A mechanical strain model for the assessment
of periodontal ligament cell endoplasmic
reticulum stress in three-dimensional culture

Fiona A Firth
BDS
FRACDS (GDP)

A thesis submitted in partial fulfilment of the
requirements for the degree of

Doctor of Clinical Dentistry (Orthodontics)

Department of Oral Sciences
University of Otago
New Zealand

2017

Abstract

Introduction The cellular basis of orthodontic tooth movement is complex, and
is mediated by the biological responses of cells in the periodontal ligament (PDL)
and alveolar bone. Appropriate homeostatic cytokine balance is essential for the
safe and reliable induction of tooth movement. The endoplasmic reticulum (ER)
plays a major role in maintaining homeostasis, with ER stress activating the
unfolded protein response (UPR), potentially resulting in apoptotic cell death.

Objectives 1) To validate a 3D-hydrogel model in which to culture human PDL
cells and 2) To examine cell viability, apoptosis, and the expression of ER stressand UPR-related genes following the application of mechanical strain (mimicking
orthodontic tooth movement) to PDL cells.

Materials and Methods Primary cultures of PDL cells were obtained from
premolar teeth that were extracted from three individuals for orthodontic reasons.
Viability and apoptosis assays were used to profile the time required by cultured
PDL cells to establish themselves in hydrogel and assess their optimal seeding
density. Non-strained PDL cells were used as controls. Optimal gel constitution
and seeding density were determined and the cells were subjected to 24 hours of
static mechanical strain (18% dimensional substrate elongation).
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Results A tendency for reduced cell viability was observed following the
application of mechanical strain to both 2D and 3D cultures of PDL cells (cell
viability of strained 2D and 3D cells was 83% and 73.1% respectively, of control
values), while there was no difference in caspase activity. For monolayer samples,
the gene LOX (involved in cross-linking of collagen and elastin) demonstrated a
tendency to be upregulated following mechanical strain (mean fold-regulation =
9,22, p = 0.25). In 3D samples, a number of UPR-related genes were differentially
upregulated; including CREB3L3 (mean fold-regulation = 1.91, p = 0.063), which
plays a role in the acute inflammatory response, and DDIT3 (mean foldregulation = 17.0, p = 0.438), a well-established pro-apoptotic factor in the UPR.

Conclusions A model for the application of mechanical strain to 3D cultures of
PDL cells has been validated. While a reduction in cell viability was observed
following strain, an increase in caspase activity was not evident, thus the
reduction in viability appears to be mediated via caspase-3/7-independent
mechanisms. There is potential for the UPR to be involved in OTM, and future
experiments could include increased strain periods and varying strain
magnitudes.
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Overview

This study, focussing on the application of mechanical strain to periodontal
ligament (PDL) cells in 3D culture, is divided into seven main chapters that are
organised as follows. Please note that due to the format of the presentation of this
work, some repetition may be expected between chapters.

Chapter 1 Review of the Literature
A general discussion of the PDL and orthodontic tooth movement are presented,
as well as a review of apoptosis, endoplasmic reticulum (ER) stress and the
unfolded protein response (UPR).

Chapter 2 Core Methods
The second chapter contains the methodological details which are relevant to
following chapters. A more detailed account of the methods used to explore
specific objectives is provided in Chapters 3, 4 and 5.

Chapter 3 Validation of the Experimental Model
Chapter 3 presents the validation procedures conducted prior to the
commencement of the mechanical strain experiments performed in Chapters 4
and 5.

Chapter 4 Cell Viability and Caspase Activity Outcomes Following
Mechanical Strain
The cell viability and caspase activity of PDL cells in either 2D or 3D culture
exposed to mechanical strain was assessed. The viability and caspase responses
are presented and discussed.
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Chapter 5 Gene Expression Outcomes Following Mechanical Strain
In addition to the collection of cell viability and caspase activity, gene
experiments were conducted to assess the effect of mechanical strain on the
expression of strain-responsive and UPR-related genes by PDL cells. The gene
expression findings are presented and discussed in this chapter.

Chapter 6 Conclusions and Future Research Directions

Chapter 7 Appendices
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1.1 The periodontal ligament

The periodontal ligament (PDL) comprises a fibre-reinforced extracellular matrix
(ECM) with a heterogeneous cell population, and is the key anatomical structure
involved in the process of orthodontic tooth movement (OTM) (Figure 1.1). It
functions to unite a tooth with the surrounding alveolar bone via collagen fibre
attachments. The PDL is an enthesis – a connective tissue attachment present at
a site of stress concentration, providing stress dissipation (Benjamin et al, 2006).
PDL tissue is subjected to a wide variety of conditions and stress (masticatory,
eruptive and orthodontic) over the course of a lifespan – it has been identified
however, that the osteogenic potential and alveolar bone remodelling of adult
PDL is not altered in response to experimental mechanical loading, indicating the
tissue is relatively quiescent (Huang et al, 2016).

A lack of PDL, such as surrounding an ankylosed tooth or prosthetic
osseointegrated implant, prevents tooth movement. The PDL is composed of
collagen fibres (types I and III; 53-74%), blood vessels (1-2%), nerves and cells
in a viscous, hydrated ground substance (Embery, 1990). The PDL cell
population is heterogeneous, comprising populations that are both epithelialderived (the epithelial cell rests of Malassez), and mesenchymal-derived
(fibroblasts, osteoblasts, cementoblasts) (Xiong et al, 2013). Additionally,
multipotent stem cells have been identified in human PDL, however a large
degree of variety exists among periodontal ligament stem cells (PDLSCs), and
there is presently no defining standard on PDLSCs (Seo et al, 2004; Bartold and
Gronthos, 2017). Due to the variety of cell populations in the periodontal ligament
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tissue, cultured cells comprise a number of cell types and will be termed
“periodontal ligament cells” (rather than the previously used term “periodontal
fibroblasts”) (Kobayashi et al, 2017; Mitarai et al, 2017; Sun et al, 2017; Svensson
et al, 2017; Truntipakorn et al, 2017; Wu et al, 2017).

Figure 1.1. Histological section displaying the PDL and surrounding structures.
GM = gingival margin. GS = gingival sulcus. JE = junctional epithelium. AB = alveolar
bone. C = cementum. PDL is indicated by the arrow, connecting alveolar bone and
cementum. Image courtesy of Professor TB Kardos

Biomechanically, the PDL is a fibre-reinforced tissue with anisotropic properties,
with a visco-elastic and non-linear response to force application (Jonsdottir et al,
2012). However, a heterogeneous array of methods (both experimental and
3

analytical models) have been utilised to investigate the mechanical properties of
the PDL, resulting in varying conclusions (Fill et al, 2011; Fill et al, 2012).
Further research on the biomechanics of the PDL is required to increase
understanding of the complex properties of the tissue, which could be translated
to clinical applications in the design of appliances and the response to trauma.
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1.2 Orthodontic tooth movement

The importance of orthodontic tooth movement (OTM) has been recognised for
many generations, with texts on the correction of malocclusions dating back
centuries. The modern-day era presents an ever-increasing demand for aesthetics,
and orthodontic treatment has become highly sought-after (Proffit, 2007).
Orthodontic treatment planning approaches are individualised to each patient, and
as the differences between patients are a result of alterations at a cellular and
genetic level, it follows that knowledge of the cellular mechanisms of OTM is
essential in daily orthodontic practice. While details regarding OTM are beyond
the scope of this thesis, a review of the theories of tooth movement and the
mechanobiology of OTM are included in Appendix 7.1. Information regarding
clinically relevant facets of OTM research are also included in Appendix 7.1.
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1.3 Systems for tensile mechanical stimulation of cells in culture

Studies investigating the cellular response to the application of mechanical strain
must endeavour to employ consistent and physiological forces to the cells of
interest. Numerous mechanical strain systems have been developed to allow
attempts to increase understanding of the complex mechanobiological
phenomena that occur in vivo, and a brief overview of these systems will be
presented.

An early loading system that allowed controlled uniaxial strain to be applied to
deformable substrates was developed by Meikle et al (1979) to apply continuous
stress to cranial sutures of newborn rabbits. An orthodontic stainless-steel coil
spring was used to provide 30 g of mechanical force (Meikle et al, 1979). Systems
developed further during the late 1970s and 1980s, when motorised systems using
plunger/linkage or spring-loaded pulley arrangements were created to allow
oscillatory loading of samples (Leung et al, 1977; Ives et al, 1986).

Out-of-plane distention of circular substrates allows for increased control of input
strains by adjusting the curvature (Figure 1.2), and was first created by Hasegawa
et al (1985) and Brown (2000). Flexible-bottomed circular cell culture plates were
developed by Banes et al (1985), strained by a vacuum and controlled by PCbased software, with control of the magnitude of the vacuum, frequency of strain
and waveform. This system became commercialised as Flexcercell. However, a
fundamental limitation of this system is the presence of pressure differentials:
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circumferential strain is heterogeneous and strain levels may be low at the
periphery of the plate and high at the center (Brown, 2000).

Figure 1.2. Out-of-plane substrate distention of a circular substrate. The dashed
line indicates the position of the undeformed substrate, and a vacuum provides substrate
displacement in this example. Adapted from Brown (2000)

The desire to overcome the limitations of out-of-plane techniques has led to the
development of in-plane substrate distention strain methods (Brown, 2000). This
may be achieved through radial substrate distention over an immobile flat circular
platen, as developed to retrofit the Flexercell system (Figure 1.3). The vaccuum
mechanism pulls only the outlying segment of the flexible-bottomed culture plate
down, radially distorting the substrate overlying the central platen (Brown, 2000).
The mechanism assumes that frictionless sliding of the substrate over the edge of
the platen exists.
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Figure 1.3. In-plane substrate distention. Radial and circumferential substrate strain
is achieved through the use of an immobile central platen. Adapted from Brown (2000)

The Flexercell system allows for the application of equibiaxial strain at a level of
up to 20% substrate elongation. The strain on the surface of culture plates using
this system has been characterised, and it has been identified that the Flexercell
equibiaxial system does provide homogenous and reproducible strain, however
due to differential circumferences of the culture plates and the central platen, the
strain applied may be homogenous only to cells in the central portion of the plate
(Vande Geest et al, 2004; Bieler et al, 2009). A level of 12% substrate
deformation has been described as representative of strain levels at the mid-root
region of an incisor during OTM, however a wide variety of strain magnitudes
have been utilised across studies on PDL cells (Natali et al, 2004; Ritter et al,
2007; Jacobs et al, 2013).

The application of mechanical strain utilising such techniques has been found to
alter the orientation of PDL cells cultured in monolayer. Unstrained control PDL
cells remain randomly oriented, while strained cells become more elongated and
align with the long axis of cells perpendicular to the direction of force (Danciu et
al, 2004; Pinkerton et al, 2008; Zhong et al, 2008; Chen et al, 2013; Papadopoulou
et al, 2017). These orientation changes are reported to become more pronounced
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with an increase in the force duration or level (Zhong et al, 2008). The alignment
of PDL cells in response to strain may be a mechanism to allow the maintenance
of PDL architecture, in vivo relating to the collagen fibre bundles (Zhong et al,
2008). In contrast, strained fibroblast cells derived from lung tissue have not been
reported to exhibit a similar alteration in orientation or elongation, and a recent
study identified that PDL cells exposed to static tensile strain did not exhibit
altered orientation, while those exposed to cyclic strain did (Boccafoschi et al,
2010; Papadopoulou et al, 2017).
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1.4 Two-dimensional versus three-dimensional cell culture

In vivo, PDL cells are entrenched in an extracellular 3D matrix composed of
collagenous and non-collagenous proteins. To mimic this environment, in which
a complex extracellular network surrounds cells, in vitro, hydrogels have been
developed to function as scaffolds for 3D tissue constructs. Two-dimensional
(2D) cellular models have been reported as being unlikely to be representative of
the complex environment (Baker and Chen, 2012). Interestingly, vascularised and
innervated bioengineered teeth have been created utilising 3D culture systems
(Kuchler-Bopp et al, 2016). Hydrogels possess material properties that simulate
the natural cellular environment, being composed of a class of polymer that
allows absorption of water without dissolution of the gel. The use of hydrogels in
gene expression experiments has been identified as being beneficial in mimicking
the natural environment, as well as improving cell morphology, phenotype and
adhesion – each of which play an important role in investigations regarding the
response of the PDL to mechanical strain (Hoffman, 1993; Cukierman et al,
2001).

Numerous forms of hydrogels exist, including naturally derived (collagen or
hyaluronic acid for example), and synthetic hydrogels. Synthetic hydrogels (e.g.
polyethylene [glycol] diacrylate [PEGDA]) allow for broader control of
mechanical properties of the network, and can be modified to alter stiffness and
stress/strain (Huang et al, 2012). The stiffness of a synthetic hydrogel matrix may
be altered by modulating the polymer concentration or the crosslinking density –
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these alterations can allow the in vitro mimicking of numerous in vivo
environments (Huang et al, 2012).

