results indicate that the 
response towards tensile strains in cells pre-stimulated with H2O2 is considerably different 
to that of unstimulated cells. 

3.3. Gene Expression Related to Bone Remodeling 
Bone homeostasis involves bone formation and bone resorption, which are processes 

that maintain skeletal health. Osteoblasts are crucial for bone formation, and the expression 
of specific genes like RUNX2, P2RX7 and TNFRSF11B/OPG plays a significant role in 
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this process. The activation of RUNX2 and P2RX7 is known to enhance the expression of 
osteoblast markers and promote mineralization, while the TNFRSF11B/OPG protein acts as 
a decoy receptor for RANKL, inhibiting its osteoclast differentiation-inducing effect [57,58]. 

Oxidative stress is known to cause dysfunctional bone homeostasis, including osteoblast-
induced osteogenesis and thus favoring bone resorption [59,60]. According to our results, 

OS generally had a negative effect on the expression of genes related to bone remodeling 
with a recovery tendency after 24 h post-incubation. 

On the contrary, tensile strain is known to promote bone formation, which was also 
found herein. However, this stimulatory effect was not observable in groups of cells 
previously subjected to OS, suggesting and confirming a negative influence of OS on bone 
remodeling [22,61]. 

3.4. Apoptosis and Autophagy Related Gene Expression 
Herein, we investigated the expressions of genes related to autophagy (MAP1LC3A/LC3 

and BECN1) and apoptosis (CASP3 and CASP8). Growing evidence suggests that ROS 
can act as signaling molecules involved in cellular processes that regulate cell destiny, 
such as autophagy and apoptosis [60,62]. ROS activate autophagy, which helps cellular 
adaptation and reduces oxidative damage by breaking down and recycling damaged 
macromolecules and dysfunctional organelles [37,63]. In the same manner, it is also proven 
to influence apoptosis, maintaining tissue homeostasis by eliminating damaged cells [37]. 
Our results from the “direct”/“recovery” groups comparison support these findings by 
showing the upregulation of genes related to autophagy and apoptosis. Nevertheless, to 
draw more conclusions on how exactly OS triggers the regulation of signaling pathways 
that culminate in the regulation of autophagy and apoptosis, especially in relation to OTM, 
more studies are needed. 

3.5. Study Limitations 
To our knowledge, this is the first study examining the effects of oxidative stress on 

mechanically stimulated hOBs by combining established experimental setups for OS and 
mechanical tension application. However, it should be noted that OS and mechanical 
stimulation are much more complex, and this study is an in vitro simplification of more 
intricate processes. Our in vitro setup allowed us to break down complex in vivo situations 
by focusing on a single cell type (hOBs), one type of force (static tension), and one type of 
ROS, namely, H2O2. Nevertheless, this simplification did not consider confounding factors 
derived from the external environment, including but not limited to interactions with 
other cell types, the extracellular matrix, and the influence of various signaling molecules, 
including other reactive oxygen species/molecules and antioxidants [64,65]. Additionally, 
biological diversity should be considered, including cells from multiple donors of different 
sex and age groups. To address these complexities, more studies are needed. Nonetheless, 
this study serves as a valuable milestone for future research in this field. 

3.6. Clinical Relevance 
For periodontal patients, a distinct approach is imperative due to altered molecular 

responses. Therefore, studying and understanding molecular events in this population 
becomes crucial for comprehending therapeutic responses at the cellular and tissue levels. 
The results of this project can offer a good foundation for future clinical projects, espe-
cially in terms of novel methods in periodontal disease treatment combining orthodontic 
mechanical stimulation as a regenerative stimulus. 

4. Materials and Methods 
4.1. Primary Cell Culture 

This study was conducted in accordance with the Declaration of Helsinki. Approval 
for the collection and use of human alveolar bone-derived osteoblasts (hOBs) was ob-
tained from the ethics committee of the Ludwig-Maximilians-Universität München (project 
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number 21-0931). Cells were obtained anonymously from a male donor undergoing or-
thognathic surgery exclusively for medical indications according to commonly accepted 
therapeutic standards. Written informed consent was obtained prior to cell sampling. The 
cells were isolated according to established procedures [66,67] and cultivated in low-glucose 
DMEM (21885025; Gibco/Life Technologies, Carlsbad, CA, USA) supplemented with 10% 
FBS (F7524; Sigma-Aldrich, St. Louis, MO, USA), 1 ⇥ MEM vitamins (M6895; Biochrom, 
Berlin, Germany) and 1% of antibiotic/antimycotic (15240-062; Life Technologies, Carlsbad, 
CA, USA). Cells were grown in a humidified atmosphere with 5% CO2 at 37 oC. Cell pas-
saging was performed in regular intervals of 3 to 4 days using 0.05% trypsin-EDTA solution 
(59417C; Sigma-Aldrich, St. Louis, MO, USA). In all experiments cells from passages 5 or 6 
have been seeded at a density of 2 ⇥ 105 cells/well on 6-well collagen-I coated BioFlex® 

culture plates (Flexcell Intl. Corp., Hillsborough, NC, USA). 

4.2. Selection of H2O2 Concentration 
To induce an oxidative stress-like environment, H2O2 (9681.4; Carl Roth GmbH + 

Co. KG, Karlsruhe, Germany) was added to the cell culture medium [17,18,28]. A dose–
response experiment was carried out to determine the optimal H2O2 concentration, defined 
as the highest H2O2 concentration that can be applied in the experiments without affecting 
cell viability and proliferation [17,18,28]. For this purpose, concentrations ranging from 
20 to 500 µM H2O2 were tested in hOB cell culture. Cells were seeded as described above 
and incubated over night to support equilibration. On the next day, the cell culture media 
was replaced by one containing different concentrations of H2O2 (20 µM, 50 µM, 100 µM, 
200 µM, 500 µM) and cells were stimulated for an additional 24 h in the CO2 incubator. 
Wells with cells containing normal cell culture medium but otherwise treated identically 
served as controls. 

The cytotoxic effect of H2O2 on cell viability was assessed as below. Addition-
ally, cell viability was visually assessed using a live/dead viability/cytotoxicity assay 
as described below. 

Cell cytotoxicity/viability assay. Cell culture supernatants were replaced with 2 mL/well 
of a resazurin-stock solution (alamarBlue™; Bio-Rad AbD Serotec GmbH, Puchheim, Ger-
many) according to a previously published protocol [68]. After 2 h of incubation, cell culture 
supernatants and medium controls were collected and centrifuged, and the resazurin fluo-
rescence of collected supernatants was determined using a fluorescence microplate reader 
(Varioscan; Thermo Electron Corporation, Vantaa, Finland) (560 nm excitation, 590 nm 
emission). For each measurement, “percentage reduction of resazurin” was calculated ac-
cording to the manufacturer’s instructions [68]. Cell viability was calculated as normalized 
resazurin reduction relative to the control group. 

Live/dead and apoptosis staining assays. The viability of hOBs incubated with the 
different H2O2 concentrations was assessed using a live/dead cell staining kit (L3224; 
ThermoFisher Scientific, Carlsbad, CA) according to the manufacturer’s instructions as pre-
viously published [20]. For apoptosis detection, one membrane of each experiment group 
was stained using the CellEvent™ Caspase-3/7 Green ReadyProbes® reagent (R37111; Life 
Technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions. After 
30 min of incubation at room temperature in the dark, fluorescence microscopy was per-
formed for all membranes using an EVOSfl fluorescence microscope (Invitrogen, Carlsbad, 
CA, USA) with 10⇥ and 20⇥ objectives. 

