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Abstract

Autophagy (cellular self-consumption) is an adaptive stress response and an important aspect of adaption to mechanical loading.
If mechanical forces are associated with autophagy regulation in periodontal ligament (PDL) fibroblasts is still unknown. The aim
of this study was to analyze the influence of force magnitude on autophagy regulation and subsequently on cell death in human
PDL fibroblasts. Autophagy-associated genes were analyzed with a specific PrimePCR assay after 24 h of stimulation with high
(STSH) and low magnitudes (STSL) of static tensile strain applied to PDL fibroblasts. Based on the results, targets were selected
for further real-time PCR analysis. The autophagic flux was assessed by immunoblotting for autophagy marker microtubule-
associated protein 1, light chain 3, and by autophagosome staining. Cell death was determined by TUNEL assay and Cell Death
Detection ELISAP"YS. Autophagy was induced pharmacologically by rapamycin and inhibited by chloroquine. For statistical
analysis, the Kruskal Wallis test followed by the post-hoc Dunnett’s test was used. Static tensile strain had regulatory effects on
mRNA expression of multiple autophagy-associated targets. Stimulation with STSH induced mRNA expression changes in more
autophagy-associated targets than STSL. The autophagic flux was induced by STSH while STSL had no significant effect on
autophagosome formation. Furthermore, autophagy inhibition led to increased cell death. Low magnitudes of tensile strain seem
to have cell-protective properties. Taken together, our findings provide novel insights about autophagy regulation by biome-
chanical loading in human PDL fibroblasts. Our results suggest a gradual response of autophagy to static tensile strain in human
PDL fibroblasts.
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Introduction attempt to identify an ideal force for orthodontic tooth move-

ment has been undertaken by many studies (Krishnan et al.
One of the guiding principles of orthodontic treatment is to ~ 2015). A periodontal overload leads to an increased rate of cell
move teeth without damaging the involved tissues. In this  death of periodontal ligament (PDL) fibroblasts whereas min-
context, a key issue for prevention is the applied force. The  imal forces may be too small to initiate tooth movement, thus
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both approaches result in a decelerated orthodontic treatment
(Marchesan et al. 2011).

Physiologically, PDL fibroblasts are subjected to biome-
chanical forces during masticatory movements and orchestrate
the subsequent adaption processes in the periodontium. A
moderate periodontal loading has been shown to be an impor-
tant factor in periodontal tissue homeostasis and to induce
cell-protective signaling pathways (Deschner et al. 2012).
On the other side, periodontal overload has been connected
to an increased incidence of cell death in periodontal cells and
tissues by multiple studies (Wu et al. 2016; Xu et al. 2011;
Zhao et al. 2017). A mechanism underlying the turnaround
might be autophagy, a highly-conserved process of adaption
that helps to preserve cellular homeostasis and adapt to intrin-
sic and extrinsic insults, including malnutrition as well as me-
chanical, oxidative or inflammatory cell stresses (King 2012;
Kroemer et al. 2010; Ma et al. 2013).

Autophagy (i.e., lysosomal self-consumption) is induced
as an adaptive response under stressful conditions. It can
either secure sell survival or trigger cell death dependent on
the stress threshold (Marifio et al. 2014). Therefore, autoph-
agy often precedes cell death (Marifio et al. 2014).
Moreover, autophagy mediates lysosomal degradation of
misfolded proteins, non-functional organelles, and intracel-
lular pathogens (Glick et al. 2010). In general, autophagy
comprises four phases: initiation, elongation of the
autophagosome, its maturation, and degradation (Salabei
and Hill 2015). Since multiple pathways are involved, au-
tophagy regulation is complex. However, a special focus on
the molecular control of autophagy lies on autophagy-
related genes (ATGs), especially the molecules beclin-1
and the microtubule-associated protein 1, light chain 3
(LC3) (Huang and Klionsky 2002; Mizushima and
Komatsu 2011; Wesselborg and Stork 2015). Post-
translational modifications allow for rapid adaption, while
a delayed and more permanent reaction takes place through
transcriptional changes in an attempt to preserve or re-
establish homeostasis (Pietrocola et al. 2013).
Pharmacologically, autophagy can be induced by
rapamycin or inhibited by chloroquine (Klionsky et al.
2016; Li et al. 2013; Noda and Ohsumi 1998; Towers and
Thorburn 2016).

Mechanical stress is one of numerous conditions that have
been reported to trigger autophagy. Mostly, autophagy as a
part of mechanical adaption has been analyzed in specialized
mechanosensitive cells such as osteoblasts and endothelial
cells which need to adapt to their physical environment and
reorganize their cytoskeleton to maintain functionality (King
2012). First, hints that autophagy could be important for me-
chanical adaptation in the periodontium were given by
Nakamura and colleagues (Nakamura et al. 1984). In their
study, they analyzed periodontal tissues of Wistar rats after
24 h of tooth movement by electron microscopy. They
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reported that vacuoles, which sometimes were fused with ly-
sosomes and contained parts of other cellular organelles, were
found inside osteoblasts as well as fibroblasts in the periodon-
tium after tooth movement. These vacuoles were therefore
identified as autophagosomes and autophagolysosomes.
Furthermore, mechanically induced cell death was observed
after 72 h of tooth movement (Nakamura et al. 1984).
Autophagy might therefore be an important aspect of adaption
to periodontal loading, but how mechanical forces, like static
tensile strain, are involved in autophagy regulation of PDL
fibroblasts is still unknown. Therefore, it is crucial to study
the underlying mechanisms induced by biomechanical load-
ing in PDL fibroblasts as key players in mechanical adaption
in the course of orthodontic tooth movement. The aim of this
study was to analyze the influence of force magnitude on
autophagy regulation and consequently cell death in human
PDL fibroblasts.