A method of creating 3D constructs of PDL cells in a commercially available
hyaluronan-gelatin hydrogel (ExtracelTM) has been recently investigated by
Saminathan et al (2013). The viability response of cells in the hydrogel was
compared to that of cells in agarose, and a greater viability level was identified
for cells in the hydrogel (50% of cells cultured in agarose were non-vital after 24
hours, compared to 5% of cells cultured in the Extracel hydrogel) (Saminathan et
al, 2013). Members of the same research group have also investigated the
apoptotic response of PDL cells following application of cyclic compressive
mechanical strain in the three-dimensional Extracel matrix (Saminathan et al,
2015). It was found that the stimulation of apoptosis in these cells was altered in
response to differing magnitudes and frequencies of applied strains. The authors
reached a conclusion that further research in respect to the relationship between
mechanical strain and apoptosis-related genes in cells in three-dimensional
cultures is merited (Saminathan et al, 2015).

The use of three-dimensional culture techniques may also lead to results that are
more applicable to root resorption and accelerated OTM, as both of these
phenomena occur in a 3D environment associated with a complex biological
matrix that is more appropriately simulated in a 3D culture. Investigations are
also ongoing regarding clinical applications of cell-based periodontal
regeneration in the treatment of periodontal disease through the use of multipotent
human PDL cells cultured in 3D scaffolds (An et al, 2015).
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1.5 Human PDL cell gene expression in response to mechanical strain

Abnormal mechanical loading results in alterations in cellular function, changing
the ECM formation and leading to pathologies (Wang and Thampatty, 2006).
PDL fibroblasts have been shown to produce differential responses as a result of
mechanical strain, as outlined below.

1.5.1 Mechanical strain-related genes

Differential application of varying levels of mechanical strain can result in
varying responses in PDL cells, as identified by Howard et al (1998). PDL cells
exposed to 5% biaxial deformation 30 times per minute for 24 hours produced
increased levels of type I collagen and fibronectin, and decreased levels of
tropoelastin. In contrast, cells exposed to 10% strain also displayed increased
fibronectin and decreased tropoelastin synthesis, while type I collagen production
did not differ from unstrained controls (Howard et al, 1998). These results
indicate a differential response to varying levels of mechanical strain, and indicate
the potential of interesting and useful findings from future experiments involving
multiple strain levels (Howard et al, 1998).

Following the application of cyclic mechanical strain to human PDL cells,
differential regulation of ECM-related molecules was also identified by Chen et
al (2013). Low-level strain was found to result in upregulation of the expression
of type III collagen alpha 1 (COL3A1) and lysyl oxidase (LOX) mRNA; while
high-level strain upregulated COL3A1 and matrix metalloproteinase-2 (MMP2)
12

mRNA, with no change in LOX activity (Chen et al, 2013). The tissue response
to low-strain may act to aid in ECM deposition and stabilisation, while high-strain
may result in the promotion of ECM degradation and remodelling (Chen et al,
2013).

Differential levels of equibiaxial static tensile mechanical strain over 24 hours
have also been identified to result in varying levels of IL-1β production in
cultured PDL cells, suggesting augmented inflammatory effects as a result of the
extent of mechanical stimuli (Long et al, 2001). IL-1β is a potent inducer of
nuclear factor kappa B (NF-κB) – a transcription factor involved in the mediation
of cell survival pathways (Krappmann et al, 1996). The application of static
tensile strain to PDL cells has led to activation of NF-κB, which may function in
pro- or anti-apoptotic roles (Ritter et al, 2007).

Numerous studies have investigated gene expression by human PDL cells
subjected to compressive strain at differing levels over varying time points. Static
compressive force has been shown to reduce viability of human PDL fibroblasts
in a strength-dependent manner, with or without producing a difference in the rate
of apoptosis (Goga et al, 2006; Nettelhoff et al, 2016). Static compressive force
applied for two to 12 hours may lead to over-expression of genes relating to the
immune response and physical cellular change; with under-expression of genes
associated with membrane transportation (Lee et al, 2007).
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1.5.2 Apoptosis-related genes

A transient increase in apoptosis and expression of two apoptosis-related caspases
in mechanically strained PDL cells in a 2D culture has been detected in a number
of studies, however the mechanism for this has not been identified (Wescott et al,
2007; Pinkerton et al, 2008; Saminathan et al, 2012; Saminathan et al, 2015).
Early apoptosis of human PDL cells was identified to follow a time- and forcedependent course in response to tensile strain over 12 hours, however this study
did not include assessment of gene expression (Zhong et al, 2008). The
differential expression of 84 genes involved in the apoptotic pathway by cultured
PDL cells subjected to cyclic strain has been quantified (Xu et al, 2011). It was
found that both caspase-8 and caspase-9 signalling pathways might contribute to
apoptosis in PDL cells in response to strain, with caspase-8 being involved in
early apoptosis, and caspase-9 in the intrinsic apoptosis pathway (Xu et al, 2011).
The authors identified a number of genes that displayed differential expression in
response to strain, including pro-apoptotic and anti-apoptotic genes, indicating a
subtle balance of survival in strained cells, which warrants further investigation
(Xu et al, 2011).

Activation of Nrf2 (nuclear factor erythroid derived 2 related factor 2- a
transcription factor), which controls the gene expression of a number of
cytoprotective enzymes has been hypothesised as being an inhibitor of OTM by
attenuating osteoclastogenesis (Kanzaki et al, 2015). In contrast to the results of
Ozcan et al (2014), Kanzaki et al (2015) identified that Nrf2 activation and
subsequent osteoclast inhibition resulted in reduced OTM due to altered
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antioxidant stress enzymes and intracellular reactive oxygen species (ROS)
signalling (Kanzaki et al, 2015). Nrf2 has additionally been identified as a critical
effector of the PERK-axis of the unfolded protein response (UPR), and may be a
link between the UPR and OTM (Cullinan et al, 2003). These results provide an
area of potential further research on the role of other cellular stress responses,
such as the UPR and endoplasmic reticulum (ER) stress, in OTM.
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1.6 Apoptosis

Apoptosis is a form of programmed cell death, occurring under necessary or
particular circumstances. Apoptosis is involved physiologically in the
maintenance of homeostasis, in embryological development and healing (Elmore,
2007). In pathological situations, apoptosis serves as a defence mechanism
against damaged or stressed cells, in order to minimise the accumulation of nonfunctional cells (Kiraz et al, 2016). Deficiencies or excesses in apoptosis can also
lead to pathological conditions such as cancer and neurodegenerative disorders
(Elmore, 2007).

Apoptosis occurs via either the intrinsic or extrinsic pathway. The extrinsic
pathway is activated following activity of death receptors of the tumour necrosis
factor receptor type 1 family – such as the Fas receptor (Howley and Fearnhead,
2008). Binding of Fas to Fas-associated death-domain (FADD) allows the
recruitment of caspases-8 or -10, resulting in apoptosis (Howley and Fearnhead,
2008). Previous investigations have shown increased expression of Fas by human
PDL cells following the application of tensile mechanical strain, indicating the
potential role of the extrinsic apoptotic pathway in OTM (Ritter et al, 2007; Xu
et al, 2011). Both the intrinsic and extrinsic pathways converge at the execution
pathway, with the activation of executioner caspases (Elmore, 2007).
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1.6.1 The caspase family

Members of the caspase (conserved cysteine aspartic-specific proteases) family
are critical in the regulation of apoptosis (Kiraz et al, 2016). Caspases are
involved in cell execution, inflammation and differentiation. Two groups exist:
those involved in apoptosis (caspases 2, 3 and 6-10) and those involved in
cytokine maturation (caspases 1, 4, 5 and 12) (Howley and Fearnhead, 2008).
Caspases are proteolytic, with the ability to cleave proteins at aspartic acid
residues, and may be either effectors or initiators: effector caspases are activated
by initiator (self-activated) caspases (Yan and Shi, 2005; Elmore, 2007).

Caspase-2 is involved in apoptosis induced by ER stress and DNA damage (Kiraz
et al, 2016). Caspase-2 is a substrate for caspase-3, an effector caspase that is
activated in both the intrinsic and extrinsic pathways of apoptosis: suppression of
caspase-3 results in inhibition of apoptosis (Porter and Jänicke, 1999; Kiraz et al,
2016). The activation of caspase-3 and the commencement of the execution
pathway leads to degradation of chromosomal DNA and cytoskeletal
reorganisation, followed by cytomorphological changes and the formation of
apoptotic bodies (Elmore, 2007). Caspases-6 and 7 are similarly effector
caspases, and caspases-3, 6 and 7 function as “executioner” caspases (Elmore,
2007).

As caspases function as mediators of apoptosis and inflammation, an alteration in
caspase activity is involved in numerous diseases for example, in cancer
apoptosis may be decreased, while increased caspase activity is associated with
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neurodegenerative disease and ischaemia (Howley and Fearnhead, 2008). There
is interest in the potential use of caspases as therapeutic targets, however to ensure
safety, further knowledge is required on cell death pathways in order to minimise
adverse effects of possible treatments (Howley and Fearnhead, 2008).

1.6.2 Oxidative stress

The role of oxidative stress in OTM has been recently reported in the literature,
as oxidative stress may lead to increased expression of the pro-inflammatory
cytokines involved in OTM. ROS function as intracellular signalling molecules
of osteoclast-mediator RANKL (Ha et al, 2004). The potential role of the
oxidative stress response has been recognised in OTM. A clinical trial has been
conducted in which gingival crevicular fluid and saliva samples were collected at
different stages of orthodontic treatment and analysed for markers of
inflammatory cytokines, and markers of ROS (nitric oxide [NO] and 8-OHdG
levels) (Ozcan et al, 2014). The inflammatory markers were expressed at altered
levels as expected, while no change in NO was identified (Ozcan et al, 2014). It
is possible that the biomarkers selected in this study are not involved in the
response to orthodontic treatment, while other oxidative stress response factors
potentially may be. Additionally, the study assessed changes at the periodontal
level, rather than the cellular level.
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1.7 The unfolded protein response and endoplasmic reticulum stress

While the effects of mechanical loading of the PDL have been examined in
relation to oxidative stress, there is little known information about its effects on
another important cellular stress mechanism - ER stress. The ER organelle is
required for intracellular protein synthesis and folding, and its normal function is
essential in the maintenance of homeostasis. ER stress occurs when the proteinfolding capacity of the ER is exceeded, resulting in the accumulation of poorly
matured and unfolded proteins within the ER. Molecular chaperones exist within
the ER, which allow protein folding and identifying misfolded proteins for
destruction.

ER stress is ameliorated by the UPR, an intracellular signalling pathway that is
initiated by several ER trans-membrane proteins (pancreatic ER kinase-like ER
kinase [PERK], activating transcription factor 6 [ATF6] and inositol-requiring
enzyme 1 [IRE1]), which are believed to have the capacity to sense unfolded
proteins when they reach critical levels. The activation of UPR sensors has
downstream effects to shift protein-folding demand and capacity to homeostatic
levels for cell survival. An inadequate UPR results in chronic ER stress, and the
UPR may then promote cell death via apoptosis through all three axes of the UPR
(Figures 1.4-1.6) (Szegezdi et al, 2006; Oakes and Papa, 2015).

Following an accumulation of unfolded proteins in the ER, binding
immunoglobulin protein (a.k.a. GRP78), a molecular chaperone, dissociates from
the three trans-membrane receptors, leading to the activation of the UPR
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(Szegezdi et al, 2006). Once PERK is activated, it phosphorylates eukaryotic
initiation factor 2 (eIF2), leading to inhibition of protein translation. Activating
transcription factor (ATF) 4 bypasses this translational block and promotes cell
survival via inducing genes involved in the stress response (Figure 1.4) (Szegezdi
et al, 2006). DNA damage inducible transcript 3 (DDIT3, alternative name:
CHOP) is also induced following the activation of PERK. PERK is the first of the
three key trans-membrane proteins to be activated during ER stress, and is
essential in cell survival during stress (Szegezdi et al, 2006).
ER membrane
PERK
GRP78

GRP78

P
eIF2

eIF2

Translational block

ATF4

Nucleus
Gene expression:
• Stress
response
• CHOP

Fig 1.4. The PERK axis of the UPR. The dissociation of GRP78 leads to the activation
of PERK, which phosphorylates eIF2, leading to a general translational block. The
transcription factor ATF4 is not affected by this block and translocates to the nucleus
where it induces transcription of genes in order to restore ER homeostasis
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Following the dissociation of GRP78 from ATF6, ATF6 is activated in the Golgi
apparatus (Figure 1.5). The activated form of ATF6 translocates to the nucleus,
leading to the expression of X-box binding protein 1 (XBP1), which is involved
in the IRE1 axis of the UPR, and CHOP. ATF6-mediated signals are proapoptotic in order to counteract ER stress (Szegezdi et al, 2006). An ER-bound
transcription factor, CREB3L3, is related structurally to ATF6. During ER stress,
CREB3L3 releases an N-terminal fragment that translocates to the cell nucleus
and acts on UPR elements (Omori et al, 2001; Zhang et al, 2006).