4.3. Effect of Oxidative Stress Induction on Gene Expression in “Direct” and “Recovery” Setups 
To investigate the effects of H2O2 treatment directly after 24 h of stimulation (“direct” 

group) and after additional 24 h post-incubation (“recovery” group), cells were seeded 
on collagen-I coated BioFlex® plates in two identical setups in triplicates and incubated 
overnight as described above (Figure 4a). On the next day, cells were treated with cell 
culture medium containing 0 µM (i.e., control), 50 µM or 100 µM H2O2 and incubated in 
the CO2 incubator as described above. After 24 h, the cell lysates of the “direct” group 
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were collected from each well using 750 µL RNA lysis buffer (R0160-1-50; Zymo, Irvine, 
CA, USA) according to the manufacturer’s instructions. Cell lysates were stored at -80 oC 
for RT-qPCR analysis. For the “recovery” group, fresh normal cell culture medium was 
added to all wells. After 24 h post-incubation, cell lysates were prepared as described and 
stored for RT-qPCR analysis. 

4.4. Tensile Strain Application During the H2O2 “Recovery” Phase 
To investigate the effects of H2O2 and tension force, for each experimental condi-

tion combination (control, 10%/15% tension, 50 µM/100 µM H2O2 + 10%/15% tension) 
two identical setups were used and processed in parallel: one set to assess cell proliferation 
and cell viability, the other one for gene expression measurement and ELISAs. 

4.4.1. Tensile Strain Application 
After overnight incubation, cells were stimulated with or without 50/100 µM H2O2 

and incubated for 24 h. Afterwards, the culture medium was removed, and wells were 
carefully washed twice with PBS. Fresh cell culture medium was then added as described 
previously [20]. The static tensile force application of 10% or 15% was conducted for 
an additional 24 h using a previously published in vitro tension model [20]. Controls 
were defined as wells without stretching and H2O2. For each experimental group, three 
biological replicates were allocated. 

4.4.2. Cell Proliferation and Cell Viability 
After completion of the tensile force application, cell growth was assessed in triplicate 

using resazurin reduction in all experimental samples and their corresponding controls 
following the disassembly of tension setup as previously described with a shortened incu-
bation time of 2 h [20,68]. For each measurement, the “percentage reduction of resazurin” 
was calculated. 

In parallel with the tensile force application experiments, a resazurin standard curve was 
prepared as described previously to estimate cell proliferation during this experiment [68]. 
Briefly, hOBs from the 5th passage were diluted and seeded in triplicate (70,000/100,000/ 
200,000/300,000/400,000/500,000 cells per well), in duplicate (800,000 cells per well) or in 
a single replication (900,000 cells per well). The cells were allowed to adhere overnight. 
The resazurin test was performed as described above [68]. For each measurement, the 
“percentage reduction of resazurin” was calculated. A standard curve (cell number vs. per-
centage reduction of resazurin) was established utilizing exponential regression (Microsoft 
Excel for Windows 365 MSO Version 2404, Microsoft Corporation, Redmond, WA, USA) 
(Figure 7), and the cell number was calculated for each well. The cell viability of hOBs from 
all experimental groups was then qualitatively assessed using a live/dead cell staining kit 
as described above. 

4.4.3. Sample Preparation 
After completion of the experiment, the respective setup was disassembled, and cell 

culture supernatants were collected from the setup. Next, the adherent cells were washed 
twice with sterile PBS, and cell lysates were prepared as described in Section 4.3. Mean-
while, ELISA-specific aliquots were prepared from cell culture supernatants as previously 
published [20]. 

4.5. Gene Expression Analysis 
The analysis of PTGS2/COX2, IL6, CXCL8/IL8, RUNX2, CASP3, MAP1LC3A/LC3, 

BECN1, TNFRSF11B/OPG and P2RX7 gene expression following H2O2 stimulation and/or 
tensile strain application was carried out for all experimental groups according to previously 
described protocols [68]. In the following, a short summary of the sample preparation and 
quantitative RT-PCR process is given. A checklist based on the “Minimum Information for 
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Publication of Quantitative Real-Time PCR Experiment” (MIQE) guidelines [69] is provided 
in Supplementary Materials S2. 

Total RNA preparation and cDNA synthesis: RNA isolation and cDNA synthesis were 
performed as described previously [20,68] using the QuickRNA™ MicroPrep Kit (R1051; 
Zymo, Irvine, CA, USA) and SuperScript™ IV First-Strand Synthesis System (18091050, 
Thermo Fisher Scientific, Waltham, MA, USA), respectively. 

PCR primer selection: Generally, primer sequences were selected from public sources 
for both genes of interest and potential reference genes (Supplementary Materials S2). All 
primer pairs used were tested in silico according to the MIQE guidelines [70] as previously 
published [68] (Supplementary Materials S2). Unmodified primers were synthesized by TIB 
Molbiol Syntheselabor GmbH (Berlin, Germany). Optimal annealing temperatures were de-
termined with gradient PCR (TProfessional Gradient; Biometra, Göttingen, Germany) using 
the qPCR cycling program as specified in the MIQE checklist (Supplementary Materials S2). 
Primer specificity was confirmed by agarose gel electrophoresis. Primer efficiencies were 
evaluated using standard curves prepared from serial dilutions of cDNA, as specified in 

Supplementary Materials S2 and quantified in the LightCycler® 480 (Roche Molecular Diag-
nostics, Basel, Switzerland) using the primer pairs detailed in Supplementary Materials S2. 

Reference gene selection: A set of reference genes (EEF1A1, GAPDH, POLR2A, PPIB, 
RNA18SN5, RPL0, RPL22 and YWHAZ) was selected from public sources [19,71]. The 

evaluation of these reference genes was carried out using cDNA sampled from control, 
tension application (15%), H2O2 stimulation for 24 h followed by 24 h recovery (50 µM 

and 100 µM H2O2), and H2O2 stimulation for 24 h followed by 24 h tension applica-
tion (15%/50 µM H2O2, and 15%/100 µM H2O2). RT-qPCR was performed as described 

below using gene-specific primers (Supplementary Materials S2). The raw Cq values 
(Supplementary Materials S3) were analyzed using RefFinder [72,73]. This web-based tool 
integrates four different algorithms (BestKeeper [74], NormFinder [75], geNorm [76], and 
comparative DCt method [77]) to compare and rank candidate reference genes. Based on 
the rankings and the two most stable genes (PPIB, EEF1A1) were used as reference genes in 

RT-qPCR (Figure 9). 
Quantitative PCR was carried out using the LightCycler® 480 SYBR Green I Master 

kit (04887352001; Roche Diagnostics GmbH, Mannheim, Germany) as per the manufac-
turer’s protocol, with 5 µL of cDNA (1:10 prediluted) in each PCR reaction. Further 
details regarding the RT-qPCR reaction conditions are outlined in the MIQE checklist 
(Supplementary Materials S2). The PCR primer specification is summarized in Table 3. 

 
Table 3. Specification of the PCR primers used for gene quantification. 