Materials and methods
Isolation and characterization of PDL fibroblasts

PDL cells were taken from periodontally healthy donors
(mean age 14.38 years, min/max 11/19 years) after the ap-
proval of the Ethics Committee of the University of Bonn
was given (#117/15). Patients or their legal guardians provid-
ed written informed consent before PDL cells were harvested
from teeth extracted for orthodontic reasons as described else-
where (Basdra and Komposch 1997; Mariotti and Cochran
1990). In brief, the medial part of the tooth root served as cell
source before PDL cells were cultured in Dulbecco’s minimal
essential medium (DMEM, Invitrogen, Karlsruhe, Germany)
supplemented with 10% fetal bovine serum (FBS, Invitrogen),
100 units/mL penicillin and 100 pg/ml streptomycin
(Invitrogen) at 37 °C in a humidified atmosphere of 5%
CO,. Phenotyping for known specific markers, i.e., alkaline
phosphatase, osteocalcin, periostin, and S100A4, was per-
formed at the third passage. For experiments, PDL cells from
the third to fifth passages were used in six-well plates (50,000
cells/well) and grown to 80% confluence (Basdra and
Komposch 1997). One day prior to stimulation, the FBS con-
centration was reduced to 1%.

Cell stimulation

In order to apply biomechanical loading of various magni-
tudes, cells were seeded on BioFlex-II-culture plates
(Flexcell International, Hillborough, NC, USA) and inserted
into a special straining device, developed at the University of
Bonn (Deschner et al. 2012). Static tensile strain of low (3%,
STSL) and high magnitudes (20%, STSH) was applied to the
cells for 4 h and 24 h. These force magnitudes were found to
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be realistic compared to the strain subjected to the periodontal
ligament in the course of orthodontic tooth movement, by
chewing or grinding (Natali et al. 2004).

Analysis of gene expression

Adaptive stress responses such as autophagy execution take
place in two phases. Within minutes or hours post-
translational protein modifications allow for a rapid adaption
to the new situation. A delayed reaction to a new environment
is facilitated by changes on transcriptional level as an attempt
to preserve or re-establish homeostasis (Pietrocola et al. 2013).
Therefore, the expression of autophagy-associated genes was
analyzed with a specific PrimePCR™ Assay (Autophagy
(SAB Target List) H96, Bio-Rad Laboratories, Munich,
Germany) after 24 h of biomechanical loading. A list of all
genes covered by this assay is available at the manufacturer’s
website (http://www.bio-rad.com/de-de/prime-pcr-assays/
predesigned-plate/sybrgreen-autophagy-sab-target-list-h96).
PDL cells of three donors were exposed to STSL, STSH, or
left untreated for 24 h. Total RNA was extracted with a
commercially available RNA extraction kit (RNeasy Protect
Minikit, Qiagen, Hilden, Germany) and 1 pg of RNA was
reverse-transcribed with the iScript™ Select cDNA
Synthesis Kit (Bio-Rad Laboratories). Real-time polymerase
chain reaction (RT-PCR) was conducted with pooled cDNA
of the three donors and as instructed by the manufacturer in an
iCycler 1Q5 Detection System (Bio-Rad Laboratories). Data
normalization was done according to the manufacturer’s in-
struction with three reference genes (glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), hypoxanthine
phosphoribosyltransferase 1 (HPRT1), TATA box binding
protein (TRP)) for comparative AA-CT analysis with the
Software CFX-Manager (Bio-Rad Laboratories), provided
by the manufacturer.

Based on the results of the PrimePCR™ Assay, target
genes were selected for further analysis. The assessment of
mRNA expression changes of these targets was performed
with PDL fibroblasts of three donors. One microliter of
cDNA (corresponding to 1 pg of total RNA) was used in a
25-ul reaction mixture containing 2.5 pl respective
QuantiTect Primer Assay (Qiagen), 12.5 ul QuantiTect
SYBR Green Master Mix (Qiagen), and 9 ul of nuclease-
free water. The RT-PCR protocol included a heating phase at
95 °C for 5 min to activate the enzyme, 40 cycles including a
denaturation step at 95 °C for 10 s, and a combined annealing/
extension step at 60 °C for 30 s per cycle. The reference gene
GAPDH was applied for normalization.

Autophagy detection

In order to quantify steady-state autophagy levels, the re-
lation of the active form of LC3 (LC3-II) to the inactive