ER membrane
ATF6
GRP78

GRP78

Activated ATF6

Nucleus
Gene expression:
• CHOP
• XBP1

Fig 1.5. The ATF6 axis of the UPR. ATF6 is cleaved in the Golgi apparatus into its
active form, which then translocates into the nucleus and induces ER stress response
genes, including CHOP and XBP1
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IRE1, also known as endoplasmic reticulum to nucleus signalling 1 (ERN1) is the
last of the three trans-membrane proteins to be activated, and once activated it in
turn splices XBP1 mRNA (Figure 1.6). Spliced XPB1 is in its active form, and
moves to the nucleus to control the transcription of genes involved in protein
degradation (i.e. the relationship between IRE1-XBP1 has pro-survival effects)
(Szegezdi et al, 2006). However, over-expression of IRE1 may result in apoptotic
cell death by the activation of the c-Jun N-terminal kinase (JNK) pathway (Hatai
et al, 2000). A paralogue of IRE1, IREb, encoded by ERN2, is expressed in the
gastrointestinal and lung tissues and is involved in apoptotic cell death, likely by
direct interaction with unfolded proteins (Takao et al, 2001; Oikawa et al, 2012).

During prolonged ER stress, PERK, ATF6 and IRE1 signalling can lead to proapoptotic responses by the initiation of downstream molecules – CHOP and JNK,
which encourage ER-stress induced apoptosis (Szegezdi et al, 2006). CHOP acts
on numerous target genes to induce apoptosis. The PERK and IRE1 pathways
converge on CHOP during prolonged ER stress, leading to apoptosis. One gene
influenced by CHOP is GADD34 (growth arrest and DNA damage-inducible
protein) – overexpression of GADD34 can promote apoptosis (Adler et al, 1999).
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ER membrane
IRE1
GRP78

GRP78

XBP1

Spliced XPB1

Nucleus
Gene expression:
• Chaperones
• Genes for
protein
degradation

Fig 1.6. The IRE1/ERN1 axis of the UPR. IRE1 splices XBP1 mRNA to its active
form, which then translocates to the nucleus and controls the translation of genes
involved in protein degradation, as well as ER chaperones.

The calnexin/calreticulin cycle is a protein folding quality control mechanism,
mediated by UDP-glucose glycoprotein glucosyltransferase 1 (UGGT1), which
senses protein conformation and can allow the re-introduction of a mis-folded
protein back into the cycle for further folding attempts (Caramelo and Parodi,
2008). The 70 kilodalton heat shock protein (HSP70) family also recognise
unfolded proteins and function to ensure that poorly-folded proteins do not exit
the ER (Kaufman et al, 2002). HSPA5 is a critical member of the HSP70 family,
and upon binding to a misfolded protein, binding affinity is increased, and SIL
nucleotide exchange factor (SIL1) is required for the dissociation of HSPA5 from
unfolded proteins (Tyson and Stirling, 2000). HSPA5 also regulates the activation
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of PERK, ATF6 and IRE1, thus is a crucial component of the UPR (Chakrabarti
et al, 2011).

In addition to the association of ER stress and apoptosis, there is now strong
evidence linking ER stress with oxidative stress and the production of reactive
oxygen species (ROS) (Figure 1.7) (Bhandary et al, 2012). Folding of
polypeptides into a functional conformation is an energy-dependent process in
which oxidizing conditions are required for disulfide bond formation (Tu and
Weissman, 2004). ER resident enzymes (protein disulfide isomerase [PDI] and
ER oxydoreduction 1 [ERO1]) drive electron transport during disulfide bond
formation and the resultant production of ROS. RNA-dependent PERK plays a
crucial role in limiting the accumulation of ROS. This pathway can activate an
antioxidant programme by the up-regulation of ATF4 and phosphorylation of
Nrf2. After PERK-mediated phosphorylation, Nrf2 translocates to the nucleus,
where it activates the transcription of a set of antioxidant and oxygen detoxifying
enzymes of the antioxidant response element family (Mathers et al, 2004).
Activation of Nrf2 also reduces intracellular ROS signalling and has been shown
to inhibit the activity of osteoclasts, leading to reduced orthodontic tooth
movement and orthodontic relapse (Kanzaki et al, 2015).
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Figure 1.7. Reactive oxygen species and the UPR. PDI directly receives electrons
from the folding substrate, thereby oxidising the thiol group and forming disulfide bonds
(indicated by the shift of the red x to the green O) (A). ERO1 then uses an FADD
dependent reaction to reoxidise PDI (B). In this process, ERO1 receives electrons from
PDI and transfers them to molecular oxygen. H2O2 is formed as a result. GSH reduces
disulfide bonds, stabilizing improperly formed disulfide bonds between proteins (C).
Resultant oxidized glutathione (GSSH) adds to the oxidative stress. PERK plays a key
role in the control of inflammation. PERK-phosphosylated-Nrf2 translocates to the
nucleus and induces antioxidants and detoxifying agents (D). PERK-induced ATF4 also
transcribes genes related to the maintenance of intracellular redox homeostasis (E).

1.7.1 The UPR and inflammation

As outlined above, the process of OTM involves an acute inflammatory response,
in which the UPR, which has been identified to have crucial functions in
inflammation, may play a role. The UPR may act as an inflammatory nidus, with
ER stress directly initiating inflammatory pathways and pro-inflammatory factors
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such as cytokines, and ROS, described above (Grootjans et al, 2016). As
mentioned above, NF-κB, a master regulator of transcription in pro-inflammatory
pathways, has been found to be activated following the application of mechanical
strain to PDL cells (Ritter et al, 2007). NF-κB is activated in a process involving
IRE1α (ERN1) during ER stress, and inclusion of the PERK axis favours NF-κBdependent transcription (Deng et al, 2004; Tam et al, 2012).

The activation of the UPR in immune cells leads to cytokine secretion: ATF4 acts
to alter expression of IL6, while XBP1 binds to promotors of TNF and IL-6 in
macrophages (Li et al, 2005; Meares et al, 2014). Due to the involvement of UPR
in inflammation, there is interest in the UPR of mechanically strained PDL cells
as the UPR may be involved in OTM, as well as in the balance of immunemediated disease states, for which pharmaceutical potential may exist.

Further, a potential link between ER stress, inflammation and mechanical strain
has been identified in thoracic aortic aneurysm and dissection (Jia et al, 2015). A
study was conducted that detected excessive apoptosis and ER stress in
conjunction with inflammation in human and mouse samples of thoracic aortic
aneurysm/dissection, with expression of ER stress- and inflammation-related
genes (Jia et al, 2015). In this study, smooth muscle cells derived from mice were
also mechanically strained, and cells from DDIT3/CHOP-knockout mice were
resistant to mechanical strain-induced apoptosis (Jia et al, 2015). This is a key
article providing information on a potential link between mechanical strain,
inflammation and ER stress, which could be relevant to OTM.
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1.7.2 Methods of inducing and assessing endoplasmic reticulum stress

Experimental ER stress can be induced by the application of tunicamycin, which
blocks the initial phase in the synthesis of glycoproteins in the ER; or
staurosporine, a protein kinase inhibitor, as well as a variety of other agents such
as thapsigargin and palmitate (Bertrand et al, 1994; Guo et al, 2007; Oslowski
and Urano, 2011). The inhibition of protein kinase leads to accumulation of
unfolded glycoproteins, and subsequent ER stress (Oslowski and Urano, 2011).
ER stress may be detected via electron microscopy, with visible enlargement of
the ER lumen, or by real-time redox measurements (Akiyama et al, 2009;
Oslowski and Urano, 2011). ER stress results in specific patterns of cellular
proliferation and apoptosis, in addition to the regulation of specific genes, which
may be measured utilising polymerase chain reaction or Western blot techniques
(Boden and Merali, 2011).
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1.8 Summary and aims

This study will investigate a potential relationship between mechanical strain and
PDL cells cultured in a 3D hydrogel. While changes in apoptosis have been
identified in mechanically strained PDL cells in 2D cultures, the mechanism of
this has not been identified, and endoplasmic reticulum stress of strained PDL
cells has not been previously investigated.

The aims of this study are:
1. To validate a 3D-hydrogel model in which to culture human PDL cells
2. To examine cell viability and apoptosis following the application of
mechanical strain to PDL cells in 2D and 3D cultures
3. To examine and the expression of ER stress- and UPR-related genes
following the application of mechanical strain to PDL cells in 3D culture

In order to achieve these aims, primary cultures of PDL cells will be obtained
from premolar teeth (extracted from healthy individuals for orthodontic reasons).
Viability and apoptosis assays will be used to validate a 3D model for PDL cell
culture, prior to the application of mechanical strain to 2D and 3D PDL cell
cultures.
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2.1 Isolation and culture of periodontal ligament cells

The experimental sample comprised cultured human periodontal ligament (PDL)
cells. Ethical approval from the University of Otago Human Ethics Committee
(Reference H15/084) and consultation with the Ngāi Tahu Research Consultation
Committee was sought (Appendix 7.2 and 7.3; funding information from the New
Zealand Dental Research Foundation is provided in Appendix 7.4). Following
obtaining informed consent, PDL cells were collected from healthy premolar
teeth, free of caries and periodontal disease, which were extracted from four
healthy, non-smoking individuals for orthodontic reasons (Table 2.1) (refer to
Appendix 7.5 for participant information and consent forms). The premolar teeth
were treated following the protocol described by Somerman et al (1988) in order
to prepare a primary culture of PDL cells. Supplemented culture medium was
used, and consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) (high
glucose, GlutaMAXTM Supplement; Life Technologies Cat No 10569010), foetal
bovine serum (FBS) (10% of the total volume; Life Technologies Cat No
10091148), gentamicin (0.5% v/v ; Life Technologies Cat No 15710072) and
antibiotic-antimycotic reagent (1% v/v ; Life Technologies Cat No 15240062).

Following extraction under local anaesthesia, each premolar tooth was placed in
a 50 mL tube containing 5 mL of supplemented culture medium, pre-incubated
to 37 °C. The tooth was transported to the tissue culture room in a PC2 laboratory,
and handled in a laminar flow chamber using aseptic techniques. The laminar
flow chamber was subjected to sterilisation by UV light for 20 min, and surfaces
were sprayed with 70% ethanol.
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Table 2.1. Demographics of the participants.
Patient age

Gender

Ethnicity

Tooth

30

Male

Asian

45

15

Female

European

15

14

Male

European

14

*17

Female

Indian

35

(years)

* The PDL cells from the fourth participant proliferated at a rate much slower than that
of the other cell lines, so this cell line (PDLD) was not included in experiments

Using a scalpel blade, PDL tissue explants were collected from the premolar teeth
by instrumenting the middle third of the root surface. Explants were placed into
the four centre wells of 24-well tissue culture plates (Greiner, Kremsmünster,
Austria Cat No GR662160), with 1 mL of supplemented culture medium added
to each well prior to incubation of the plates at 37 °C in a humidified atmosphere
with 5% carbon dioxide/95% air. The medium was changed at three-day intervals,
and the tissue samples were routinely examined under a light microscope to assess
outgrowth of cells from the explants.

Once the cells were 70-80% confluent (Figure 2.1), they were lifted from the
culture plates by trypsinisation (Trypsin-EDTA [0.25%]; Life Technologies,
Carlsbad, CA, USA Cat No 25200072) and were passaged through a series of
culture flasks, with cells from each passage being cryopreserved for subsequent
experiments. The cells were cryogenically stored in freezing medium, consisting
of 70% supplemented culture medium, 20% FBS by volume and 10% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St Louis, MO, USA Cat No D4540).
Following trypsinisation the cells were centrifuged at 120 g for 5 min at 21 °C
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and the supernatant removed. The cell pellet was immediately resuspended in
freezing medium and aliquots (1 mL) were transferred to cryovials. The cells
were allowed to cool at approximately -1 °C per min in a cooling chamber placed
at -80 °C overnight. The cells were then transferred to liquid nitrogen for longterm storage. Cells of the fourth and fifth passage were used in all experiments.

Figure 2.1. Photomicrograph of confluent PDL cells. Scale bar: 100 µm
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2.2 Immunocytochemistry

Immunocytochemistry was utilised in order to confirm the phenotype of the cells.
Cell counting was carried out to ensure that cells would be seeded at a uniform
seeding density (8000 cells/cm2). Trypan Blue solution (Gibco, Life
Technologies, Carlsbad, CA, USA Cat No 15250061) was used to differentiate
between live/non-viable cells. Following trypsinisation, a suspension of cells (15
µL) was combined with Trypan Blue (15 µL). The solution was transferred to a
haemocytometer, which was viewed using a light microscope (magnification 100
x). The live cells in each of the 18 small haemocytometer grids were counted (live
cells appear clear, in contrast to dark blue non-viable cells). The total number of
live cells counted was divided by 18 (the number of small grids counted), and
multiplied by two (the dilution factor). The total cell count is x cells/mL x 104.