 
Gene  

Number (f: 50 -Forward Primer-30 ; (o C) 

 
r: GCCCTCGCTTATGATCTGTC 

r: TGGCTTGTTCCTCACTACTCTC 

r: TTAGCACTCCTTGGCAAAAC 

r: GGCTCAGGTAGGAGGGGTAA 

r: AATTGTGAGGACACCCAAGC 

r: TCCTCGTCTTTCTCCTGCTC 

r: ACTGTTTCAGCATGGCACAA 

GenBank Accession Primer Sequence Annealing Temp. 

r: 50 -Reverse Primer-30 ) 

Amplicon Size 
(bp) 

 
Reference 

PTGS2/COX2 NM_000963.4 f: AAGCCTTCTCTAACCTCTCC 58 234 [68,78] 

IL6 NM_000600.5 f: TGGCAGAAAACAACCTGAACC 58 168 [68,78] 

CXCL8/IL8 NM_000584.4 f: CAGAGACAGCAGAGCACACAA 55 170 [79] 

RUNX2 NM_001015051.4 f: GCGCATTCCTCATCCCAGTA 58 176 [67,68] 

BECN1 NM_003766.5 f: AGGTTGAGAAAGGCGAGACA 58 196 [80] 

MAP1LC3A/LC3 NM_032514.4 f: CGTCCTGGACAAGACCAAGT 58 183 [80] 

CASP3 NM_004346.4 f: TGGAGGCCGACTTCTTGTAT 58 111 [81] 
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Table 3. Cont. 

 
Gene  

Number (f: 50 -Forward Primer-30 ; (o C) 

 
r: CCTGCATCCAAGTGTGTTCC 

r: AGAATGCCTCCTCACACAGG 

r: CATCGCAGGTCTTGGGACTT 

r: GGAGCAAAGGTGACCACCATAC 

r: GCTCACCGTAGATGCTCTTTC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Reference gene selection was obtained with RefFinder. (a) Cq values for the panel of 
reference genes. Six quantitative real-time polymerase chain reaction (qPCR) runs were analyzed rep-
resenting three biological replicates and two technical replicates each (Supplementary Materials S3). 
(b) Analysis of comprehensive gene stability for the panel of reference genes. Lower values indicate 
higher gene stability (Supplementary Materials S3). 

Gene expression calculation: The expression level of target genes was quantified apply-
ing the 2-DDCq method [76,84] using the average (geometric mean) of the selected reference 
genes (PPIB and EEF1A1). For each tension/H2O2 concentration combination, six RT-
qPCR reactions were analyzed, representing three biological replicates with two technical 
replicates each (n = 3, n = 6). 

GenBank Accession Primer Sequence Annealing Temp. 

r: 50 -Reverse Primer-30 ) 

Amplicon Size 
(bp) 

 
Reference 

CASP8 NM_001228.5 f: GGAGGAGTTGTGTGGGGTAA 58 207 [82] 

TNFRSF11B/OPG NM_002546.4 f: TCAAGCAGGAGTGCAATCG 64 342 [83] 

P2RX7 NM_002562.6 f: AGTGCGAGTCCATTGTGGAG 58 143 [67] 

EEF1A1 NM_001402.6 f: CCTGCCTCTCCAGGATGTCTAC 61 105 [19,20] 

PPIB NM_000942.5 f: TTCCATCGTGTAATCAAGGACTTC 55 88 [19,20] 
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4.6. Enzyme-Linked Immunosorbent Assay 

Cell culture supernatants from all wells were collected for ELISA as described above. 
IL6 and PGE2 concentrations were determined using specific ELISA systems; for IL6, the 
DuoSet human IL6 ELISA kit (DY206-05; R&D Systems, Minneapolis, MN, USA) was 
used, whereas PGE2 was determined using the “PGE2 High Sensitivity ELISA kit” (ADI-
931-001; Enzo Life Sciences AG, Lausen, CH). All measurements were conducted using a 
microplate reader (Varioscan, Thermo Electron Corporation, Vantaa, Finland). For each 
marker molecule/experimental condition combination, three biological replicates were 
measured twice. The measurements were reported as “pg per 100,000 cells” using the 
well-specific cell numbers determined above. 

4.7. Statistics 
Descriptive statistics of the gene expression and ELISA results are reported as mean 

and standard deviation (SD), median and minimum/maximum. All calculations were 
based on three biological replicates with two technical replicates for each gene/experimental 
condition combination. For each gene locus and marker molecule, differences between the 
different tensile strain magnitudes and durations were evaluated using the Kruskal–Wallis 
test followed by multiple comparisons with Bonferroni correction applied (padj.). All statis-
tical procedures were carried out using IBM SPSS Statistics 29 (IBM Corp., Armonk, NY, 
USA) and were two-tailed considering padj values < 0.05 as significant. 

5. Conclusions 
Our results suggest that OS might have a significant impact on OTM through the 

regulation of bone remodeling-, inflammation-, autophagy-, and apoptosis-related genes. 
Additionally, this study highlights the necessity of considering the complexity of OS and 
mechanical stimulation in a more comprehensive manner and environment, accounting 
for interactions with various cell types, extracellular matrix components, and a range 
of other signaling molecules, normally present in in vivo situation. Despite its in vitro 
limitations and the simplified nature of the model, this work provides a valuable milestone 
for improving our understanding of these complex processes and guiding further clinical 
studies in the field. Understanding the interplay between OS and mechanical stimulation 
in these patients is essential for improving clinical outcomes and minimizing risks such as 
delayed healing, compromised bone remodeling, and exacerbated inflammatory responses. 

 
Supplementary Materials: The following supporting information can be downloaded at: https://www. 
mdpi.com/article/10.3390/ijms252413525/s1, Supplement 1: Influence of tension during recovery 
(Table S1 and Graphics) and Live/Dead Cell Staining (Images), Supplement 2: MIQE Reporting 
(Table S2.1: MIQE Checklist for the RT-qPCR Workflow, Table S2.2: In Silico Analysis of the RT-qPCR 
Primer, Table S2.3: Primer Validation by RT-qPCR), References [19,20,66–68,71,78–83] are cited here, 
Supplement 3: RefFinder Results (1: Raw data, Cq Values, 2: RefFinder Summary, 2.1.: Delta CT, 2.2.: 
BestKeeper, 2.3.: normFinder, 2.4.: Genorm), References [72–77] are cited here. 
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Influence of tension during recovery 

Results from RT-qPCR 
The adjusted p-values are reported. 

 

Analyte Treatment N Mean SD Median Min Max  K-W Vs. ctrl.  Adj. multiple 
comparisons 

IL8_dCq Ctrl 6 8.56 0.04 8.56 8.48 8.61  0.003  ** 
 

 

 T10% 6 7.28 0.42 7.29 6.75 7.74   0.003 ** 
 50µM / T10% 6 7.68 0.52 7.56 6.98 8.47   0.033 * 
 100µM / T10% 6 7.71 0.38 7.68 7.22 8.38   0.068 n.s. 

IL8_FC Ctrl 6 1.00 0.03 1.00 0.96 1.05      

 T10% 6 2.52 0.73 2.40 1.76 3.49      

 50µM / T10% 6 1.93 0.67 2.00 1.06 2.98      

 100µM / T10% 6 1.84 0.44 1.83 1.13 2.52      

IL6_dCq Ctrl 6 10.43 0.07 10.43 10.33 10.55  <0.001  *** 
 

 

 T10% 6 9.15 0.12 9.15 9.00 9.31   0.042 * 
 50µM / T10% 6 10.26 0.17 10.32 10.03 10.43   1.000 n.s. 
 100µM / T10% 6 11.21 0.16 11.13 11.09 11.42   0.516 n.s. 