form (LC-I) was determined by Immunoblot. The conjuga-
tion of LC3-II from LC3-I is an important step for
autophagosome formation. The abundance of LC3-II is in-
creased when the autophagic flux is enhanced. Autophagy
was quantified in cells stimulated with and without STSH,
and additionally cells were treated or not with the autoph-
agy inhibitor chloroquine (30 uM; Enzo Life Sciences,
Farmingdale, NY, USA). Chloroquine disrupts the autoph-
agic flux by inhibiting the fusion of autophagosomes with
lysosomes and therefore the number of autophagosomes
increases over time. PDL cells where collected by scraping
in ice-cold PBS after STSH application for 4 h in the ex-
perimental group while untreated cells served as control.
After centrifugation, protein lysates were prepared using
mechanical disruption in lysis buffer (24 Mm Tris-Cl
pH 7.6, 150 mM NaCl, 1% Nonidet P40, 1% Sodium
Deoxycholate, 0.1% SDS) plus protease/phosphatase in-
hibitor cocktail (Halt, Thermo Fisher Scientific, Waltham,
USA) boiling at 95 °C for 5 min and clearing by centrifu-
gation (15 min full speed, 4 °C). For immunoblotting,
membranes were blocked overnight at 4 °C with 5% (w/
v) non-fat milk in TBS-T (10 mM Tris, pH 7.5, 100 mM
NaCl, and 0.05% Tween-20). Anti-LC3B (D11, LC3-II-
specific, rabbit; 1:1000, Cell Signaling Technology,
3868) was used at room temperature for 2 h. Horseradish
peroxidase (HRP) — coupled Goat Anti-Rabbit IgG-HRP
Conjugate (BioRad, 170-6515) served as secondary anti-
body. Protein loading was controlled by GAPDH (ms-anti-
GAPDH IgG, 1:1000, Santa Cruz Biotechnology, Dallas,
USA). Visualization of immunoreactive proteins was con-
ducted with chemiluminescence (Amersham
Chemiluminescence Kit, GE Healthcare Life Sciences,
Freiburg, Germany) and exposure to X-ray films (Agfa,
Mortsel, Belgium). Densitometrical analysis was per-
formed with the freely available image-processing soft-
ware Imagel 1.43 (https://imagej.nih.gov/ij/).

Autophagosomes were stained using the Cyto-ID®
Autophagy Detection Kit (Enzo Life Sciences, #ENZ-
51031). The Cyto-ID® Green Detection Reagent accumu-
lates specifically in autophagosomes in pH dependent
manner. The staining procedure was conducted according
to the manufacturer’s instructions and comprised a posi-
tive control with the autophagy inducer rapamycin (pro-
vided with the kit). Unstained cells served as negative
control. In brief, cells of two donors were stimulated or
not for 4 h with STSL, STSH, or rapamycin (500 nM).
Cells were washed, collected by trypsinization, and incu-
bated with the Cyto-ID® Green Detection Reagent for
30 min at room temperature. Flow cytometry was per-
formed with the FITC Filter (530/30 green) of the blue
laser of a BD FACSCalibur (BD Biosciences, Franklin
Lakes, USA) and analyzed with the FlowJo Software
(BD Biosciences).
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Cell death detection

Autophagy often precedes cell death (Marifio et al. 2014).
In order to quantify cell death, the amount of cytoplasmic
histone-associated DNA fragmentation on the elastic
membranes and in cell supernatants was measured. PDL
cells of three donors were exposed for 4 h or 24 h to
STSL, STSH, rapamycin (500 nM), chloroquine
(30 uM, Enzo Life Sciences, an inhibitor of the autopha-
gic flux) or left untreated, and were analyzed with a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit (Cell Death Detection ELISAP*YS| Roche
Diagnostics, Mannheim, Germany) according to the man-
ufacturer’s protocol. Final absorbance was determined
with a microplate reader (PowerWave x, BioTek
Instruments, Winooski, VT, USA) at 405 nm. Data were
normalized to total protein concentration by BCA assay
(Pierce™ BCA Protein Assay Kit; Thermo Fisher
Scientific). Furthermore, the commercially available
TUNEL assay (ApoDirekt In Situ DNA Fragmentation
Assay Kit, BioVision, Milpitas, CA, USA) was used to
determine dead cells on the elastic membrane. PDL fibro-
blasts of three donors were stimulated as described above
and stained with the TUNEL reagent as recommended by
the manufacturer. Standardized imaging was conducted
with the integrated digital 5-MP CMOS camera of the
ZOE™ Fluorescent Cell Imager (Bio-Rad).

Statistical analysis

For statistics, the IBM SPSS Statistics software (Version
22, IBM SPSS, Chicago, IL, USA) was used. Quantitative
data are presented as mean and standard deviation (SD).
With the exception of the PrimePCRTM Assays, all exper-
iments were performed in triplicate and reproduced at least
twice. For statistical comparisons between groups the
Kruskal Wallis test followed by the post-hoc Dunnett’s
tests was used for multiple comparisons. Differences be-
tween groups were considered significant at p <0.05. All
data are presented as meantSEM.

Results

Effects of biomechanical loading
on autophagy-related target genes

The effects of low and high magnitudes of biomechanical
loading on the gene expression of targets known to be
involved in autophagy regulation were examined. Static
tensile strain of both magnitudes caused gene expression
changes on multiple autophagy-associated targets as ana-
lyzed by PrimePCR™ Assay (Tables 1 and 2). Stimulation

@ Springer

of PDL fibroblasts by both magnitudes of biomechanical
loading led to a regulation of B cell lymphoma 2 (BCL2),
phosphoinositide-3-kinase, catalytic, gamma polypeptide
(PIK3CG), and sequestosome 1 (SQSTMI1). Overall,
STSH had regulatory effects on more autophagy-
associated genes than STSL. The differential gene regula-
tion events due to the various magnitudes of biomechanical
loading are visualized in a Venn diagram (Fig. 1a). The
regulations of individual genes are shown in Tables 1 and
2. Additionally, an Ingenuity Pathway Analysis (IPA)®
(Qiagen) was conducted to create an impression of the
complexity of the gene networks regulated by STSL and
STSH. The gene network of targets regulated by STSL and
STSH were based on information from the Ingenuity
Pathways Knowledge Base. The analysis shows that many
signaling pathways were activated, including cellular func-
tion and maintenance pathways as well as cell death and
survival pathways (Fig. 1b, c).