Following cell counting, cells were seeded onto chamber slides (NUNCTM LabTekTM II, ThermoFisher Scientific, Waltham, MA, USA Cat No NUN154453) at
a concentration of 8000 cells per cm2 in 3 mL of supplemented medium. Five
slides were prepared for each of the four cell lines, and were incubated, with the
medium being changed every three days until 80% confluent. Subsequently, the
medium was removed, and the surface washed with sterile phosphate-buffered
saline (PBS). Following removal of the PBS, the slides were placed in pre-cooled
acetone for 10 min (in an ice bath), air-dried for 30 sec, and washed with PBS.
The slides were stored in a slide box at 4 °C prior to immunocytochemical
staining.
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To confirm cell lineage, the cells were stained with three antibodies: vimentin
antibody (2.5 µg/mL, 790-2917, Ventana, Tuscan, AZ USA), to confirm
mesenchymal lineage of the cells; pan-cytokeratin antibody (46.3 µg/mL, 7602595, Ventana, Tuscan, AZ USA), to exclude epithelial lineage of the cells, and
pre-diluted anti-mouse IgG1 isotype (760-1029, Ventana, Tuscan, AZ USA), as
the negative control.
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2.3 Transition from monolayer to 3D culture

The Hystem-C Hydrogel Kit (Cat No GS313; Esi-Bio, Alameda, CA USA), a
thiol-modified hyaluronan-gelatin, PEDGA cross-linked hydrogel, was selected
as the scaffold in which to culture PDL cells in three-dimensions. The kit
comprised the following components:
-

Thiol-modified sodium hyaluronate (Glycosil)

-

Thiol-modified gelatin (Gelin-S)

-

Polyethylene glycol diacrylate (Extralink)

-

Degassed deionised (DG) water

All components were brought to room temperature prior to use. Under aseptic
conditions, a syringe was used to reconstitute the Glycosil and Gelin-S
constituents in DG water in a 1:1 ratio. The vials containing reconstituted
Glycosil and Gelin-S were shaken for at least 40 min to allow the solid
components to fully dissolve. The Extralink component was then reconstituted
with DG water in a 1:1 ratio, and the bottle was inverted several times to allow
dissolution of solid. Within two hours of reconstitution of the Extralink (which
rapidly gels), equal volumes of Glycosil and Gelin-S were combined in a 15 mL
tube. Extralink was then added to the Glycosil-Gelin-S mixture in a volume ratio
of 1:4. PDL cells were reconstituted in the appropriate volume of hydrogel
solution (200 µL) and placed at 37 °C in a humidified atmosphere with 5% carbon
dioxide/95% air for one hour to allow gelation to occur. Supplemented medium
(3 mL) was added to the cell-hydrogel constructs after this time.

46

2.4 Cell/gel construct recovery from flexible-bottomed plates

In order for cell/gel constructs to be assessed using biochemical assays, the
constructs must be transferred to standard tissue culture plates. The flexiblebottomed Tissue Train culture plates are not compatible with conventional plate
readers due to the size of their base. Therefore, the constructs were transferred to
48-well tissue culture plates in order to allow fluorescence or luminescence
readings. In order to transfer cell/gel constructs, the medium was removed from
each well and each construct was lifted from the flexible-bottomed well using a
sterile interproximal carver dental restorative instrument (Figure 2.2). Due to
clear culture plates allowing dissipation of luminescent signal between wells,
constructs were plated in an alternating layout with experimental wells spaced
sufficient apart in order to minimise communication of signal between samples.
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Figure 2.2. Transfer of cell/gel constructs from flexible-bottomed culture plate.
Each 48-well plate contained two constructs from the strained flexible-bottomed plate
(red wells), and two constructs originating from the equivalent non-strained control plate
(green). Note the empty wells remaining between constructs to minimise communication
of luminescent signals between samples
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2.5 Application of mechanical strain

The cells were mechanically strained using a computer-regulated bioreactor, the
Flexercell FX-4000TM strain unit (Flexcell Corporation, Hillsborough, NC USA),
which utilises vacuum pressure to apply controlled, validated strain at a precise
level to cultured cells (Figure 2.3). The unit allows the user to select the frequency
and time period of strain, as well as the strain level – defined by the elongation
of the substrate surface. Strain is applied to cells via vacuum deformation of the
flexible silicone elastomer base of specially designed culture plates. A
compressor is required to create the vacuum. Figure 2.4 indicates the system by
which tension is applied to cultured cells. When the strain unit is active, the
flexible base of the culture plate is deformed across a cylindrical loading post,
which results in equibiaxial tension.

Figure 2.3. The Flexercell FX-4000 strain unit. The unit is composed of a baseplate
(arrow), in which circular loading stations and the culture plates are placed within a tissue
culture incubator. Modified from Flexercell International Corporation
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Figure 2.4. Representation of the side view of the Flexercell strain unit. The upper
images display the system at rest; while the lower diagrams indicate an active vacuum
that results in deformation of the flexible base of the culture plate across a cylindrical
loading post. This membrane deformation results in equibiaxial tension. Modified from
Flexercell International Corporation

Cells were subcultured into 35 mm 6-well Tissue Train Circular Foam Collagen
Type 1 Culture Plates (Flexcell Corporation, Hillsborough, NC, USA Cat No
TTCF-5001C) (Figure 2.5), in either monolayer or hydrogel constructs. The base
of these plates is composed of a flexible silicone elastomer, and foam rings
surround the edge of each well to allow a circular region in which cell/gel
constructs can be created. Strained (test) plates were subjected to static
equibiaxial tensile strain, at a level of 18% substrate elongation for 24 hours (as
seen in Figure 2.6), while unstrained control plates were housed within the same
incubator for the entire duration of the straining period.
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Figure 2.5. Six-well circular foam collagen type 1 culture plate, as used in
mechanical strain experiments

Figure 2.6. Flexcell software used to control the strain regimen
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3.1 Introduction

As outlined in Chapter 1, cells cultured in two-dimensional models are unlikely
to be representative of the complex in vivo environment, and three-dimensional
(3D) hydrogel constructs have been developed to improve the relationship of an
in vitro model with the true in vivo situation (Baker and Chen, 2012). However,
the 3D culture model presents additional challenges when compared to a
monolayer model.

Before any experimental model can be used to study cell behaviour, a number of
variables need to be considered. This chapter intends to present the validation of
the model that was used to explore gene expression of PDL cells following the
application of mechanical strain. Following phenotyping of the primary cell
culture, variables including primary PDL cell phenotyping, suitable cell seeding
densities and cell viability over time were assessed. Phenotyping of primary cell
cultures of PDL is required due to the heterogeneous cell population located
within PDL tissue, as outlined in Chapter 1.1. While immortalised cell lines may
allow more uniformity across studies, primary cultures of PDL cells maintain the
functional and phenotypic heterogeneity at early passages, and may better
represent the in vivo environment (Marchesan et al, 2011). However, tissue
contamination can occur during the harvesting of primary PDL cell lines, so a
phenotyping process was carried out in this study (Marchesan et al, 2011). The
use of biochemical assays also needs to be validated each time the volume and/or
ratio of hydrogel used in a cell/gel construct is altered. These experiments are

54

essential in providing confidence that a specific model will provide meaningful
data.

Although studies describing the use of a 3D culture of human PDL cells have
been published, little information is available on the validation of the core
methodology used in these experiments. Validation of cell seeding density and
viability over time is essential in order to provide confidence with the model used
for subsequent experiments.

3.1.1 Protocols for cell seeding into hydrogel used in published studies

While various published studies have involved culture of PDL cells in 3D
constructs, there has been variation in the source species of cells (e.g. human PDL
vs. rat PDL cells) and the type of 3D culture scaffolds utilised (Oortgiesen et al,
2012; Alves et al, 2015). In one study, the freshly extracted donor teeth were
exposed to the general environment for up to four hours prior to being placed into
medium and tissue samples being collected – however it is known that PDL cells
necrose rapidly, within two hours of extra-oral dry time (Soder et al, 1977; Wang
et al, 2005).

PDL cells have been cultured and mechanically strained in a thiol-modified
hyaluronan-gelatin, PEGDA cross-linked hydrogel (Hystem-C Hydrogel; EsiBio, Alameda, CA, USA) in previously published studies (Saminathan et al,
2013; Saminathan et al, 2015). While the cell seeding density and time in culture
pre-strain were reported in these studies, little information was available as to the
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rationale behind the selection of these protocols and the validation procedures
that were conducted prior to experimentation. In experiments in which PDL cells
were exposed to cyclic mechanical tension, cells were seeded in hydrogel at 2.5
x 106 cells per mL (the equivalent of 500,000 cells per 200 µL hydrogel) and
strain was applied for six hours per day for up to 21 days (Saminathan et al, 2013).
The same group also compressed PDL cells in hydrogel matrices, following
seeding cells into hydrogel at a concentration of 5 x 106 cells per mL and culturing
cells for 14 days prior to strain (Saminathan et al, 2015). The number of cells
seeded into hydrogel constructs is an important experimental consideration, as
adequate cell levels must be present to allow the use of selected assays, and
sufficient levels of mRNA are required if downstream gene expression
experiments are to be undertaken. Although these studies provide some guidance
in the formation of a model in which to culture PDL cells in 3D constructs, further
information is necessary to provide confidence in the experimental parameters
selected for the model.

3.1.2 The use of assays to assess cell viability in 3D culture

The measurement of cell viability is one of the most important assessments in
tissue culture in order to assess long-term cell survival and responses to
experimental stimuli. Changes in cell viability can be indicative of aberrations in
cellular environments, for example of culture medium or of the culture itself.
Numerous cell viability biochemical assays are available, including colorimetric
and luminescent methods, however not all are compatible or designed for use
with 3D culture systems. Standard colorimetric/fluorescent assays are based on
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the reduction of resazurin – for example PrestoBlue Cell Viability Reagent (Life
Technologies, Carlsbad, CA, USA Cat No A13262). Viable cells reduce nonfluorescent resazurin to resorufin, which is fluorescent. This conversion is
proportional to the number of viable, metabolically active cells that are present.
It is thought that resazurin is reduced in the cytoplasm of viable cells, before being
excreted into medium as resorufin (O' Brien et al, 2000).

In 3D cell culture, cell matrices and cell-to-cell junctions can alter the diffusion
and uptake of dye, which may affect the results of a resorufin-based assay (Walzl
et al, 2014). In contrast to resorufin-based assays, luminescent assays generate a
detectable signal by the conversion of luciferin into light in the presence of ATP
and luciferase – the signal generated is proportional to the concentration of ATP
present. Modifications to allow the use of these assays in 3D cultures have been
made by the addition of detergents that are optimised to lyse cells and allow the
release of ATP. However, this results in the reagents only being able to be used
as end-point assays, in contrast to resorufin-based reagents such as PrestoBlue
Cell Viability Reagent. CellTiter-Glo 3D Cell Viability Assay (Promega,
Madison, WI, USA Cat No G9681) is an example of a detergent-containing
luminescent assay used to assess cell viability.

3.1.3 The use of assays to assess caspase activity in 3D culture

The activity of caspase-3 and -7 can be measured in vitro by the use of specific
assays. For example, the Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA
Cat No G8091) is a homogenous, luminescent assay that provides a luminogenic
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substrate to caspase-3/7, resulting in cell lysis following its addition to cultured
cells, followed by caspase cleavage of the substrate and the generation of a
luminescent signal produced by luciferase. The luminescence produced is
proportional to the caspase activity present. This assay is validated for use in 3D
cultures, and contains a detergent in order to lyse cells similar to CellTiter-Glo
3D Cell Viability Assay. The Caspase-Glo 3/7 Assay has previously been used in
a similar independent study, to assess the caspase activity of PDL cells cultured
in hydrogel that were subjected to cyclic compressive force for up to 24 hours
(Saminathan et al, 2015).
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3.2 Aims

To validate a model for the culture of human PDL cells in 3D hydrogel constructs,
to allow the application of mechanical strain, by:
1. Confirming the appropriateness of the use of two luminescent assays
for the assessment of cell viability and caspase-3/7 activity in cell/gel
constructs.
2. Assessing the effect of cell seeding density in hydrogel on cell
viability and caspase-3/7 activity.
3. Confirming the time in culture required by cells to establish
themselves in hydrogel (i.e. the time required by cells prior to the
application of mechanical strain in future experiments).
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3.3 Method

3.3.1 Confirmation of the cell phenotype

Immunocytochemistry was utilised in order to confirm the phenotype of each of
the three primary cell lines, as described in Chapter 2.

3.3.2 Biochemical validation of the selected assays

Validation of the cell viability and caspase-3/7 activity assays was carried out in
order to confirm their suitability for use on PDL cells cultured in the selected 3D
hydrogel construct. Cells from one representative cell line (PDLC) were cultured
to confluency, and seeded in hydrogel constructs at a concentration of 2.5 x 106
cells/mL (following the seeding density presented by Saminathan et al (2013)) in
48-well tissue culture plates, with 500,000 cells in 200 µL of hydrogel per well.
Additional cell-free constructs of hydrogel were plated as controls, in order to
detect any background luminescent signal from the hydrogel matrix.
Supplemented medium (1 mL) was added to each well after allowing 1 hour for
gelation to occur (as described in Chapter 2). Constructs were incubated for up to
48 hours, and assay readings were taken from duplicate wells at zero, 6, 12, 24
and 48 hours.