IL6_FC Ctrl 6 1.00 0.05 1.00 0.92 1.07      

 T10% 6 2.44 0.21 2.43 2.17 2.69      

 50µM / T10% 6 1.13 0.14 1.08 1.00 1.32      

 100µM / T10% 6 0.59 0.06 0.62 0.50 0.63      

COX2_dCq Ctrl 6 6.64 0.06 6.64 6.54 6.74  <0.001  *** 
 

 

 T10% 6 5.89 0.12 5.89 5.73 6.03   0.033 * 
 50µM / T10% 6 6.07 0.10 6.06 5.95 6.24   0.613 n.s. 
 100µM / T10% 6 4.66 0.11 4.66 4.52 4.81   <0.001 *** 

COX2_FC Ctrl 6 1.00 0.04 1.00 0.93 1.07      

 T10% 6 1.69 0.14 1.68 1.53 1.88      

 50µM / T10% 6 1.49 0.10 1.50 1.32 1.62      

 100µM / T10% 6 3.98 0.30 3.97 3.56 4.35      

RUNX2_dCq Ctrl 6 6.72 0.13 6.71 6.61 6.97  <0.001  *** 
 

 

 T10% 6 6.64 0.43 6.60 6.04 7.20   1.000 n.s. 
 50µM / T10% 6 7.23 0.41 7.12 6.71 7.89   0.518 n.s. 
 100µM / T10% 6 8.05 0.12 8.05 7.86 8.20   0.003 ** 

RUNX2_FC Ctrl 6 1.00 0.09 1.01 0.84 1.08      

 T10% 6 1.10 0.33 1.10 0.72 1.60      

 50µM / T10% 6 0.73 0.20 0.76 0.45 1.01      

 100µM / T10% 6 0.40 0.03 0.40 0.36 0.45      
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Analyte Treatment N Mean SD Median Min Max  K-W Vs. ctrl.  Adj. multiple 
comparisons 

CASP3_dCq Ctrl 6 6.41 0.01 6.41 6.39 6.43  <0.001  *** 
 

 

 T10% 6 4.72 0.09 4.72 4.59 4.85   0.001 ** 
 50µM / T10% 6 5.07 0.04 5.07 5.03 5.14   0.084 n.s. 
 100µM / T10% 6 6.22 0.54 6.22 5.58 6.88   1.000 n.s. 

CASP3_FC Ctrl 6 1.00 0.01 1.00 0.99 1.01      

 T10% 6 3.24 0.20 3.24 2.95 3.53      

 50µM / T10% 6 2.53 0.07 2.53 2.41 2.60      

 100µM / T10% 6 1.21 0.44 1.14 0.72 1.78      

CASP8_dCq Ctrl 6 7.61 0.02 7.61 7.59 7.64  0.001  ** 
 

 

 T10% 6 6.71 0.33 6.53 6.43 7.17   0.001 ** 
 50µM / T10% 6 7.20 0.32 7.24 6.68 7.56   0.119 n.s. 
 100µM / T10% 6 7.05 0.33 7.15 6.61 7.49   0.060 n.s. 

CASP8_FC Ctrl 6 1.00 0.01 1.00 0.98 1.01      

 T10% 6 1.91 0.40 2.11 1.36 2.27      

 50µM / T10% 6 1.35 0.32 1.30 1.04 1.91      

 100µM / T10% 6 1.51 0.36 1.38 1.09 2.00      

LC3_dCq Ctrl 6 7.88 0.17 7.88 7.63 8.07  <0.001  *** 
 

 

 T10% 6 6.63 0.15 6.63 6.46 6.84   <0.001 *** 
 50µM / T10% 6 7.12 0.12 7.12 6.96 7.27   0.042 * 
 100µM / T10% 6 7.66 0.18 7.64 7.44 7.98   1.000 n.s. 

LC3_FC Ctrl 6 1.01 0.12 1.00 0.88 1.19      

 T10% 6 2.39 0.24 2.38 2.06 2.68      

 50µM / T10% 6 1.70 0.14 1.69 1.53 1.89      

 100µM / T10% 6 1.17 0.14 1.18 0.93 1.36      

BECN1_dCq Ctrl 6 6.80 0.03 6.79 6.76 6.86  <0.001  *** 
 

 

 T10% 6 5.12 0.06 5.12 5.04 5.20   <0.001 *** 
 50µM / T10% 6 5.52 0.28 5.60 5.12 5.83   0.328 n.s. 
 100µM / T10% 6 5.27 0.21 5.27 5.07 5.65   0.022 * 

BECN1_FC Ctrl 6 1.00 0.02 1.00 0.96 1.02      

 T10% 6 3.21 0.13 3.20 3.02 3.38      

 50µM / T10% 6 2.46 0.49 2.30 1.95 3.19      

 100µM / T10% 6 2.90 0.39 2.88 2.21 3.31      

OPG_dCq Ctrl 6 3.13 0.03 3.13 3.09 3.17  <0.001  *** 
 

 

 T10% 6 2.16 0.23 2.12 1.84 2.50   0.009 ** 
 50µM / T10% 6 2.70 0.12 2.67 2.57 2.87   0.518 n.s. 
 100µM / T10% 6 3.29 0.14 3.32 3.04 3.46   1.000 n.s. 

OPG_FC Ctrl 6 1.00 0.02 1.00 0.97 1.03      

 T10% 6 1.98 0.31 2.02 1.54 2.44      

 50µM / T10% 6 1.35 0.11 1.37 1.20 1.47      
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Analyte Treatment N Mean SD Median Min Max  K-W Vs. ctrl.  Adj. multiple 
comparisons 

 100µM / T10% 6 0.90 0.09 0.88 0.79 1.06      

P2RX7_dCq Ctrl 6 10.19 0.04 10.19 10.14 10.25  <0.001  *** 
 

 

 T10% 6 9.15 0.12 9.15 9.00 9.31   0.285 n.s. 
 50µM / T10% 6 10.23 0.16 10.27 10.03 10.43   1.000 n.s. 
 100µM / T10% 6 11.19 0.13 11.13 11.09 11.41   0.090 n.s. 

P2RX7_FC Ctrl 6 1.00 0.03 1.00 0.96 1.03      

 T10% 6 2.05 0.18 2.05 1.83 2.27      

 50µM / T10% 6 0.97 0.11 0.95 0.84 1.11      

 100µM / T10% 6 0.50 0.04 0.52 0.43 0.53      

PGE2ELISA Ctrl 6 91.91 6.85 93.31 82.88 100.73  <0.001  *** 
 

 

 T10% 6 130.92 3.85 130.97 125.15 135.78   0.379 n.s. 
 50µM / T10% 6 135.73 6.51 136.09 125.15 143.78   0.064 n.s. 
 100µM / T10% 6 200.03 13.56 202.74 182.44 219.06   <0.001 *** 

IL6ELISA Ctrl 6 230.68 16.07 236.51 205.93 245.50  0.006  ** 
 

 

 T10% 6 208.60 2.83 208.24 205.04 213.70   0.330 n.s. 
 50µM / T10% 6 242.60 14.94 243.72 225.49 262.82   1.000 n.s. 
 100µM / T10% 6 241.29 6.99 243.25 232.04 248.81   1.000 n.s. 
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Live/Dead cell staining 
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Supplementary Table S2.1: MIQE checklist for the RT-qPCR workflow 
 
 

 
 Details Checklist 

Sample/Template 

Source If cancer, was biopsy screened for adjacent 
normal tissue? 

Human alveolar-bone derived osteoblasts (hOBs) were obtained anonymously from a male 
donor undergoing a surgical procedure based orthodontic treatment and isolated according 
to established procedures [1,2]. 