Targets with a fold-change of >2 where further analyzed
by RT-PCR after stimulation with STSL or STSH for 4 h and
24 h (Fig. 2 and Fig. 3). Molecules of two important autoph-
agy regulating systems are shown in Fig. 2: the ubiquitin-like
protein conjugation systems (LC3 system), which leads to the
completion of LC3-II as a functional part of the
autophagosomal membrane and comprises ATG4, ATG7,
and ATG10, together with molecules that are involved in
beclin-1 activation including BCL2, BH3-interacting domain
death agonist (BID), and death-associated protein kinase 1
(DAPK1).

A 24-h stimulation with STSH caused a significant down-
regulation of ATG4C (p=0.001), ATG7 (»p<0.001), and
ATGI10 (p=0.002) while STSL had no significant effect on
the ATGs mRNA expressions. Interestingly, following 4 h of
stimulation with STSH, mRNA expression of ATG4C was
significantly decreased (p =0.032) while STSL stimulation
led to a significant reduction of ATG7 (p =0.002) and
ATG10 (p =0.02) expressions (Fig. 2a—c).

At 24 h, BCL2 mRNA expression was significantly
downregulated by STSH (p =0.009), while STSL had no
significant effects. After 4 h of stimulation, BCL2 mRNA
expression was reduced by STSL and STSH (p =0.007 and
p=0.003). On the other hand, BID, a competitive inhibitor
of BCL2 interactions with beclin-1, was not significantly
regulated by STSH stimulation but significantly enhanced
by STSL at 24 h (p =0.003). After 4 h of stimulation, BID
was significantly reduced by STSL (p =0.04). DAPK1
mRNA expression was significantly downregulated by static
tensile strain of both magnitudes after 24 h (p <0.001) but it
was not significantly altered by static tensile strain after 4 h
of stimulation (Fig. 2d—e).

Furthermore, STSH stimulation for 24 h decreased the ex-
pression of alpha-synuclein (SCNA) (p < 0.05). Stimulation
for 4 h STSH increased significantly tumor suppressor protein
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Table 1 Regulation of autophagy-associated genes by static tensile strain of low magnitude (STSL) at 1 day as analyzed with a specific PrimePCR™
assay

Target gene Control (normalized expression) STSL (normalized expression) Regulation of expression (fold of control)
CXCR4 0.00397 0.00719 1.80844
SQSTM1 9.20715 15.45787 1.67890
HGS 0.02725 0.04406 1.61706
TGM2 0.01293 0.02062 1.59486
RGS19 0.00026 0.00015 —1.69912
BCL2 0.00611 0.00284 —2.14797
PIK3CG 0.00020 0.00001 —20.01368

RT-PCR was conducted with pooled cDNA of the three donors. Data normalization was carried with three reference genes (glyceraldehyde-3-phosphate
dehydrogenase, hypoxanthine phosphoribosyltransferase 1, TATA box binding protein). Targets with a regulation of more than 1.5-fold were chemokine
(C-X-C motif) receptor 4 (CXCR4), sequestosome 1 (SQSTM1), hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), transglutaminase
2 (TGM2), regulator of G protein signaling 19 (RGS19), B cell lymphoma 2 (BCL2) and phosphoinositide-3-kinase, and catalytic, gamma polypeptide
(PIK3CG)

p53 (TP53) (p = 0.005) and decreased significantly UV radia-  (p =0.008). STSL led to a reduced UVRAG gene expression
tion resistance associated gene (UVRAG) mRNA expression  after 4 h (p <0.001) (Fig. 3a—d).

Table2 Regulation of autophagy-associated genes by static tensile strain of high magnitude (STSH) at 1 day as analyzed with a specific PrimePCR™
assay

Target gene Control (normalized expression) STSH (normalized expression) Regulation of expression (fold of control)
BCL2 0.00611 0.01108 1.81315
ATGI16L2 0.00629 0.01102 1.75256
ATG4D 0.09711 0.16869 1.73699
SQSTM1 9.20715 14.10767 1.53225
CASPS8 0.04188 0.02785 —1.50409
CTSS 0.03037 0.01999 —1.51881
AMBRA1 0.01123 0.00728 —1.54184
GAA 0.02066 0.01257 —1.64333
APP 1.00479 0.59565 —1.68688
RBI1 0.07449 0.04398 —1.69368
ESR1 0.00900 0.00518 —1.73688
PIK3R4 0.05640 0.03117 —1.80933
SNCA 0.03178 0.01586 —2.00294
UVRAG 0.03268 0.01582 —2.06529
ATG7 0.06851 0.03256 —2.10427
TP53 0.34039 0.15071 —2.25864
DAPK1 0.00440 0.00187 —2.35025
BID 0.58386 0.24139 —2.41874
ATG4C 0.02830 0.01088 —2.60137
ATG10 0.07943 0.02549 —3.11606
PIK3CG 0.00020 0.00004 —4.56672