Two luminescent assays were used in these experiments: CellTiter-Glo 3D Cell
Viability Assay and Caspase-Glo 3/7 Assay. The protocols recommended by the
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manufacturer were followed. The CellTiter-Glo 3D Cell Viability Assay was
thawed at 4 °C overnight and equilibrated to room temperature prior to use. The
assay was added to samples at a 1:1 ratio according to the volume of the sample:
the supplemented medium was removed from each well and 200 µL of assay
reagent was added to each of the 200 µL cell/gel constructs. The culture plate
containing the construct and reagent was mixed vigorously for five min to induce
cell lysis and allow extraction of ATP from cells. To stabilise the luminescent
signal, the plates were incubated for an additional 25 min. The luminescent
signals were read and subsequently recorded using a plate reader (Synergy 2
Multi-Mode Reader, BioTek, Winooski, VT, USA).

The Caspase-Glo 3/7 Assay consists of two separate components: a buffer and
lyophilised substrate, which need to be combined prior to use. The contents of the
buffer solution were transferred into the bottle containing the substrate, and the
solution combined by gentle swirling. The protocol for use of the Caspase-Glo
3/7 reagent is similar to that of CellTiter-Glo 3D Cell Viability Assay. The
Caspase-Glo 3/7 reagent was equilibrated to room temperature, before being
added to cell/gel constructs in a ratio of 1:1. The plate containing the reagent and
sample was shaken at 300-500 rpm for 30 sec, prior to incubation at room
temperature for one hour. The luminescent signals were then read and recorded
using a plate reader. Due to clear culture plates allowing transfer of luminescent
signal between wells, constructs were plated in an alternating layout when either
assay was used in order to minimise communication of luminescent signal
between samples.
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3.3.3 Validation of appropriate PDL cell seeding density

A study of the appropriate seeding density of PDL cells cultured into hydrogel
constructs was conducted in order to ascertain the most optimal number of cells
per gel sample. The selected seeding density must provide a balance between cell
viability, caspase activity, and mRNA levels to allow for future quantitative realtime PCR experiments.

Cells from one representative cell line (PDLC) were cultured to confluency prior
to being seeded into hydrogel constructs at three different concentrations:
500,000 cells/200 µL of gel construct (seeding group A); 250,000 cells/200 µL of
gel construct (seeding group B), and 50,000 cells/200 µL of gel construct (seeding
group C). Cell/gel constructs were subcultured into 48-well tissue culture plates,
and incubated for up to 72 hours. Cell viability and caspase-3/7 activity data were
collected from duplicate wells at zero, 24, 48 and 72 hours using CellTiter- Glo
3D and Caspase-Glo 3/7 assays, following the protocol above.

3.3.4 Assessment of cell viability over time and mRNA extraction from
cell/hydrogel constructs cultured on plastic and collagen-coated plates

The validation procedures carried out in sections 3.3.2 and 3.3.3 utilised standard
plastic culture plates, however cells must be subcultured into collagen-coated
flexible-bottomed culture plates to allow the application of mechanical strain in
future experiments. In order to compare cell viability on collagen-coated plates
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and to ensure adequate mRNA could be extracted from cell/gel constructs, further
validation procedures were conducted.

Cells from one representative cell line (PDLA) were plated on either standard 6well plastic culture plates (Greiner Bio-One, Kremsmünster, Austria Cat No
M8562-100EA) or type I collagen-coated 6-well culture plates (Greiner Bio-One,
Kremsmünster, Austria Cat No GR657950). PDL cells were seeded at 250,000
cells per 200 µL of hydrogel, and 3 mL of supplemented medium was added to
each well and changed every three days. Cells were cultured for a total of 12 days
after being seeded into hydrogel constructs. Qualitative assessments were made
using light microscopy each day, noting cell morphology, orientation and
confluency. Cell viability was assessed at days 7, 10 and 12 using PrestoBlue Cell
Viability Reagent, which allowed for continual monitoring in contrast to the endpoint CellTiter-Glo 3D Cell Viability Assay. PrestoBlue Cell Viability Reagent
was added to cells in culture medium in a ratio of 1:9; therefore for 200 µL of
cell/gel with an additional 3 mL of fresh supplemented medium (total of 3.2 mL),
356 µL of reagent was added. Following addition of the reagent, plates were
incubated at 37 °C for five hours. Wells containing medium only were used as
controls to detect any background fluorescence created by supplemented
medium. Fluorescence was read using a plate reader, at 540 nm excitation and
610 nm emission.

At day 12, cell/gel constructs were collected from both plate types and RNA
extraction procedures were carried out – the protocol for this procedure and
results are presented in Chapter 5.
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3.3.5 Statistical analysis

GraphPad Prism 7 for Mac OS X (La Jolla, CA, USA) was used for data analysis
and presentation. The non-parametric Wilcoxon test was used for comparisons
between groups, and results were considered significant when p < 0.05.
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3.4 Results

3.4.1 Confirmation of the cell phenotype

Positive staining was evident on slides stained with anti-vimentin for each cell
line, indicating mesenchymal lineage of the cells (Figure 3.1). A lack of staining
in response to pan-cytokeratin antibody confirms that the cells did not have an
epithelial lineage from contamination from adjacent gingival mucosa. The
appearance of anti-cytokeratin slides was similar to those of the negative control
(anti-mouse IgG1 isotype).

Figure 3.1. Human periodontal ligament cell phenotyping. Cells were stained
brown with anti-vimentin, while no specific staining was evident on slides stained with
pan-cytokeratin antibody or IgG1 isotype (negative control). Scale bar: 100 µm
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3.4.2 3D cell/hydrogel biochemical assay validation

The cell viability correlated with the caspase-3/7 activity data: measurements
collected over 48 hours indicated that cell viability initially increased rapidly
between zero to six hours, before peaking at 12 hours and decreasing between 12
to 48 hours (Fig 3.2). In contrast, caspase-3/7 activity increased as cell viability
decreased, peaking at 48 hours. More variation was observed in the caspase-3/7
activity than the cell viability data. Low luminescent readings were observed in
the cell-free gel samples at all time points, indicating that the hydrogel does not
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Figure 3.2. Cell viability and caspase-3/7 activity. Data from duplicate samples
were collected over 48 hours. From 10 hours, the relationship between cell viability and
caspase activity was inversely proportional. Cell-free gel samples were included as
background controls. RLU: relative luminescent units. Error bars represent SD
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3.4.3 Validation of appropriate PDL cell seeding density

The effect of PDL cell seeding density on cell viability and caspase-3/7 activity
over 72 hours is presented in Figure 3.3. Cell viability, measured using CellTiterGlo 3D Cell Viability Assay, peaked for cell concentration groups A (500,000
cells cells in 200 µL of gel) and B (250,000 cells in 200 µL of gel) at 24 hours,
followed by a reduction in viability up to 72 hours, with similar luminescent
signals at this time point between these two groups. In contrast, the viability of
cell concentration group C continued to increase at a slower rate up to 72 hours.
At 72 hours, there was no significant difference in the cell viability between those
constructs containing 500,000 cells cells/200 µL of gel, and those containing
250,000 cells/200 µL of gel (p = 0.667).

Caspase-3/7 activity displayed greater variation in luminescent readings than did
the viability data, following the trend observed in section 3.4.2. Group A, with
the highest cell concentration, displayed the greatest level of caspase-3/7 activity
of all samples, at 24 hours, however the greatest variability was also observed
(coefficient of variation = 36.3%). Group B displayed less variation in caspase3/7 activity (coefficient of variation = 2.6% at 24 hours), with more consistent
levels from 24 to 72 hours, while group C displayed comparatively low caspase3/7 activity.
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Figure 3.3. Seeding density evaluation. The seeding density of cells in hydrogel
constructs was assessed using cell viability (CellTiter-Glo 3D Cell Viability Assay)
(Figure 3.3A) and caspase activity (Caspase-Glo 3/7 Assay) (Figure 3.3B) over 72 hours.
Each point represents two duplicate samples. RLU: relative luminescent units. Error bars
represent SD of duplicate measurements.
A = 500,000 cells in 200 µL of gel (2.5 x 106 cells per mL) (plotted in red)
B = 250,000 cells in 200 µL of gel (1.25 x 106 cells per mL) (plotted in blue)
C = 50,000 cells in 200 µL of gel (2.5 x 105 cells per mL) (plotted in green)
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A PDL cell seeding density of 250,000 cells in 200 µL of gel (group B) was
selected for use in future experiments. This seeding density provided a balance
between cell viability (being similar to that of group A at 72 hours), with lower
levels of and less variation in caspase-3/7 activity.

3.4.4 Assessment of cell viability of cell/hydrogel constructs cultured on
plastic and collagen-coated plates

Viability. At each of the measured time points, the viability of cells in hydrogel
constructs cultured on type I collagen-coated plates was greater than those
cultured in hydrogel constructs on plastic culture plates, however these
differences were not statistically significant (p > 0.05 at each time point) (Figure
3.4). Greater variability in cell viability levels were observed in samples cultured
on plastic plates, with the coefficient of variation ranging from a minimum of
20.4% at seven days, with a maximum of 41.2% at ten days. In contrast, the
coefficient of variation of samples cultured in collagen-coated plates ranged from
3.6% at day 12 to 10.1% at day seven. Wells containing only supplemented
medium acted as controls and displayed consistently low levels of fluorescence,
indicating that the medium does not contribute substantial background
fluorescence.
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Figure 3.4. Culture surface and cell viability comparison. Note that cell viability
readings were greater for cell/gel constructs cultured on collagen-coated plates than
plastic plates at all time points, and less variation is observed in cell viability readings on
collagen-coated plates. Cell-free constructs acted as controls for background
fluorescence measurements (plotted in green). RFU: relative fluorescent units. Error bars
represent SD of triplicate measurements

Cell Morphology. Light microscopy was used to detect visual changes in cell
morphology, orientation and number following the transition of cells into
hydrogel constructs. Photomicrographs were taken daily, and images from
selected days are presented in Figure 3.5. At day two in hydrogel culture, PDL
cells cultured on collagen-coated plates began to appear more spindle-shaped,
however the majority of cells on both plate types remained round. There was a
continual increase in morphological changes – the first visible sign of spindleshaped cells on plastic plates was observed at day three, 24 hours behind cells

70

cultured on collagen-coated plates. The spindle-shaped cells reached confluency
at day six on collagen-coated plates, and day eight on plastic culture plates. The
morphological changes of cells in hydrogel constructs plated in collagen-coated
plates was more advanced than that of cells in plastic plates at all time points.
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Figure 3.5. Photomicrographs of PDL cells cultured in hydrogel on either plastic
or type I collagen-coated plates over ten days. At day two cells on collagen-coated
plates began to demonstrate a change in morphology (indicated by arrow). Note that the
images taken at day three show the outer border of the hydrogel. Over time, cells passed
this border. Scale bar: 100 µm
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3.5 Discussion

In order to create a 3D culture model that can be used to represent a cell
population of interest in their native environment, a clear understanding of how
the cells behave is necessary, as well as ensuring that biochemical assays used to
measure such behaviour are valid.

Immunocytochemistry confirmed the phenotype of the primary cell lines
collected from extracted human premolar teeth - although the cell population in
the periodontal ligament is heterogeneous (as described in Chapter 1), it was
shown that the cultured cells from each cell line were of mesenchymal lineage,
without epithelial contamination.

The use of hydrogel constructs in tissue culture has led to a need for the
development of assays that are compatible for use with 3D systems. There are
limited published examples of the application of such biochemical assays with
3D hydrogel constructs, particularly with regards to PDL cells. Thus it was
necessary to validate the use of two selected assays: CellTiterGlo-3D and
Caspase-Glo 3/7, in this cell population. Both assays were initially applied to
cell/gel constructs that had been cultured for up to 48 hours, and it was found that
neither assay bound to the hydrogel itself, resulting in minimal background
luminescence that would not confound results. As cell viability reduced, caspase3/7 activity increased, as anticipated, indicating that the assays were functioning
well. A limitation of these assays is that they are end-point reagents, requiring
multiple separate samples of cell/gel constructs in experiments with numerous
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time points, and to allow for replicates, which potentially introduces variability.
However, each cell/gel construct was pipetted individually into a well of a culture
plate and thus comprised its own population of cells in a unique environment. It
is not possible to be confident that multiple cell/gel constructs in different wells
on a single culture plate are identical. However, good time point duplication was
consistently found.

A sufficient number of cells must be present within a cell/gel construct in order
for the construct to be a model of an in vivo environment. Additionally, an
appropriate number of cells is required to allow adequate metabolism of assay
reagents and sufficient extraction of mRNA to be used in downstream gene
expression studies. Initially, for assay validation, a cell seeding density of 2.5 x
106 cells per mL was used, following the protocol outlined by Saminathan et al
(2013). However, once it was identified that the assays were appropriate for use
in 3D constructs of PDL cells, it was sought to confirm the ideal cell seeding
density at which a balance between cell viability and caspase-3/7 activity existed.
At a cell seeding density of 2.5 x 106 cells per mL, as used in other investigations,
caspase-3/7 activity levels were the greatest, and additionally there was more
variation in these results. After 72 hours, there was no significant difference (p =
0.667) in the cell viability between those constructs containing 500,000 cells/200
µL of gel and those with 250,000 cells/200 µL of gel. Following these findings,
cells were plated at 250,000 cells in 200 µL of hydrogel (i.e. 1.25 x 106 cells per
mL), providing a balance between cell viability with lower levels of and less
variation in caspase-3/7 activity. Excessive cell numbers are not necessary and
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additionally create a risk of requiring a high number of cell passages, which can
result in alterations in the characteristics of PDL cells (Itaya et al, 2009).