Method of preservation Liquid N2/RNAlater/formalin Cell lysates were snap frozen in liquid N2 and stored at -80°C until all samples were 
collected. 

Storage time (if appropriate) If using samples >6 months old Not applicable. 

Handling Fresh/frozen/formalin Cell lysates were prepared using RNA lysis buffer from Quick-RNATM MicroPrep kit (R1051; 
Zymo). They were snap-frozen in liquid nitrogen, and then stored at -80°C until further use 
for RNA extraction. 

Extraction method TriZol/columns Defrosted cells lysates were passed through QIAshredder™ columns (Qiagen) to shear 
genomic DNA. The Quick-RNA™ Miniprep Kit (Zymo) was used for further RNA 
purification. After primary column purification, DNase I digestion was applied to reduce 
genomic DNA contamination as described by the manufacturer (Zymo). Finally, 
DNase/RNase-free water was used to elute the RNA from the columns. Before storage in 
the -80°C, RNase inhibitor RNasin® (Promega) was added to each preparation. 

RNA:DNA-free Intron-spanning primers/no RT control Most primers were intron-spanning (Supplementary Table 2.2). Treatment with 
QIAshredder™ columns (Qiagen) and DNase I digestion were applied to reduce genomic 
DNA contamination according to the manufacturer's instructions (Zymo). 

Concentration Nanodrop/ribogreen/microfluidics Purity and concentration of extracted RNA were detected photometrically (Nanodrop ND-
1000; PeqLab). Ratio of A260/280>1.8 was found, indicating free of protein contamination 
during RNA preparations. 

RNA: integrity Microfluidics/3':5' assay No. 

Inhibition-free Method of testing Serial dilution of cDNA as shown in “Primer efficiency” in Supplementary Table S2.3 below. 

Assay optimisation/validation 

Accession number RefSeq XX_1234567 Table 1 in the manuscript and Supplementary Table S2.2. 
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 Details Checklist 

Amplicon details Exon location, amplicon size Supplementary Table S2.2 

Primer sequence Even if previously published Table 3 in the manuscript; Supplementary Tables S2.2 and S2.3. 

Probe sequence* Identify LNA or other substitutions No probes were used. 

In silico BLAST/Primer-BLAST/m-fold Primer-BLAST, UCSC In-Silico PCR, and ENSEMBL were used for in silico testing. 

empirical Primer concentration/annealing temperature The optimal annealing temperatures were first identified by gradient PCR (TProfessional 
Gradient; Biometra, Goettingen, Germany) and then were finalized by qPCR on Roche 
LightCycler® 480 (LC480). Optimal annealing temperatures are recorded in Supplementary 
Table S2.3 below. 

Priming conditions Oligo-dT/random/combination/target-specific The SuperScript® IV First Strand Synthesis System (Invitrogen) was used for cDNA 
synthesis with random hexamers provided. For each cDNA synthesis reaction, 600 ng total 
RNA was used. Target-specific primers for qPCR were used after assessment (Table 1 of 
the manuscript; Supplementary Table S2.3). 

PCR efficiency Dilution curve Information on serial dilutions and primer efficiency was summarized in Supplementary 
Table S2.3. For each gene, two technical replicates were used for each dilution for qPCR. 
For analysis of qPCR including the standard curves, LC480 software version 1.5.0.39 was 
used. 

Linear dynamic range Spanning unknown targets The analyzing software for qPCR appointed the linear dynamic range automatically. 

Limits of detection LOD detection/accurate quantification The analyzing software for qPCR appointed the LOD automatically. 

Intra-assay variation Copy numbers not Cq Each gene was detected on one individual plate. 

RT/PCR 

Protocols Detailed description, concentrations, volumes For real-time PCR, LightCycler® 480 SYBR Green I Master kit (04887352001; Roche 
Diagnostics GmbH, Mannheim, Germany) was used to detect gene expression of 
PTGS2/COX2, IL6, CXCL8/IL8, RUNX2, CASP3, CASP8, MAP1LC3A/LC3, BECN1, 
TNFRSF11B/OPG and P2RX7 using the LightCycler® 480 with LC480 software version 
1.5.0.39 (both from Roche Molecular Diagnostics, Basel, Switzerland). According to the 
manufacturer’ protocol, 5 µl diluted cDNA (1:10 with double distilled, sterile water), 1 µl 
gene-specific forward primer, 1 µl gene-specific reverse primers, 3 µl PCR water and 10 µl 
qPCR mastermix were added for reaction. PCR reactions proceeded as follows: 10 min of 
initial denaturation at 95 °C and 45 cycles of amplifications. Each amplification consisted of 
three steps: 15 s of denaturation at 95 °C, 15 s of specific annealing temperature for each 
primer pair and 15 s of elongation at 72 °C. 
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 Details Checklist 

Reagents Supplier, Lot number Primers for genes were synthesized using sequences from related literatures. The primers 
were verified by in silico tests using related bioinformatic tools given in Supplementary 
Table S2.2. All primers were synthesized by TIB Molbiol Syntheselabor GmbH (Berlin, 
Germany). Information on the kits used (Quick-RNA™ MicroPrep kit; SuperScript® IV First 
Strand Synthesis kit, Invitrogen; LightCycler® 480 SYBR Green I Master kit, Roche) were 
all given in the manuscript. 

Duplicate RT ΔCq No, but two technical replicates were repeated for each biological replicate at minimum. 

NTC Cq & melt curves Yes 

NAC ΔCq beginning:end of qPCR No, as no probes were used. 

Positive control Inter-run calibrators No, each gene was tested on one plate with all samples included. 

Data analysis 

Specialist software e.g., QBAsePlus IBM SPSS Statistics 29 (IBM Corp., Armonk, NY, USA) 

Statistical justification e.g., biological replicates For each force magnitude for every force duration, three biological replicates were used. 
Each biological replicate was repeated with two technical replicates, giving a total of 6 
amplifications of qPCR. 

Transparent, validated 
normalization 

e.g., GeNorm summary After testing with RT-qPCR using cDNA from some samples and assessment with 
RefFinder, EEF1A1 and PPIB were proved to be most stable in this experiment among the 
panel of reference genes. Therefore, EEF1A1 and PPIB were used as reference genes for 
following analysis. 
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Supplementary Table S2.2: In-silico analysis of the RT-qPCR primer 
 

Official gene 
symbol 

Reference sequence 
(NCBI GenBank) 

5'-forward primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

5'-reverse primer-3' 
(length / Tm / %GC / Self-comp./Self-
3'-comp.) 