RT-PCR was conducted with pooled cDNA of the three donors. Data normalization was carried with three reference genes (glyceraldehyde-3-phosphate
dehydrogenase, hypoxanthine phosphoribosyltransferase 1, TATA box binding protein). Targets with a regulation of more than 1.5-fold were chemokine
B cell lymphoma 2 (BCL2), ATG16 autophagy related 16-like 2 (ATG16L2), ATG4 autophagy related 4 homolog D (ATG4D), sequestosome 1
(SQSTM1), caspase 8, apoptosis-related cysteine peptidase (CASPS), cathepsin S (CTSS), autophagy/beclin-1 regulator 1 (AMBRAL1), glucosidase,
alpha; acid (GAA), amyloid beta precursor protein (APP), retinoblastoma 1 (RB1), eukaryotic translation initiation factor 4 gamma 1 (ESR1),
phosphoinositide-3-kinase, regulatory subunit 4 (PIK3R4), synuclein, alpha (SNCA), UV radiation resistance associated gene (UVRAG), autophagy
related 7 (ATG7), tumor protein p53 (TP53), death-associated protein kinase 1 (DAPK1), BH3 interacting domain death agonist (BID), autophagy
related 4 homolog C (ATG4C), autophagy related 10 (ATG10) and phosphoinositide-3-kinase, catalytic, and gamma polypeptide (PIK3CG)
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Fig. 1 a Venn diagram
visualizing the differing gene
regulations due to the varying
amounts of biomechanical
loading. b, ¢ Ingenuity Pathway
Analysis (IPA)® (Qiagen) based
on information from the Ingenuity
Pathways Knowledge Base. The
gene network shows targets regu-
lated by STSL and STSH, re-
spectively. A red symbol indicates
upregulation while a green sym-
bol indicates downregulation

Stimulation of autophagy by static tensile strain

In order to measure autophagy regulation by static tensile
strain in PDL fibroblasts, immunoblotting for LC3 abundance
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and conjugation was performed after 4 h of stimulation with
STSH (Fig. 4a, b). STSH stimulation led to an increase not
only of processed LC3-II but also of LC3-I, which suggests an
elevation of the autophagic flux (Fig. 4a, b). The same effect



Cell Tissue Res (2019) 378:499-511

505

ATGA4C
4h

*

-
(9}
1

ATG4C mRNA expression Q
(fold of control)

control STSL STSH

control STSL STSH

ATG7
4 h 24 h

-
o
!

ATG7 mRNA expression T
(fold of control)

control STSL STSH

control STSL STSH

ATG10
4h 24 h

N
o
1

ATG10 mRNA expression ©
(fold of control)
g

control STSL STSH

control STSL STSH

BCL2 mRNA expression Q.
(fold of control)

©c o o o o =
o N M O 0 O
1 1 1 1 1 1

control STSL STSH  control STSL STSH

e BID
c
K]
N~ -
g 3 2.5
SE 2.0
38
<Z( 5 1.5+

o
né XS] 1.0+
o 0.5
o

0.0+
control STSL STSH control STSL STSH

f DAPK1
c 4h 24 h
i
a e
1]
0=
= <
[} 'E 1.0" ------------------------------------
< 8 0.8+
Z3 o6
-~ e =
{ < 04
=z 0.2+
0O 0.0

control STSL STSH

control STSL STSH
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served as control. Mean + SEM (n =9 replicates derived from three donors); * significant (p < 0.05) difference between groups

was observed after inhibition of the autophagic flux with chlo-
roquine. After stimulation with STSH and chloroquine, an
accumulation of processed LC3-II and LC3-I was determined
as compared to stimulation with chloroquine alone.
Stimulation with choloroquine leads to a disruption of the
autophagic flux and causes thereby an accumulation of
autophagosomes over time. As expected, a greater amount
of LC3-I and LC3-II after treatment with choloroquine as
compared to cells without inhibitor treatment was shown by
immunoblotting (Fig. 4a, b).

Additionally, autophagy regulation was determined by
FACS analysis after control, STSL, STSH, and rapamycin
treatment for 4 h (Fig. 4c, d). The fluorescence intensity of
cells treated with STSH and rapamycin was significantly

increased (p = 0.023 and p =0.002), which indicated a higher
incidence of autophagosomes and therefore an enhancement
of the autophagic flux. STSL treatment on the other hand did
not change the fluorescence intensity significantly, which sug-
gests a gradual response of autophagy to static tensile strain
(Fig. 4d).

Stimulation of cell death by static tensile strain
In order to take the continuous and complex interplay between
autophagy and cell death into account, cell death was evalu-

ated in PDL fibroblasts after treatment with STSL, STSH,
rapamycin, and chloroquine. As a marker for cell death,
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DNA fragmentation was measured on the elastic membranes
(Fig. Sa—d) as well as in cell supernatants (Fig. 5e, f).

STSL treatment significantly reduced DNA fragmentation
as determined on membranes and in supernatants after 4 h
(»=0.001 and p<0.001) as well as in supernatants after
24 h (p =0.03). Therefore, STSL seems to have cell protective
properties. On the other hand, chloroquine treatment led to a
significant increase in cell death of attached cells at both time
points (p <0.001) as well as in cell supernatants after 24 h
(»<0.001). STSH and rapamycin treatment increased the
number of dead cells on the elastic membranes after 24 h
(p=0.046 and p = 0.001) but did not alter DNA fragmentation
in supernatants as compared to control (Fig. Sc—f).