As the ideal cell seeding density found in this study varied from that published
by Saminathan et al (2013), it was also sought to confirm the appropriate number
of days to culture cells following their transition into hydrogel constructs prior to
commencing experimentation with mechanical strain. Culture plates coated with
type I collagen were used in these trials, as the flexible-bottomed plates used
during strain experiments contain a similar coating, and previous experiments had
been performed on standard plastic tissue culture plates, which may affect
attachment and proliferation of cells. Quantitatively, it was found that the
proliferation of cells in hydrogel was greater and less variable on collagen-coated
compared to plastic plates. Additional qualitative data assessed cell morphology,
at each day, until 12 days in culture: a greater proportion of cells plated on
collagen-coated plates were developing the typical spindle-shaped PDL cell
morphology. These findings indicate the necessity of utilising collagen-coated
plates in validation experiments when it is planned to use similarly coated plates
for mechanical strain testing. However, variation is likely to exist between
primary cell lines derived from different individuals. Cell line PDLA was utilised
for the assessment of cell viability over time, while cell line PDLC was used to
validate the selected biochemical assays and seeding density. The use of different
cell lines may potentially result in variable results, though both cell lines were
observed qualitatively to behave similarly.
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3.6 Summary

This chapter investigated the development and validation of a model in which to
culture PDL cells within a 3D hydrogel construct for downstream mechanical
strain and assessment of gene expression, using reproducible biochemical and
morphological techniques.

The use of two luminescent assays was confirmed to be appropriate with PDL
cell/gel constructs, and an optimal cell seeding density, which represented a
balance between cell viability and caspase activity was identified. Furthermore,
it was found that cells in hydrogel constructs proliferated more rapidly on
collagen-coated plates, with an even spread of morphologically correct cells after
six days in culture. A cell conditioning time of seven days was therefore
determined to be the optimal period of time at or after which downstream
mechanical experiments should be performed.
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4.1 Introduction

Previous studies have identified a transient increase in apoptosis and the
expression of apoptosis-related genes in mechanically strained PDL cells in
monolayer culture, however the mechanism behind this apoptosis response has
not been identified (Wescott et al, 2007; Pinkerton et al, 2008; Saminathan et al,
2012). The differential expression of 84 genes involved in the apoptotic pathway
by cultured PDL cells subjected to cyclic strain has been quantified (Xu et al,
2011). It was found that both caspase-8 and caspase-9 signalling pathways might
contribute to apoptosis in PDL cells in response to strain, with caspase-8 being
involved in early apoptosis, and caspase-9 in the intrinsic apoptosis pathway (Xu
et al, 2011). The authors identified a number of genes that displayed differential
expression in response to strain, including pro-apoptotic and anti-apoptotic genes,
indicating a subtle balance of survival in strained cells, which warrants further
investigation, including that of other caspases (Xu et al, 2011).

More information is needed regarding the relationship between apoptosis and cell
viability under mechanical strain, and as two-dimensional (2D) monolayer
culture models are unlikely to be representative of the complex in vivo
environment, cell culture investigations should also be conducted in threedimensional (3D) culture systems (Baker and Chen, 2012). Minimal existing data
is available on the viability and caspase responses of PDL cells in 3D culture
subjected to mechanical strain, and a wide variety of experimental protocols have
been used in strain experiments on both 2D and 3D cultures, so the ability to draw
conclusions is limited. Thus far viability and caspase results gained from studies
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in 3D cultures have been compared to data gained from monolayer studies, but
protocols and cell lines differ between studies: ideally cells derived from the same
source would be used with the same protocol in order to assess the potential
influence of 3D culture.
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4.2 Aims

1. To assess cell viability and caspase-3/7 activity of mechanically strained
PDL cells in monolayer culture, as compared to unstrained controls.
2. To assess cell viability and caspase-3/7 activity of mechanically strained
PDL cells cultured in hydrogel constructs, as compared to unstrained
controls.
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4.3 Method

Four experimental groups of PDL cells were used in this study:
-

Cells cultured in monolayer were mechanically strained following being
cultured on flexible-bottomed plates, with unstrained controls cultured in
parallel.

-

Cells were seeded into hydrogel constructs and also mechanically
strained, with unstrained control cell/gel constructs cultured in parallel.

4.3.1 Preparation of two-dimensional monolayer cell cultures

Three primary PDL cell lines (PDLA, PDLB and PDLC) were utilised in this
study, derived from the PDL tissue surrounding premolar teeth extracted from
three individuals undergoing orthodontic treatment. PDL cell lines were
harvested and subcultured as outlined in Chapter 2.1, and fourth and fifth passage
cells were used in all experiments.

In brief, cells from each line were cultured to confluency in tissue culture flasks,
with supplemented medium as described in Chapter 2.1. In order to apply
mechanical strain to cultured cells using the Flexercell FX-4000 strain unit
(Flexcell Corporation, Hillsborough, NC, USA), cells must be sub-cultured onto
six-well flexible-bottomed Tissue Train culture plates (Circular Foam Collagen
Type 1 Culture Plates, Flexcell Corporation, Hillsborough, NC USA Cat No
TTCF-5001C). Confluent cells were detached from the culture flasks with 0.25%
trypsin (Trypsin-EDTA; Life Technologies, Carlsbad, CA, USA Cat No
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25200072). Viable cells were stained with 0.4% Trypan Blue solution (Gibco,
Life Technologies, Carlsbad, CA, USA Cat No 15250061) before being counted
using a haemocytometer, as outlined in Chapter 2.2.

For each strain experiment, two plates were prepared: one was strained and the
other provided the unstrained control samples. The well layout for each plate is
shown in Figure 4.1. The PDL cells were plated into the wells of the Tissue Train
plates at a density of 3 x 105 cells per well, with 3 mL of supplemented medium,
following a protocol previously established in this laboratory (Wescott et al,
2007; Pinkerton et al, 2008; Saminathan et al, 2012).

Figure 4.1. The well layout of the flexible-bottomed Tissue Train culture plates.
For each strain experiment, two paired plates were prepared: one was strained and formed
the test samples, and the other provided the unstrained control samples. Following the
strain period, cell populations from two wells on each plate were collected for assessment
of: A - cell viability; B – caspase activity; C – mRNA

To determine the time in culture needed for PDL cells to recover following the
transition into Tissue Train plates, cell viability was monitored daily using

84

PrestoBlue Cell Viability Reagent (Life Technologies, Carlsbad, CA, USA Cat
No A13262) before the application of mechanical strain. PrestoBlue reagent was
added to wells containing fresh supplemented medium at a ratio of 1:9 i.e. 333
µL of reagent, and an assay incubation time of two hours was used. Wells
containing medium only were used as controls to detect any background
fluorescence created by supplemented medium. Following incubation, the
medium containing the reduced PrestoBlue reagent was removed from each
individual well, and transferred into a 24-well tissue culture plate. Fluorescence
readings were taken using a plate reader (Synergy 2 Multi-Mode Reader, BioTek,
Winooski, VT USA), at 540 nm excitation and 610 nm emission. Fresh medium
was added to each well of the Tissue Train plates following a PBS wash, and
plates were returned to the incubator. Cell viability readings were repeated every
24 hours until the cell proliferation rate was observed to increase. Test plates were
then strained following this observation, as described in Chapter 2.4.

4.3.2 Post-strain cell viability and caspase-3/7 activity in monolayer
cultures

In order to assess cell viability following the completion of the 24-hour
mechanical strain protocol, PrestoBlue Cell Viability Reagent was added to two
wells per plate. The protocol described in Section 4.3.1 was followed.

Caspase-3/7 activity was also determined using Caspase-Glo 3/7 Assay
(Promega, Madison, WI, USA Cat No G8091). The monolayer cultures were
lifted from the flexible-bottomed plates via mechanical disruption using a cell
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scraper (Greiner, Kremsmünster, Austria Cat No C5981). Fresh supplemented
medium (200 µL) was then added, and the resultant cell suspension was collected
using a pipette, and transferred to a new 48-well tissue culture plate. Caspase-Glo
3/7 Assay reagent was added to each sample at a 1:1 ratio. The plates were shaken
for 30 sec, and then incubated at room temperature for one hour prior to
luminescence signals being read and recorded.

4.3.3 Preparation of cell/gel constructs

To assess the effect of mechanical strain on 3D cell cultures, cells from each of
the three cell lines were prepared and cultured on flexible-bottomed plates as
cell/gel constructs. As outlined in Chapter 3, a seeding density of 250,000 cells
in 200 µL of hydrogel was selected. A volume of 200 µL of hydrogel per well
(Hystem-C Hydrogel Kit, Esi-Bio, Alameda, CA, USA Cat No GS313) was
selected, based on the working volume of the culture plate wells, accounting for
the addition of 3 mL of supplemented medium to each well, as per the
recommendation of the manufacturer of the Tissue Train plates. Therefore
1.5x106 cells were required in total per Tissue Train plate (250,000 cells per well).

Following cell counting, cells were reconstituted in hydrogel and subsequently
plated onto the Tissue Train culture plates. Two plates were used per cell line:
one strained plate and one non-strained control (Figure 4.1). The cell/gel
constructs were then incubated at 37 °C in a humidified atmosphere with 5%
carbon dioxide/95% air for one hour to allow gelation to occur. Supplemented
medium (3 mL) was then added to each of the cell-hydrogel constructs. The
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supplemented medium was changed after 24 hours, and subsequently every two
days, following assessment of cell viability (as described in Section 4.3.4) and a
PBS wash.

Test and control plates for the cell/gel constructs were prepared and run in
triplicate for cell line PDLA (technical replicates), and once for cell lines PDLB
and PDLC (biological replicates) (Figure 4.2).

Figure 4.2. Experimental layout. Strain experiments with unstrained controls were
performed on cell line PDLA in triplicate, while lines PDLB and PDLC were strained
once

4.3.4 Assessment of cell viability prior to the application of mechanical
strain

As presented in Chapter 3, cell viability had been identified as initially reducing
following the transition of cells into hydrogel constructs. The viability of cells
was therefore monitored until they had recovered, and an increase in viability was
observed, before mechanical strain was applied. PrestoBlue Cell Viability
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Reagent was used for this purpose. The medium was replaced with fresh
supplemented medium, and the PrestoBlue reagent was added at a ratio of 1:9
(356 µL : 200 µL of cell/gel with 3 mL of supplemented medium). Following
addition of the reagent, plates were incubated at 37 °C for five hours - the reagent
requires more time to be reduced from resazurin to resorufin in 3D culture
systems in comparison to monolayer cultures. Following the incubation period,
the medium containing PrestoBlue reagent was removed from each individual
well, and transferred into a 24-well tissue culture plate for fluorescence reading,
as above. Fresh medium was added to each well of the flexible-bottomed six-well
plates following a PBS wash, and the plates were returned to the incubator. PDLA
cells were initially used to assess cell viability over time, prior to the application
of mechanical strain. The necessary time in culture until increased viability,
indicating recovery of cells, was observed, as assessed using percentage change
relative to baseline control. This time in culture was extrapolated to the other two
cell lines.

4.3.5 Application of mechanical strain to cell/gel constructs

Once the viability of the cells seeded in hydrogel constructs was examined and
decided to be recovered, the cell/gel constructs were mechanically strained at a
level of 18% substrate elongation for 24 hours (for details see Chapter 2.5). The
cell/gel constructs were washed with PBS and fresh supplemented medium was
added to each well prior to the commencement of the strain period.
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4.3.6 Assessment of post-strain cell viability and caspase-3/7 activity in
cell/gel constructs

Following the application of mechanical strain over 24 hours, the following steps
were performed as efficiently as possible to minimise the time delay between the
end of the strain period and data collection.

Cell viability and caspase-3/7 activity were measured using the CellTiter-Glo 3D
Cell Viability Assay (Promega, Madison, WI, USA Cat No G9681) and the
Caspase-Glo 3/7 Assay. Both assays result in the conversion of luciferin to light.
Cell/gel constructs were transferred to a standard tissue culture plate, as described
in Chapter 2.4. Once transferred, either CellTiter-Glo 3D Cell Viability Assay or
Caspase-Glo 3/7 Assay reagents were added to each cell/gel construct following
the protocol outlined in Chapter 3.3. The reagents were added to each cell/gel
construct in a 1:1 ratio i.e. 200 µL of reagent was added to each 200 µL cell/gel
construct. Following the incubation period, luminescent signals were read and
subsequently recorded using a plate reader.

4.3.7 Statistical analysis

GraphPad Prism 7 for Mac OS X (La Jolla, CA, USA) was used for data analysis
and presentation. The non-parametric Wilcoxon test and student’s t-test were
used for comparisons between groups, and results were considered significant
when p < 0.05.
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4.4 Results

4.4.1 Viability of cells in monolayer culture prior to the application of
mechanical strain

Between days one and three, mean cell viability fluorescent readings increased in
cell lines PDLA (+24.2%, p = 0.074) and PDLC (+32.3%, p = 0.022), but
decreased in PDLB (-7.1%, p = 0.518) (Figure 4.3). However, from day 4 to day
5, cell viability increased in all cell lines: +24.7% in line PDLA (p < 0.001), +
27.1% in PDLB (p = 0.032) and +11.6% in PDLC (p = 0.265) (Figure 4.3). As
the cell viability in all cell lines had increased at day five, it was decided to apply
mechanical strain from this time point.