Amplicon 
length (bp) 

Amplicon location 
(bp of Start/Stop) 

Intron spanning 
(length, bp) 

In silico qPCR 
specificity 

Variants 
targeted 
(Transcript/ 
Splice) 

Reference 

Genes of interest 
PTGS2 NM_000963.4 AAGCCTTCTCTAACCTCTCC 

(20 / 55.9°C / 50% / 5/0) 
GCCCTCGCTTATGATCTGTC 
(20 / 58.2°C / 55% / 4/1) 

234 510 / 743 Yes (430) Yes (BLAST, 
UCSC) 

Yes [3], [4] 

IL6 NM_000600.5 TGGCAGAAAACAACCTGAACC 
(21 / 56.5°C / 48% / 3/0) 

TGGCTTGTTCCTCACTACTCTC 
(22 / 56.9°C / 50% / 2/0) 

168 317 / 484 Yes (707) Yes (BLAST, 
UCSC) 

Yes [3], [4] 

CXCL8 / IL8 NM_000584.4 CAGAGACAGCAGAGCACACAA 
(21 / 60.5°C / 52% / 2/0) 

TTAGCACTCCTTGGCAAAAC 
(20 / 56.5°C / 45% / 5/0) 

170 10 / 179 Yes (819) Yes (BLAST) Yes [5] 

RUNX2 NM_001015051.4 GCGCATTCCTCATCCCAGTA 
(20 / 56.9°C / 55% / 4/2) 

GGCTCAGGTAGGAGGGGTAA 
(20 / 56.9°C / 60% / 3/1) 

176 947 / 1122 Yes (20131) Yes (BLAST, 
UCSC) 

Yes [1], [3] 

BECN1 NM_003766.5 AGGTTGAGAAAGGCGAGACA 
(20 / 58.9°C / 50% / 2/0) 

AATTGTGAGGACACCCAAGC 
(20 / 58.3°C / 50% / 4/2) 

196 1297 / 1492 Yes (726) Yes (BLAST) Yes [6] 

MAP1LC3A/LC3 NM_032514.4 CGTCCTGGACAAGACCAAGT 
(20 / 59.6°C / 55% / 7/2) 

TCCTCGTCTTTCTCCTGCTC 
(20 / 58.8°C / 55% / 2/0) 

183 286 / 468 Yes (179) Yes (BLAST) Yes [6] 

CASP3 NM_004346.4 TGGAGGCCGACTTCTTGTAT 
(20 / 58.4°C / 50% / 4/2) 

ACTGTTTCAGCATGGCACAA 
(20 / 58.6°C / 45% / 4/2) 

111 801 / 911 Yes (1535) Yes (BLAST) Yes [7] 

CASP8 NM_001228.5 GGAGGAGTTGTGTGGGGTAA 
(20 / 58.9°C / 55% / 2/1) 

CCTGCATCCAAGTGTGTTCC 
(20 / 59.1°C / 55% / 4/0) 

207 931 / 1137 Yes (1873) Yes (BLAST) Yes [8] 

TNFRSF11B NM_002546.4 TCAAGCAGGAGTGCAATCG 
(19 / 54.9°C / 53% / 6/4) 

AGAATGCCTCCTCACACAGG 
(20 / 56.3°C / 55% / 4/1) 

342 342 / 683 Yes (6020) Yes (BLAST, 
UCSC) 

Yes [9] 

P2RX7 NM_002562.6 AGTGCGAGTCCATTGTGGAG 
(20 / 57.0°C / 55% / 5/3) 

CATCGCAGGTCTTGGGACTT 
(20 / 57.0°C / 55% / 5/2) 

143 1303 / 1445 Intron- and exon-
spanning 

Yes (BLAST, 
UCSC) 

Yes [1] 

Reference genes 
RPL0 NM_001002.4 GAAACTCTGCATTCTCGCTTCC 

(22 / 57.4°C / 50% / 4/0) 
GACTCGTTTGTACCCGTTGATG 
(22 / 57.1°C / 50% / 4/0) 

120 702 / 821 Yes (1091) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

RPL22 NM_000983.4 TGATTGCACCCACCCTGTAG 
(20 / 56.6°C / 55% / 4/2) 

GGTTCCCAGCTTTTCCGTTC 
(20 / 56.4°C / 55% / 4/0) 

98 91 / 188 Yes (4597) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

GAPDH NM_002046.7 CTCCTGTTCGACAGTCAGCC 
(20 / 57.4°C / 60% / 6/1) 

CGACCAAATCCGTTGACTCC 
(20 / 55.9°C/ 55%/ 3/1) 

103 12 / 114 Yes, rev. primer on 
exon junction 

Yes 
(BLAST/UCSC) 

Yes [10], [12] 

EEF1A1 NM_001402.6 CCTGCCTCTCCAGGATGTCTAC 
(22 / 59.0°C / 59% / 5/2) 

GGAGCAAAGGTGACCACCATAC 
(22 / 58.7°C / 55% / 6/2) 

105 804 / 908 Yes (87) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

PPIB NM_000942.5 TTCCATCGTGTAATCAAGGACTTC 
(24 / 56.7°C / 42% / 4/2) 

GCTCACCGTAGATGCTCTTTC 
(21 / 56.1°C / 52% / 4/0) 

88 313 / 400 Yes (3194) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

YWHAZ NM_003406.4 AGGAGATTACTACCGTTACTTGGC 
(24 / 57.8°C / 46% / 4/2) 

AGCTTCTTGGTATGCTTGTTGTG 
(23 / 57.4°C / 43% / 4/0) 

91 491 / 581 Yes (617) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

RNA18SN5 NR_003286.4 AACTGCGAATGGCTCATTAAATC 
(23 / 55.8°C / 39% / 6/3) 

GCCCGTCGGCATGTATTAG 
(19 / 55.2°C / 58% / 5/1) 

103 84 / 186 No (rRNA) No (RNA45S5 
also targeted) 

- [10], [11] 

POLR2A NM_000937.5 TCGCTTACTGTCTTCCTGTTGG 
(22 / 57.8°C / 50% / 3/0) 

TGTGTTGGCAGTCACCTTCC 
(20 / 57.4°C / 55% / 3/3) 

108 3811 / 3918 Yes (468) Yes 
(BLAST/UCSC) 

Yes [10], [11] 

Tm, melting temperature of primer or qPCR product (amplicon); %GC, percent of guanin/cytosine content; bp, base pairs; Self-comp., self-complementary; Self-3'-comp., self 3' complementary. 
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To perform silico analysis of RT-qPCR primers, their targets and corresponding amplification products, the following programs and online resources were used. All URLs were valid on 02-12-2020. 
a. Primer-BLAST (URL: https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to check the melting temperature (Tm) and the “length” of each primer, their “in silico qPCR specificity”, 

possible co-amplification of genomic DNA, “Self-comp.” and “Self-3'-comp”. 
i. Settings for “Refseq mRNA”: max primer annealing: 65; intron length range: 100 – 100000, max. target amplicon size: 40000 
ii. Settings for “Refseq representative genomes”: max primer annealing: 65; intron length range: 100 – 100000, max. target amplicon size: 40000 

b. UCSC In-Silico PCR (URL: https://genome.ucsc.edu/cgi-bin/hgPcr) was used to check “In silico qPCR specificity” and RT-qPCR in genomic context. 
c. “Amplicon (length)”, “Amplicon location (bp of Start/Stop)”, “Intron-spanning (length)” was identified or calculated by either Primer-BLAST or UCSC In-Silico PCR 
d. ENSEMBL (URL: https://www.ensembl.org) was used to check “Variants targeted (Transcript/Splice)”. 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/)
https://genome.ucsc.edu/cgi-bin/hgPcr)
https://www.ensembl.org/
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Supplementary Table S2.3: Primer validation by RT-qPCR 
 

Gene symbol Primer sequence 
(f: 5'-forward primer-3'; 
r: 5'-reverse primer-3') 

Reference Specificity 
by melting 
curve / Tm 
(°C) 

Specificity 
by agarose 
gel / 
amplicon 
size (bp) 

Annealing 
temp. (°C) 

Dilution series used for 
efficiency testing – starting from 
1:10 prediluted cDNA 