Discussion

The present study provides novel evidence that autophagy is
regulated by static tensile strain in PDL fibroblasts. The au-
tophagic flux seems to be enhanced by high magnitudes of
static tensile strain while low magnitudes of static tensile
strain had no significant effect on the amount of
autophagosome formation. Interestingly, both magnitudes of
strain had regulatory effects on mRNA expression of
autophagy-associated targets, but stimulation with STSH in-
duced mRNA expression changes of more autophagy-
associated targets than STSL. Taken together, our results sug-
gest a gradual response of autophagy to static tensile strain in
human PDL fibroblasts. Furthermore, autophagy seems to be
an important mechanism for cell homeostasis in PDL fibro-
blasts as autophagy inhibition led to cell death in our experi-
ments. Low magnitudes of tensile strain, on the other hand,
seem to have cell protective properties.

Our findings show a strain-dependent regulation of differ-
ent autophagy-associated targets. King and coworkers demon-
strated a graduated response of autophagy to mechanical stim-
ulation (King et al. 2011). In their study, they used pressure to
stimulate MDA-MB-231 cells (King et al. 2011). However,
King hypothesized that autophagy was induced by poor adap-
tation to an altered physical environment and that other kinds
of physical challenges also regulate autophagy (King 2012).
Our results fit very well to King’s hypothesis as autophagy
regulation in PDL fibroblasts was induced by tensile strain in
our study.

We started with an unbiased approach to analyze
autophagy-associated targets and their regulation by different
magnitudes of static tensile strain. Autophagy regulation is a
very dynamic process and post-translational modifications al-
low for rapid adaption. However, autophagy, as many adap-
tive stress responses, develops along a biphasic kinetics, and
there is a second phase of autophagy regulation which takes
place on transcriptional level. In order to preserve or re-
establish homeostasis for more permanent changes of
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Fig. 4 a Effects of 4-h treatment with STSH in combination or not with
chloroquine, an inhibitor of the autophagic flux, on the abundance of
LC3-I and LC3-II as shown by immunoblot. Untreated cells served as
control. A representative image of one donor is shown. b Results of the
semi-quantitative analysis performed by ImageJ software to determine
LC3-II/LC3-I ratio. (¢, ¢') Visualization of the effect of 4 h rapamycin
treatment (¢) in comparison to untreated controls (c¢') after

environment, specific transcription factors are activated and
gene expression changes are induced (Pietrocola et al. 2013).
Therefore, we chose 24 h of stimulation as timepoint for our
PrimePCR™ Assay.

On the basis of our array findings, we selected targets for
further investigation. Gene expression was determined after
4 h and 24 h. Interestingly, gene expression changes after
4 h were mostly induced by STSL but after 24 h changes were
mostly induced by STSH. Two important autophagy-
regulating systems were found to be influenced by biome-
chanical loading after 24 h.

One system controls the conjugation of LC3 which is an
essential element of the autophagosomal membrane. ATG4
cleaves LC3 at its carboxyl terminus. The ubiquitin-activating
enzyme, ATG7, catalyzes the first step in the ubiquitination
reaction enzyme for LC3 and also for ATG12. The second

negative
control

STSH control + STSH +

chloroquine chloroquine

control

control STSL STSH rapamycin

autophagosome staining in PDL fibroblasts with the Cyto-ID®
Autophagy Detection Kit as shown by fluorescence microscopy. d
FACS analysis of autophagosomes in PDL fibroblasts stained with the
Cyto-ID® Autophagy Detection Kit. Untreated cells served as negative
control. Prior to staining, cells were stimulated with STSL, STSH,
rapamycin or no treatment for 4 h. Mean + SEM (n = 6 replicates derived
from two donors); * significant (p < 0.05) difference between groups

protein, ATG10, acts as an ubiquitin carrier in the further con-
jugation of ATG12, which in turn is needed to complete the last
step of the LC3 conjugation (Marifio et al. 2014). The compo-
nents of this system (ATG4C, ATG7, and ATG10) were all
downregulated by STSH after 24 h of stimulation indicating
transcriptional a downregulation of autophagy.

The second system is involved in autophagy regulation
through beclin-1 activation. The lipid kinase vacuolar protein
sorting 34 (VPS34)-beclin-1 complex orchestrates the assem-
bly of the ATGs at the phagophore assembly site and initiates
the elongation of the isolation membrane (Lippai and Szatmari
2017). Beclin-1 is usually inactivated by anti-apoptotic pro-
teins of the BCL2 family. BID, on the other hand, promotes
autophagy by enabling beclin-1 to dissociate from BCL2. BID
also activates the intrinsic pathway of apoptosis (Marifio et al.
2014). Therefore, a downregulation of BCL2 by 24 h of STSH
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Fig. 5 a, b Representative image of TUNEL staining in PDL fibroblasts
with the ApoDirekt In Situ DNA Fragmentation Assay Kit. Control cells
(a, a’, a"") are shown in comparison with cells after 4 h of chloroquine
treatment (b, b, b”). Arrows indicate examples of TUNEL positive cells.
¢, d Effects of PDL fibroblast stimulation with STSL, STSH, autophagy
inducer rapamycin and autophagy inhibitor chloroquine on Tunel-
positive cells on the elastic membrane after 4 h and 24 h, respectively.
Untreated cells served as control. Mean = SEM (n =9 replicates derived

stimulation indicates not only an induction of autophagy but
also of apoptosis. BID upregulation by STSL may promote
autophagy by the disruption of beclin-1 and BCL2. DAPK1
activates autophagy in two ways, firstly by phosphorylating
beclin-1 and thereby interrupting its interaction with BCL2
and by activating a second kinase, which phosphorylates and
activates VPS34 (Marifio et al. 2014). Therefore, a downreg-
ulation of DAPK1 by STSL and STSH after 24 h of stimula-
tion indicates a transcriptional downregulation of autophagy.