4.4.2 Viability and caspase-3/7 activity of cells in monolayer culture
following the application of mechanical strain

Following the application of mechanical strain, cell viability, as assessed with
PrestoBlue Cell Viability reagent, decreased in cell lines PDLA (viability of test
cells was 84.9% that of unstrained controls, p = 0.274) and PDLB (viability of
test cells was 64.1% that of unstrained controls, p = 0.046) (Figure 4.4). However,
the viability of strained cells in PDLC was unchanged compared to unstrained
controls. Cell viability was also observed to have decreased in all unstrained
samples from day 5 to day 6, following the mechanical strain time period.
Student’s t-test was used to assess the means between test and control samples,
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and viability changes were found to be -47.0% in PDLA (p = 0.219), -32.0% in
PDLB (p = 0.221) and -46.1% in PDLC (p = 0.187). There were no differences
in the caspase-3/7 activity of strained samples compared to unstrained controls,
as assessed using Caspase-Glo 3/7 Assay (Figure 4.5).
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Figure 4.3. Viability of cells in monolayer over time. Mechanical strain was applied
to test samples at day five, following the observation that cell viability increased from
days four to five. RFU: relative fluorescent units. * indicates p < 0.05. Error bars
represent SD of six replicate samples
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Figure 4.5. Caspase-3/7 activity of strained monolayer samples compared to
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Green: control samples; red: mechanically strained samples. RLU: relative luminescent
units. Error bars represent SD (where there are no error bars, both duplicates had the
same value)
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4.4.3 Viability of cells in 3D constructs prior to the application of
mechanical strain

It was found that cell viability initially significantly decreased across all cell lines
from one to three days (mean 34% decrease, p < 0.001), before recovering from
day five to seven (mean 12% increase, p < 0.001). In cell line PDLA, the mean
relative fluorescent levels, expressed as a percentage of the baseline, recovered
between five to seven days (63.2% of baseline at day five) to a level slightly less
than that at day three (66.1% of baseline at day seven) (Figure 4.6). In contrast,
relative fluorescent values of PDLB continued to decrease from day one to day
seven (56.4% of baseline at day seven); while PDLC viability levels at day seven
(83.1% of baseline) surpassed the levels at days three and five (68.2% and 76.0%
respectively) (Figure 4.6).

4.4.4 Cell viability and caspase-3/7 activity in 3D constructs following the
application of mechanical strain

Following the application of mechanical strain, cell viability (compared to that of
unstrained controls) was found to be significantly reduced in cell line PDLA
(mean 21.7% decrease, p = 0.030) and showed a tendency to reduce in PDLB
(mean 17.6% decrease, p = 0.234) and PDLC (mean 41.4% decrease, p = 0.070).
When results from the three cell lines are combined, the overall trend was for a
reduction in cell viability post-strain, with mean relative luminescent values being
73.1% of the control values (SD = 12.7%), however this difference was not
significant (p = 0.098) (Figure 4.7).
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The differences in caspase-3/7 activity between strained and control samples
within cell lines were more variable (Figure 4.8): activity increased in strained
samples from cell line PDLA (+34%, p = 0.185), and decreased in lines PDLB
and C (-40.1%, p = 0.508 and -51.5%, p = 0.269 respectively); although these
differences were not statistically significant.
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Figure 4.6. Cell viability over seven days, before strain. The viability of cells in gel
constructs was assessed over seven days, at which time strain was applied. Viability of
samples on control plates are plotted in green, and test plates in blue. Error bars represent
SD
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4.5 Discussion

Previous studies have investigated cell viability and caspase-3/7 activity of
mechanically strained PDL cells cultured in monolayer. A small reduction in cell
viability, following a period of cyclic 12% mechanical strain for up to 24 hours,
was observed at six hours in strained cells compared to unstrained controls
(Saminathan et al, 2012). However, the difference in cell viability between
strained and control samples at 24 hours was not statistically significant
(Saminathan et al, 2012). The same study found a significant reduction in
caspase-3/7 activity in cells strained for six or twelve hours, but no difference was
observed following 24 hours of strain: these results suggested that the strain
regimen resulted in a transient anti-apoptotic signal (Saminathan et al, 2012).
Compressive strain applied over 12 hours has been found to significantly reduce
osteoblast cell viability in a strength-dependent manner, with a non-significant
reduction in viability of PDL cells; in this study there was no difference in
apoptosis between strained and control PDL cells (Nettelhoff et al, 2016). A
further study on PDL cells identified that despite 10% static mechanical strain
over 12 hours leading to a reduction in cell viability, no change in apoptosis was
identified between strained cells and controls (Jacobs et al, 2013).

The results of the present study on PDL cells in monolayer culture indicate that
viability significantly decreased in cells subjected to 18% static mechanical strain
for 24 hours in one cell line (PDLB); decreased, but not significantly, in another
cell line (PDLA), and was unchanged in the third cell line (PDLC). Individual
variation in the three donors for the primary cell cultures may explain this
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variation. However, cell viability was also found to decrease in unstrained control
samples of all cell lines between day five in culture, when the strain period was
commenced, and day six. Ideally, mechanical strain would be applied at a time
point where cell proliferation was continuing, so the application of strain from
day four may have been more appropriate, nevertheless, a general trend for a
reduction in cell viability following the application of mechanical strain was
observed.

In agreement with previous independent studies, no significant difference in
caspase-3/7 activity of PDL cells cultured in monolayer was detected. However,
the caspase-3/7 relative luminescent signals produced by monolayer cell samples
were much lower than that produced by cell/gel constructs. The initial forces
applied in vivo during orthodontic treatment lead to circulatory disturbances with
depletion of oxygen that may cause reductions in cell viability due to hypoxia and
necrosis (Römer et al, 2014). This may explain the observations in this study of
reduced cell viability without an increase in caspase activity following strain.
Oxygen-dependent protein-folding processes are diminished during hypoxia,
which leads to ER stress and increased activation of the UPR (Grootjans et al,
2016). Additionally, the induction of apoptosis in mechanically strained cells
seems to be related to the magnitude and nature (static or cyclic) of applied strain,
which is likely to be reflected in vivo.

As culturing PDL cells in a hydrogel construct is a more novel technique, less
information is available regarding mechanical strain protocols of 3D constructs
and the responses of these cells to mechanical stimuli. The viability of cells in gel
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constructs over time was initially assessed for up to seven days on multiple
constructs from one representative cell line (PDLA). It was found that cell
viability increased between five and seven days following the transition into 3D
culture, thus mechanical strain was applied for 24 hours from this point. For
consistency, cell/gel cultures from PDLB and PDLC were also incubated for
seven days prior to the application of strain, however the viability of these cell
lines over time varied. Little information on protocols used by other groups is
available - Saminathan et al (2015) cultured PDL cells in flexible-bottomed
culture plates for two weeks prior to the application of strain, but discussion of
the validation processes leading to this decision are somewhat unclear, thus
requiring the time-point to be experimentally derived in this study. In future
studies the proliferation rates of individual cell lines should be assessed
independently, as different cell lines may require more or less time in culture prior
to the application of strain.

Due to the limited data available on mechanically strained cell/gel constructs,
comparisons often need to be made between previous studies investigating the
effects of mechanical strain on PDL cells in monolayer culture, and current
studies utilising 3D culture techniques. A strength of the current study was that
the same cell lines were strained in both monolayer and gel constructs, with
control of environmental factors. In the present study, viability of strained cells
cultured in hydrogel constructs was less than that of matched control samples,
however this difference was significant only in one cell line. These results were
similar to those of the same cell lines following strain in monolayer culture,
however there was no change in viability of one cell line post-strain in monolayer
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culture. An independent study identified a significant increase in the number of
non-viable PDL cells following 24 hours of cyclic compressive mechanical load
in 3D culture, however the number of viable cells could not be assessed
(Saminathan et al, 2015). In a study in which PDL cells originating from rat
incisors were strained in 3D culture at 8% for up to five days, cell numbers
decreased after one day of strain, before being compensated by proliferation
(Oortgiesen et al, 2012). As little data is available in the published literature, and
due to variation in protocols and strain regimens, it is difficult to make
comparisons with the results of the present study.

Additionally, in this study there were no significant differences in caspase-3/7
activity between strained and control cell/gel constructs, similar to the findings
utilising monolayer cultures of the same cell lines. In contrast, using the same
caspase-3/7 assay as the present study, Saminathan et al (2015) identified
significant upregulation of caspase activity in cell/gel constructs subjected to
cyclic compressive strain over six, 12 and 24 hours. However, Liao et al (2016)
did not identify any relationship between caspase-3/7 activity and compressive
load of varying levels applied to 3D cultures of PDL cells for up to 14 days –
however a key purpose of that study was to ensure that sufficient cell survival and
allow supplemental gene expression experiments.

A limitation of the use of the selected luminescent assays in this study is that
while they are compatible with hydrogel constructs, in order for luminescent
readings to be made, constructs had to be removed from the flexible-bottomed
six-well plates used for the application mechanical strain. In this study it was
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decided to transfer the cell/gel constructs into standard plastic tissue culture plates
prior to the addition of the luminescent reagents. In the study performed by
Saminathan et al (2015), in which PDL cells were mechanically compressed on
flexible-bottomed plates, the Caspase-Glo 3/7 Assay was also used following
removal of the constructs – however details on this method were not provided.
The transfer procedure adds a variable and the possibility for error due to a small
loss of the full volume of the construct, which would differ between samples.

Additionally, in order to strengthen findings of studies on mechanically strained
cell/gel constructs, multiple strain time periods and magnitudes should be
utilised. As there is evidence indicating that a delicate balance exists between cell
viability and apoptosis during the application of mechanical strain, interesting
results could be gained from investigating multiple strain regimens on the same
cell line to minimise variability. Interest remains in the comparison between
actions of individual cell lines subjected to strain in both monolayer and gel
constructs, removing genetic variations. However, as 3D culture is purported as
being more similar to the in vivo environment, comparisons will also need to
extend to in vivo models in the future (Baker and Chen, 2012; Antoni et al, 2015).

4.6 Summary

This chapter aimed to assess cell viability and caspase-3/7 activity of PDL cells,
in 2D and 3D cultures, exposed to static mechanical strain for a 24-hour period.
The time required for PDL cells to recover viability levels following the transition
into flexible-bottomed plates suitable for straining was assessed, and monolayer
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cultures were strained after five days, and 3D cultures after seven days. Compared
to unstrained controls, following strain, there was a tendency for a reduction in
cell viability in both 2D and 3D cultures, with no significant differences in
caspase-3/7 activity. The reduction in cell viability appears to be mediated via
caspase-3/7-independent mechanisms.
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5.1 Introduction

A number of studies have assessed the relationship between the application of
mechanical strain to PDL cells cultured in monolayer, and the relative expression
of mechanically-responsive genes. Genes of interest included components
involved in biosynthesis or homeostasis, including lysyl oxidase (LOX). LOX is
a key enzyme involved in collagen cross-linking has been identified to be
upregulated following the application of low-level mechanical strain to PDL cells
in monolayer culture (Chen et al, 2013). Remodelling of the ECM, in contrast to
the action of LOX, requires the effects of MMPs for protein degradation (Murray,
2001). The application of either continuous or cyclic tensile mechanical strain has
been identified to induce the expression of MMP2 by PDL cells in monolayer,
thus MMP2 may be used as a representative mechanically-responsive gene
(Bolcato-Bellemin et al, 2000; Chen et al, 2013).

Although the effects of mechanical strain on PDL cells in monolayer culture have
been assessed in relation to oxidative stress (as outlined in Chapter 1), little
information is known regarding mechanically strained PDL cells and ER stress.
The relationship between mechanical strain and ER stress in other body tissues
has been identified, for example mechanical stress-induced ER stress has been
shown to promote apoptosis of smooth muscle cells and may be involved in the
development of thoracic/aortic aneurysms (Jia et al, 2015; Furmanik and
Shanahan, 2017; Jia et al, 2017). In periodontal tissues, ER stress has been
identified as being associated with periodontal disease, with evidence supporting
an association between upregulation of HSP60 and periodontitis compared to
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gingivitis (Domon et al, 2009). In contrast, a marked downregulation of HSP70
family members was identified by Seo et al (2016) in inflamed periodontal tissues
– further research is required to relate the UPR with clinical disease markers and
parameters. Nicotine and lipopolysaccharide (LPS) have been shown to modulate
ER stress and the UPR in cultured human PDL cells (Lee et al, 2012; Wang et al,
2016). The treatment of human PDL cells with LPS led to increased expression
of HSPA5 (GRP78) and DDIT3 (also known as CHOP), in a concentrationdependent manner (Wang et al, 2016). The current study aimed to investigate a
potential relationship between mechanical strain and ER stress in PDL cells, as
the UPR has crucial functions in inflammation, which may be relevant during the
inflammatory process of OTM (Grootjans et al, 2016).
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5.2 Aims

1. To assess the mRNA expression levels of mechanical strain-responsive
genes in human PDL cells cultured in monolayer

2. To assess the mRNA expression levels of mechanical-strain responsive,
and UPR-related genes in human PDL cells in 3D culture
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5.3 Method

Two experimental groups were used in this study:
-

Cells of three primary cell lines were cultured in monolayer on flexiblebottomed plates, and mechanical strained, as described in Chapter 4.
These cells were cultured for five days prior to the application of strain.