Primer efficiency 
Efficiency Error Slope Y intercept 

Genes of interest 
PTGS2 f: AAGCCTTCTCTAACCTCTCC 

r: GCCCTCGCTTATGATCTGTC 
[3], [4] Yes / 81.7 234 58 1:1, 1:10, 1:100, 1:1000 2.028 0.0768 -3.257 35.67 

IL6 f: TGGCAGAAAACAACCTGAACC 
r: TGGCTTGTTCCTCACTACTCTC 

[3], [4] Yes / 80.3 168 58 1:1, 1:10, 1:100, 1:1000 1.999 0.0277 -3.325 39.05 

CXCL8 f: CAGAGACAGCAGAGCACACAA 
r: TTAGCACTCCTTGGCAAAAC 

[5] Yes/ 84.5 170 55 1:1, 1:4, 1:16, 1:64, 1:256 2.082 0.025 -3.141 34.17 

RUNX2 f: GCGCATTCCTCATCCCAGTA 
r: GGCTCAGGTAGGAGGGGTAA 

[1], [3] Yes / 85.3 176 58 1:1, 1:10, 1:100, 1:1000 1.94 0.00746 -3.475 39.04 

BCN1 f: AGGTTGAGAAAGGCGAGACA 
r: AATTGTGAGGACACCCAAGC 

[6] Yes/ 82.7 196 58 1:1, 1:10, 1:100, 1:1000 2.037 0.0676 -3.237 33.41 

MAP1LC3A f: CGTCCTGGACAAGACCAAGT 
r: TCCTCGTCTTTCTCCTGCTC 

[6] Yes/ 87.8 183 58 1:1, 1:10, 1:100, 1:1000 1.951 0.0674 -3.445 34.7 

CASP3 f: TGGAGGCCGACTTCTTGTAT 
r: ACTGTTTCAGCATGGCACAA 

[7] Yes/ 81.7 111 58 1:1, 1:10, 1:100, 1:1000 1.984 0.01 -3.362 37.23 

CASP8 f: GGAGGAGTTGTGTGGGGTAA 
r: CCTGCATCCAAGTGTGTTCC 

[8] Yes/ 81.0 207 58 1:1, 1:10, 1:100, 1:1000 2.033 0.0614 -3.245 35.23 

TNFRSF11B f: TCAAGCAGGAGTGCAATCG 
r: AGAATGCCTCCTCACACAGG 

[9] Yes / 84.8 342 64 1:1, 1:10, 1:100, 1:1000, 1:10000 1.915 0.0164 -3.545 37.27 

P2RX7 f: AGT GCG AGT CCA TTG TGG AG 
r: CAT CGC AGG TCT TGG GAC TT 

[1] Yes/ 82.5 143 58 undiluted, 1:2, 1:4, 1:8 2.048 0.0298 -3.211 35.24 

Reference genes 
RPL0 f: GAAACTCTGCATTCTCGCTTCC 

r: GACTCGTTTGTACCCGTTGATG 
[10], [11] Yes / 83.8 120 64 1:1, 1:10, 1:100, 1:1000, 1:10000 1.947 0.027 -3.455 32.54 

RPL22 f: TGATTGCACCCACCCTGTAG 
r: GGTTCCCAGCTTTTCCGTTC 

[10], [11] Yes / 80.1 98 61 1:1, 1:10, 1:100, 1:1000, 1:10000 2.004 0.007 -3.313 33.4 

GAPDH f: CAACTACATGGTTTACATGTTC 
r: GCCAGTGGACTCCACGAC 

[10], [12] Yes / 84.4 103 52 1:1, 1:10, 1:100, 1:1000, 1:10000 1.968 0.002 -3.4 30.4 

EEF1A1 f: CCTGCCTCTCCAGGATGTCTAC 
r: GGAGCAAAGGTGACCACCATAC 

[10], [11] Yes / 82.4 105 61 1:1, 1:10, 1:100, 1:1000, 1:10000 2.038 0.002 -3.235 29.41 

PPIB f: TTCCATCGTGTAATCAAGGACTTC 
r: GCTCACCGTAGATGCTCTTTC 

[10], [11] Yes / 82.4 88 55 1:1, 1:10, 1:100, 1:1000, 1:10000 1.992 0.007 -3.341 33.77 

YWHAZ f: AGGAGATTACTACCGTTACTTGGC 
r: AGCTTCTTGGTATGCTTGTTGTG 

[10], [11] Yes / 81.3 91 55 1:1, 1:10, 1:100, 1:1000, 1:10000 2.019 0.012 -3.276 33.48 

RNA18SN5 f: AACTGCGAATGGCTCATTAAATC 
r: GCCCGTCGGCATGTATTAG 

[10], [11] Yes / 80.4 103 55 1:1, 1:10, 1:100, 1:1000, 1:10000 2.022 0.021 -3.271 19.26 

POLR2A f: TCGCTTACTGTCTTCCTGTTGG 
r: TGTGTTGGCAGTCACCTTCC 

[10], [11] Yes / 83.7 108 58 1:1, 1:10, 1:100, 1:1000, 1:10000 2.046 0.016 -3.216 34.72 
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1 Raw data (Cq values) 
 

Condition Group GAPDH RPL22 RPL0 RNA18SN5 PPIB YWHAZ EEF1A1 POLR2A 

Control 0 18.43 21.75 21.01 8.17 21.62 22.00 18.17 23.28 

Control 0 18.44 21.68 20.86 8.27 21.55 21.96 18.15 23.26 

H2O2 100µM 1 18.56 21.69 22.89 6.40 20.51 21.00 17.50 22.53 

H2O2 100µM 1 19.86 20.24 18.30 6.44 20.52 20.97 17.52 22.52 

H2O2 50µM 1 18.14 21.67 20.97 7.53 21.49 21.21 18.04 22.71 

H2O2 50µM 1 18.14 21.71 20.97 7.47 21.69 21.19 18.06 22.73 

H2O2 100µM + T10% 3 16.97 20.91 20.42 6.00 20.15 20.09 17.26 21.73 

H2O2 100µM + T10% 3 17.09 20.91 20.48 6.00 20.17 20.10 17.29 21.74 

H2O2 50µM + T10% 3 16.42 20.05 19.65 6.00 19.80 19.59 16.42 21.73 

H2O2 50µM + T10% 3 16.43 19.91 19.49 6.00 19.69 19.60 16.44 21.73 

T10% 2 16.97 20.80 19.33 6.82 19.23 18.86 15.99 20.83 

T10% 2 17.01 19.98 18.24 6.00 19.22 18.87 16.04 20.87 

H2O2 100µM + T15% 3 16.61 20.21 19.83 6.00 19.65 19.67 16.69 21.95 

H2O2 100µM + T15% 3 16.55 20.14 19.77 6.00 19.66 19.68 16.71 21.97 

H2O2 50µM + T15% 3 16.56 20.10 19.69 6.00 19.72 19.67 16.53 21.96 

H2O2 50µM + T15% 3 16.50 20.09 19.72 6.00 19.73 19.66 16.56 21.99 

T15% 2 16.03 19.71 19.31 5.00 19.92 19.05 16.02 21.52 

T15% 2 15.91 19.70 19.15 6.00 19.75 19.08 16.05 21.58 

 
 Ctrl 

(N= 2) 
H2O2 100µM, 
H2O2 50µM 

(N= 4) 

T10%, T15% 
(N= 4) 

H2O2 50/100µM + T10%, 
H2O2 50/100µM + T15% 

(N= 8) 

All 
(N= 18) 

Group 0 1 2 3 5 
GAPDH      

Mean (SD) 18 (0.0071) 19 (0.81) 16 (0.59) 17 (0.25) 17 (1.1) 
Median [Min, Max] 18 [18, 18] 18 [18, 20] 17 [16, 17] 17 [16, 17] 17 [16, 20] 