Taken together, after 24 h of STSH stimulation, gene ex-
pression changes are mostly in favor of autophagy downreg-
ulation in PDL fibroblasts, with the exception of BCL2 down-
regulation. However, BCL2 downregulation may also be pro-
apoptotic. BID upregulation after 24 h of STSL could affect
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from three donors); * significant (p < 0.05) difference between groups (e,
f). Effects of PDL fibroblast stimulation with STSL, STSH, autophagy
inducer rapamycin, autophagy inhibitor chloroquine on DNA fragmenta-
tion in supernatant after 4 h and 24 h, respectively, as analyzed by Cell
Death Detection ELISAP™YS, Untreated cells served as control. Mean =
SEM (n =9 replicates derived from three donors); * significant (p < 0.05)
difference between groups

the PDL fibroblasts in a pro-apoptotic and pro-autophagic
manner while DAPK1 downregulation indicates a downregu-
lation of autophagy in PDL fibroblasts. The cellular mecha-
nisms responsible for autophagy regulation following me-
chanical stimulation in PDL fibroblasts are not fully under-
stood so far and should be investigated in future studies. Many
pathways and molecules involved in transduction of mechan-
ical signals including calcium, inositol (1, 4, 5)-trisphosphate,
nitric oxide, Ras, Src, focal adhesion kinase, and mitogen-
activated protein kinase, have also been shown to regulate
autophagy (King 2012). However, the systems found to be
regulated by mechanical stimulation in our study LC3-II con-
jugation and on beclin-1 activation could be an important part
of autophagy regulation in PDL-cells.
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Besides the two autophagy-regulating systems, other genes
with a fold-change of > 2 were also selected for further inves-
tigation. PIK3CG which was pronouncedly regulated accord-
ing to the PrimePCR™ Assay could not be confirmed by RT-
PCR. This may be due to the very high threshold cycle and the
low normalized expression, making gene expression changes
very susceptible to fluctuation. Some other discrepancies be-
tween the array results and the further validation of gene ex-
pression changes were found. Validation and array discrepan-
cies may be due to pooling effects in the array. Furthermore, in
the PrimePCR™ Assay normalization was done, as instructed
by the manufacturer, to the three reference genes GAPDH,
and HPRT1 and TRP. In the following assessment of gene
expression changes only GAPDH was applied for normaliza-
tion. The employment of GAPDH as a reference gene in PDL
cells under mechanical stimulation is currently under discus-
sion, considering a recent study which investigated the stabil-
ity of reference genes in PDL cells under compression. Under
the conditions of this study Peptidylprolyl Isomerase A and
ribosomal protein L22 showed higher expression stabilities
than GAPDH and might therefore be more suitable as refer-
ence genes in PDL cells under compression (Kirschneck et al.
2017). Nevertheless, we chose GAPDH as housekeeping gene
in our study to provide comparable results to previous studies
(Memmert et al. 2017; Memmert et al. 2018). However, future
studies about the stability of reference genes in PDL cells
under strain are needed.

In our study, we did not only assess the regulation of
autophagy-associated genes but we attempted to measure au-
tophagy by analyzing LC3-II abundance and conjugation as
well as autophagosome quantification. Autophagy was en-
hanced by 4 h of STSH stimulation. STSL stimulation for
4 h did not increase the amount of autophagosome formation
significantly. It has been reported that autophagy is induced by
the environmental change itself rather than the absolute stim-
ulus. A prolonged mechanical stimulus initially enhanced au-
tophagy, but once the cell has adapted by alteration of its
cytoskeleton autophagy is reduced to its initial level (King
2012). In a dynamic situation, on the other hand, autophagy
has been shown to stay elevated for 24 h (Chen et al. 2015).
However, if the dynamic stimulus becomes a permanent situ-
ation, autophagy has been shown to be reduced again (Xu
etal. 2014). Therefore, our findings fit very well in the current
literature as we also observed that autophagy was enhanced by
4 h of mechanical stimulation. Additionally, an increased
number of autophagosomes was determined in cells after pres-
sure application, and this reaction was graduated in response
to the amount of applied pressure (King et al. 2011). Our
findings also suggest that autophagy responds gradually to
mechanical stimulation as only STSH was able to increase
autophagy significantly and STSL stimulation did not lead
to significant changes, but showed a trend towards
upregulation.

Some difficulties arise in autophagy analysis, because au-
tophagy is a highly dynamic process (Klionsky et al. 2016).
Therefore, we used autophagy markers such as LC3-II for
autophagy quantification in a combination with chloroquine
treatment, which arrests the autophagic flux, inhibits the deg-
radation of autophagosomes, and allows their accumulation
over time. We concluded that STSH did increase LC3-I and
LC3-II as a result of enhanced autophagy and not of decreased
degradation. According experiments with chloroquine were
performed in advance to the FACS analysis (results not
shown). LC3 is the most frequently used protein to monitor
autophagy. However, LC3-II is also part of membranes of
non-autophagic structures, as apoptotic phagosome mem-
branes or secretory lysosomes (Klionsky et al. 2016).
Therefore, it is recommended to confirm autophagy analysis
by another method (Klionsky et al. 2016). In our study, we
chose the LC3-independent Cyto-ID assay to provide a nu-
meric readout that correlates with autophagy-associated vac-
uoles (Guo et al. 2015).