RPL22      

Mean (SD) 22 (0.049) 21 (0.73) 20 (0.52) 20 (0.39) 21 (0.77) 
Median [Min, Max] 22 [22, 22] 22 [20, 22] 20 [20, 21] 20 [20, 21] 20 [20, 22] 

RPL0      

Mean (SD) 21 (0.11) 21 (1.9) 19 (0.52) 20 (0.37) 20 (1.1) 
Median [Min, Max] 21 [21, 21] 21 [18, 23] 19 [18, 19] 20 [19, 20] 20 [18, 23] 

RNA18SN5      

Mean (SD) 8.2 (0.071) 7.0 (0.62) 6.0 (0.74) 6.0 (0) 6.5 (0.87) 
Median [Min, Max] 8.2 [8.2, 8.3] 7.0 [6.4, 7.5] 6.0 [5.0, 6.8] 6.0 [6.0, 6.0] 6.0 [5.0, 8.3] 

PPIB      

Mean (SD) 22 (0.049) 21 (0.63) 20 (0.36) 20 (0.21) 20 (0.82) 
Median [Min, Max] 22 [22, 22] 21 [21, 22] 19 [19, 20] 20 [20, 20] 20 [19, 22] 

YWHAZ      

Mean (SD) 22 (0.028) 21 (0.13) 19 (0.12) 20 (0.21) 20 (1.0) 
Median [Min, Max] 22 [22, 22] 21 [21, 21] 19 [19, 19] 20 [20, 20] 20 [19, 22] 

EEF1A1      

Mean (SD) 18 (0.014) 18 (0.31) 16 (0.026) 17 (0.35) 17 (0.79) 
Median [Min, Max] 18 [18, 18] 18 [18, 18] 16 [16, 16] 17 [16, 17] 17 [16, 18] 

POLR2A      

Mean (SD) 23 (0.014) 23 (0.11) 21 (0.41) 22 (0.13) 22 (0.69) 
Median [Min, Max] 23 [23, 23] 23 [23, 23] 21 [21, 22] 22 [22, 22] 22 [21, 23] 
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2 RefFinder – Summary 

Ranking Order (Better--Good--Average) 
Method 1 2 3 4 5 6 7 8 
Delta CT EEF1A1 PPIB YWHAZ POLR2A RPL22 RNA18SN5 GAPDH RPL0 
BestKeeper POLR2A RNA18SN5 PPIB RPL22 EEF1A1 RPL0 YWHAZ GAPDH 
Normfinder EEF1A1 PPIB YWHAZ RPL22 POLR2A RNA18SN5 GAPDH RPL0 
Genorm PPIB | EEF1A1  YWHAZ POLR2A RPL22 RNA18SN5 GAPDH RPL0 
Recommended 
comprehensive ranking 

EEF1A1 PPIB POLR2A YWHAZ RPL22 RNA18SN5 GAPDH RPL0 

 
 

Comprehensive Ranking: 
Genes Geomean of ranking values 
EEF1A1 1.50 
PPIB 1.86 
POLR2A 2.99 
YWHAZ 3.71 
RPL22 4.47 
RNA18SN5 4.56 
GAPDH 7.24 
RPL0 7.44 
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Summary figure. Reference gene stability - comparison between qPCR raw data (see section 
1) RefFinder results. (a) Cq values for the panel of reference genes, using samples exposed 
to different experimental conditions (Ctrl, control; H100/H50, 50 µM or 100 µM H2O2 incubation 
for 24 h and 24 h recovery; T10 / T15, 10 % or 15 % static stretching applied for 24 h; 
T10_H100/H50 resp. T15_H100/H50, 50 µM or 100 µM H2O2 incubation for 24 h followed by 
24 h static stretching at 10 % or 15 %; All, average expression for all four experimental 
regimes). Two qPCR runs of each combination were analyzed representing one biological 
sample with two technical replicates each. (b) Comprehensive gene stability analysis for the 
panel of reference genes. Lower values indicate higher gene stability. 
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2.1 Delta CT 
 

Genes Average of STDEV 
EEF1A1 0.48 
PPIB 0.53 
YWHAZ 0.54 
POLR2A 0.56 
RPL22 0.57 
RNA18SN5 0.66 
GAPDH 0.81 
RPL0 0.92 
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2.2 BestKeeper 
 

CP data of housekeeping Genes by BEST KEEPER 
 GAPDH RPL22 RPL0 RNA18SN5 PPIB YWHAZ EEF1A1 POLR2A 

n 18 18 18 18 18 18 18 18 
geo Mean [CP] 17.23 20.61 19.98 6.40 20.21 20.10 16.95 22.02 
AR Mean [CP] 17.26 20.63 20.00 6.45 20.23 20.13 16.97 22.04 

min [CP] 15.91 19.70 18.24 5.00 19.22 18.86 15.99 20.83 
max [CP] 19.86 21.75 22.89 8.27 21.69 22.00 18.17 23.28 

std dev [+/- CP] 0.89 0.68 0.84 0.67 0.67 0.84 0.69 0.54 
CV [% CP] 5.17 3.30 4.20 10.35 3.31 4.18 4.09 2.43 
min [x-fold] -2.49 -1.88 -3.33 -2.64 -1.99 -2.36 -1.95 -2.29 

max [x-fold] 6.21 2.20 7.54 3.66 2.79 3.73 2.33 2.39 
std dev [+/- x-fold] 1.86 1.60 1.79 1.59 1.59 1.79 1.62 1.45 

 
Pearson correlation coefficient ( r ) by BEST KEEPER 
 GAPDH RPL22 RPL0 RNA18SN5 PPIB YWHAZ EEF1A1 POLR2A 
RPL22 0.684 - - - - - - - 

p-value 0.002 - - - - - - - 
RPL0 0.351 0.805 - - - - - - 

p-value 0.153 0.001 - - - - - - 
RNA18SN5 0.664 0.826 0.466 - - - - - 

p-value 0.003 0.001 0.051 - - - - - 
PPIB 0.704 0.825 0.612 0.811 - - - - 

p-value 0.001 0.001 0.007 0.001 - - - - 
YWHAZ 0.817 0.833 0.642 0.818 0.936 - - - 

p-value 0.001 0.001 0.004 0.001 0.001 - - - 
EEF1A1 0.794 0.868 0.658 0.786 0.935 0.973 - - 

p-value 0.001 0.001 0.003 0.001 0.001 0.001 - - 
POLR2A 0.689 0.695 0.609 0.734 0.901 0.954 0.900 - 

p-value 0.002 0.001 0.007 0.001 0.001 0.001 0.001 - 
 

Pearson correlation coefficient ( r ) 
BestKeeper vs. GAPDH RPL22 RPL0 RNA18SN5 PPIB YWHAZ EEF1A1 POLR2A 
coeff. of corr. [r] 0.803 0.926 0.689 0.907 0.933 0.968 0.956 0.889 
p-value 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 
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2.3 normFinder 
 

Gene name Stability value 
EEF1A1 0.106 
PPIB 0.262 
YWHAZ 0.278 
RPL22 0.295 
POLR2A 0.331 
RNA18SN5 0.488 
GAPDH 0.714 
RPL0 0.846 
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2.4 Genorm 
 

Gene name Stability value 
PPIB | EEF1A1 0.293 
YWHAZ 0.326 
POLR2A 0.349 
RPL22 0.411 
RNA18SN5 0.456 
GAPDH 0.538 
RPL0 0.633 
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