As a mechanism of adaption, a key function of autoph-
agy is damage limitation but many stress pathways sequen-
tially initiate autophagy and apoptosis within the same cell
(Marino et al. 2014). Therefore, cell death was assessed in
PDL fibroblasts after treatment with STSL, STSH,
rapamycin, and chloroquine. Our findings imply that
STSL has cell protective properties. STSH on the other
hand increased the amount of dead cells on the stretched
membrane after 24 h. Furthermore, autophagy inhibitor
choloroquine induced cell death after 24 h of stimulation.
This finding emphasizes the importance of autophagy for
cell homeostasis in PDL fibroblasts.

Autophagy is a mechanism which secures cell survival
under biomechanical loading and generally blocks the induc-
tion of apoptosis. However, when the mechanical stimulus
exceeds a certain amount in duration or magnitude, the exces-
sive autophagy can lead to cell death via crosstalk with apo-
ptosis pathways (Ma et al. 2013; Marifio et al. 2014). King
stated that mechanical activation of autophagy under normal
physiological forces may help to suppress cell death with the
help of autophagy (King 2012). On the other hand, other stud-
ies imply that autophagy inhibitors reduce cell death after
mechanical stimulation (Chen et al. 2015). Autophagy does
not only induce apoptosis under certain conditions but also
initiates an autophagic cell death as a consequence of stress
overload (Ma et al. 2013; Marifio et al. 2014). Overall, our
results fit very well to the recent literature. They suggest that
low forces suppress cell death via a moderate induction of
autophagy. A high magnitude of strain induces autophagy
after 4 h, but when the stimulus exceeds a certain duration
the mechanical overload enhances the number of dead cells.

Measurement of cell death was based on the principle of
measuring DNA fragmentation, which is characteristic of the
apoptotic process. In this study, antibodies directed against
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fragmented DNA and histone-associated DNA fragments, re-
spectively, were used which mark the very late state of apo-
ptosis. To analyze early apoptotic changes, other methods
would have been more appropriate. Furthermore, other forms
of cell death like autophagic cell death would also be detected
by the methods used in our study. Therefore, it was not pos-
sible to distinguish autophagic cell death and apoptosis in this
study. It was the aim of this study to determine the cell fate of
the stimulated cells. In order to include all stimulated cells in
our measurement, we analyzed cells on elastic membranes but
also determined DNA fragmentation in supernatants because
dead cells detach from elastic membranes.

Physiologically, the PDL is exposed to various types of
biomechanical stress, e.g., through chewing movements.
Within the limitations for clinical transferability of the results
of an in vitro study, we attempted to improve generalizability
of our results by using force magnitudes, which were found to
be realistic in comparison to the strain subjected to the peri-
odontal ligament in the course of orthodontic tooth move-
ment, by chewing or grinding (Natali et al. 2004). In vivo
biomechanical stress leads to adaptation processes in the en-
tire periodontium, which are mainly orchestrated by PDL fi-
broblasts. PDL fibroblasts represent an important point of ac-
tion for any application of force in the periodontium.
Therefore, we chose to use PDL fibroblasts in our study.
However, autophagy regulation in other cells of the periodon-
tium, e.g., cells involved in bone turnover like osteoclasts and
osteoblasts, would be an interesting subject for a future re-
search. We demonstrated that STSL reduced cell death.
These results are in line with earlier studies which suggested
biomechanical stimulation to be an important factor in PDL
fibroblast homeostasis. PDL fibroblasts were subjected to low
magnitudes of biomechanical loading and subsequently gene
expression of anti-apoptotic pathways were induced
(Deschner et al. 2012). Overload on the other hand induced
cell death in PDL fibroblasts (Wu et al. 2016; Xu et al. 2011;
Zhao et al. 2017). Our results not only confirm but also ex-
pand earlier findings as they suggest that autophagy might be
involved in PDL fibroblast homeostasis. We demonstrated
that autophagy induction and even more autophagy inhibition
can induce cell death in PDL fibroblasts.

Based on our findings in PDL fibroblasts, we hypothesize
that autophagy is involved in orthodontic tooth movement.
Therefore, our results are in line with findings of Nakamura
and coworkers. In their study, they found vacuoles containing
various cell organelles by electron-microscopic examination
in osteoblasts and fibroblasts in the periodontium of Wistar
rats after 24 h of tooth movement. These vacuoles were iden-
tified as autophagosomes on the basis of their contents
(Nakamura et al. 1984). One major difficulty of in vivo au-
tophagy analysis is that multiple stimuli influence autophagy
and therefore it is not possible to focus on one specific stim-
ulus for autophagy induction. Orthodontic tooth movement
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involves a plethora of stimuli, e.g., oxygen level changes
and inflammation (Li et al. 2018). Therefore, defined in vitro
studies are required to compliment in vivo studies for a better
understanding of the molecular mechanism in autophagy
regulation.

Taken together, our findings provide novel insights into
autophagy regulation by biomechanical loading in human
PDL fibroblasts. Autophagy caused a dose-dependent re-
sponse to mechanical strain and was upregulated by STSH
after 4 h. Additionally, the results of our study imply that
autophagy might play a key role in PDL fibroblast homeosta-
sis. Therefore, autophagy might be an important process in
orthodontic tooth movement controlling survival and death
of PDL fibroblasts depending on the force applied.
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