-

Cells of the same three cell lines were seeded into hydrogel constructs,
cultured on flexible-bottomed plates and similarly mechanically strained
These cells were cultured for seven days prior to being strained.

Unstrained cells, cultured in parallel, acted as the control population for both
monolayer and 3D.

5.3.1 Cell recovery from flexible-bottomed plates

Monolayer. Following the period of mechanical strain, described in Chapter 2.5,
monolayer samples from two wells of each test and control plate were lifted via
mechanical disruption using a cell scraper (Greiner, Kremsmünster, Austria Cat
No C5981), with the addition of 200 µL of fresh supplemented medium. The
resultant suspension from each well was collected using a pipette, and transferred
to a 1.5 mL microcentrifuge tube. TRIzol reagent (500 µL) (Invitrogen, Carlsbad,
Ca, USA Cat No 15596018) was added per microfuge tube to facilitate the
isolation of RNA.

Cell/gel constructs. Following the period of mechanical strain, cell/gel
constructs from two wells of each test and control plate were removed using a
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sterile interproximal carver dental restorative instrument (as described in Chapter
2.4, Figure 2.2). Each construct was transferred into an individual 1.5 mL
microcentrifuge tube, and TRIzol reagent (500 µL) was added.

Cells, derived from either construct or monolayer cultures, and TRIzol reagent
were mixed using a pipette to homogenise the mixture, and stored at -80 °C until
further use. The direct addition of TRIzol reagent to the flexible-bottomed plates
was attempted, however the reagent was found to interact with the non-removable
circular foam inserts of these culture plates.

5.3.2 RNA purification

The PureLink RNA Mini Kit (Thermofisher Scientific, Waltham, MA, USA Cat
No 12183018A) with the On-column PureLink DNase Set (Thermofisher
Scientific, Waltham, MA, USA Cat No 12185010) were used to extract total RNA
from lysates.

The previously frozen cell/gel construct-TRIzol lysates were thawed at room
temperature for five min. The lysates were further homogenised with a
micropestle (Eppendorf, Hamburg, Germany Cat No Z317314), and 100 µL of
chloroform was added per 500 µL of TRIzol. Each microcentrifuge tube was
shaken vigorously by hand for 15 sec, incubated at room temperature for three
min, and centrifuged at 12,000 x g for 15 min at 4 °C. Following centrifugation,
the mixture separates into a lower red phenol-chloroform phase and an upper
colourless aqueous phase containing RNA, separated by an interphase. The
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colourless aqueous phase (300 µL) was transferred into a fresh RNase-free tube.
An equal volume of 70% ethanol was added, and the tubes were vortexed. A
DNase I mastermix (80 µL per reaction) was prepared for on-column treatment
in a clean RNase-free microcentrifuge tube. The mastermix contained 10X DNase
I reaction buffer (8 µL), resuspended DNase I (3 U/µL; 10 µL) and RNase-free
water (62 µL). Up to 700 µL of the ethanol/sample mixture was added at a time
to a spin cartridge with collection tube, which was then centrifuged at 12,000 x g
for one min at room temperature. The flow-through was discarded, and the spin
cartridge was re-inserted into the collection tube. Wash buffer I (350 µL) was
added to the spin cartridge, which was again centrifuged at 12,000 x g for one
min at room temperature. The flow-through and collection tube were discarded.

The DNase mixture (80 µL) was added directly to the surface of the spin cartridge
membrane, placed in a new collection tube. The reaction was incubated at room
temperature for 15 min. Wash buffer I (350 µL) was again added to the spin
cartridge, which was centrifuged at 12,000 x g for one min at room temperature.
The flow-through and collection tube were discarded, and the tube replaced.
Wash buffer II (500 µL, with ethanol pre-added) was added and again centrifuged
as above. The flow-through and collection tube were discarded, and the wash
buffer II process was repeated. The spin cartridge was centrifuged for a further
minute at 12,000 x g at room temperature in order to dry the membrane containing
bound RNA. The collection tube was discarded and the spin cartridge placed into
a recovery tube. RNase-free water (50 µL) was added to the spin cartridge,
incubated at room temperature for one min, and centrifuged as above to elute the
total RNA from the silica membrane.
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5.3.3 RNA quantity/quality analysis

RNA quantity and quality assessments were made using a spectrophotometer
(Nanovue Plus, Biochrom, Holliston, MA, USA). The spectrophotometer was
calibrated with RNase-free water. The concentration, A260/280 ratio and
A260/230 ratios were recorded.

5.3.4 RNA concentration procedure prior to qPCR

RNA samples were concentrated using the GeneJET RNA Cleanup and
Concentration Micro Kit (ThermoFisher Scientific, Waltham, MA, USA Cat No
K0841). The volume of each purified RNA sample was adjusted to 200 µL with
nuclease-free water. Binding buffer (100 µL) was added, followed by ethanol
(300 µL, 96-100%), and the solution was mixed well. The mixture (total volume
600 µL) was transferred to a purification micro-column and centrifuged for one
min at 14,000 x g at room temperature. The flow-through was discarded and the
purification column was placed back into the same collection tube. Wash buffer
I (700 µL) was added, and centrifuged as above. Following the removal of the
flow-through, the purification column was placed into the same collection tube,
and wash buffer II (700 µL) was added before the tube was centrifuged as above.
The flow-through was discarded and this step was repeated. The purification
column was then centrifuged for one min at 14,000 x g at room temperature to
remove any residual wash buffer. The purification column was transferred into a
clean collection tube, and nuclease-free water (10 µL) was added and centrifuged
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for a further min at 14,000 x g to elute the RNA. The RNA samples were stored
at -20 °C until further use.

5.3.5 cDNA synthesis

The RNA samples were converted to single-stranded cDNA using the HighCapacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA,
USA Cat No 4368814). The 2X reverse transcription (RT) master mix was
prepared after the components thawed on ice. A volume of 10 µL of 2X RT master
mix is required per reaction. The mastermix contained 2.0 µL of 10X RT buffer,
0.8 µL of 25X dNTP mix, 2.0 µL of 10X RT random primers, 1.0 MultiScribe
reverse transcriptase and 4.2 µL of nuclease-free water.

2X RT master mix (10 µL) was added to a clean individual tube for each RNA
sample. An equal volume of each concentrated RNA sample was added to the
master mix (one tube per sample). The tubes were briefly centrifuged to eliminate
air bubbles and spin down the contents, before being placed in a thermal cycler
(PTC-100, Bio-Rad, Hercules, CA, USA). The samples were exposed to the
following cycle: 10 min at 25 °C, 120 mins at 37 °C, five min at 85 °C and then
were held at 4 °C until being removed from the thermal cycler and stored at -20
°C until further use.
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5.3.6 Quantitative real-time PCR

TaqMan gene expression assays were used for quantitative real-time reverse
transcriptase polymerase chain reaction (qRT2-PCR) analysis of the monolayer
cDNA samples:
Genes of interest:
-

MMP2 (Hs01548727_m1, Applied Biosystems, Foster City, CA, USA
Cat No 4331182)

-

LOX (Hs00942480_m1, Applied Biosystems, Foster City, CA, USA Cat
No 4331182)

Housekeeping gene:
-

GAPDH (Hs02758991_g1, Applied Biosystems, Foster City, CA, USA
Cat No 4331182)

Two unstrained control and two mechanically strained test samples per gene were
assessed for each cell line. DNase-RNase-free water was used as a negative
control. MicroAmp Fast 8-Tube Strips (Applied Biosystems, Foster City, CA,
USA, Cat No 4358293) were used. The qPCR mastermix included the gene assay
of interest (0.5 µL), TaqMan Fast Advanced Master Mix (5 µL) and the cDNA
synthesis reaction (4.5 µL), resulting in a final reaction volume of 10 µL per qPCR
assay. Sequence amplification was performed under the following conditions:
denaturation at 95 °C for 20 sec, with 40 cycles at 95 °C for 1 sec and 60 °C for
20 sec.
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For 3D cell constructs, qRT2-PCR was performed to measure the mRNA
expression level of three mechanical strain-responsive and 25 UPR-related genes.
Two unstrained control and two mechanically strained test samples were analysed
for each of the three cell lines. A custom TaqMan 96-well (3 x 32 genes) array
(Life Technologies, Carlsbad, CA, USA Cat No 4413259) was designed, with the
inclusion of three housekeeping genes (GAPDH, B2M and RPL13A). An internal
control, ribosomal subunit 18S, was also included. The layout of the custom array
is displayed in Appendix 7.6, while the table of genes is displayed in Table 5.1.

The qPCR mastermix solution for the array was prepared by combining the cDNA
synthesis reaction (20 µL), TaqMan Fast Advanced Master Mix (175 µL)
(Applied Biosystems, Foster City, CA, USA Cat No 4444556) with DNaseRNase-free water (155 µL), in order to prepare sufficient solution for 10 µL per
well. The qPCR mastermix solution (10 µL) was added to each well of the array,
and qRT2-PCR was performed using a QuantStudio 6K Flex Real Time PCR
Machine (Applied Biosystems, Foster City, CA, USA).

5.3.7 Statistical analysis

QuantStudio Real-Time PCR Software V1.3 (ThermoFisher Scientific, Waltham,
MA, USA) was used to assess threshold Cq values. Housekeeping genes were
selected using NormFinder software (Aarhus University Hospital, Denmark)
(Andersen et al, 2004). The results were analysed and presented using GraphPad
Prism 7 for Mac OS X (La Jolla, California, USA). The 2-DCq and fold-regulation
(FR) were calculated. The non-parametric Wilcoxon test and student’s t-test were
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used for comparisons between groups, and results were considered significant
when FR ± > 2 with p < 0.05 were observed.
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Table 5.1. Table of genes included in custom TaqMan RT2-PCR array. Note that numerous alternative names exist for the majority of
genes. Names previously mentioned in other chapters are in bold.
Position
B1, B5, B9
B2, B6, B10
B3, B7, B11
B4, B8, B12

Gene
COL3A1
MMP2
LOX
ATF4

Description
Collagen Type III Alpha 1 Chain
Matrix Metallopeptidase 2
Lysyl Oxidase
Activating Transcription Factor 4

Gene Names

C1, C5, C9

ATF6

Activating Transcription Factor 6

C2, C6, C10

ATFB6

Activating Transcription Factor 6 Beta

C3, C7, C11

BAX

BCL2 Associated X, Apoptosis Regulator

C4, C8, C12

CALR

Calreticulin

D1, D5, D9

CANX

Calnexin

D2, D6, D10

CREB3

CAMP Responsive Element Binding Protein 3

D3, D7, D11

CREB3L3

CAMP Responsive Element Binding Protein 3 Like 3

D4, D8, D12

DERL1

Derlin 1

E1, E5, E9

DNAJC3

DnaJ Heat Shock Protein Family (Hsp40) Member C3

E2, E6, E10

EDEM1

ER Degradation Enhancing Alpha-Mannosidase Like
Protein 1

EDS4A
CLG4A, TBE-1
AAT10, Protein-Lysine 6-Oxidase
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TAXREB67, CAMP-Responsive Element-Binding Protein 2
CAMP-Dependent Transcription Factor ATF-6 Alpha, ATF6Alpha, ACHM7, ATF6A
CAMP Response Element-Binding Protein-Related Protein,
Protein G13, CREB-RP, CREBL1
BCL2 Associated X Protein, Bcl2-L-4, BCL2-Associated X
Protein Omega
Calregulin, CRP55, Endoplasmic Reticulum Resident Protein
60, HACBP, Grp60
Major Histocompatibility Complex Class I Antigen-Binding
Protein P88, IP90, P90, CNX
Transcription Factor LZIP-Alpha, Small Leucine Zipper Protein,
LUMAN, Transcription Factor 1
CREBH, CREB/ATF Family Transcription Factor, Transcription
Factor CREB-H, HYST1481
Degradation In Endoplasmic Reticulum Protein 1, Der1-Like
Domain Family, Member 1, DER1, DERtrin-1
Interferon-Induced, Double-Stranded RNA-Activated Protein
Kinase Inhibitor, Endoplasmic Reticulum DNA J DomainContaining Protein 6, P58IPK, Protein-Kinase, InterferonInducible Double Stranded RNA Dependent Inhibitor, HP58
ER Degradation-Enhancing Alpha-Mannosidase-Like Protein 1

Position

Gene

Description

Gene Names

E3, E7, E11

EIF2AK3

Eukaryotic Translation Initiation Factor 2 Alpha Kinase 3

E4, E8, E12

ERN1

Endoplasmic Reticulum To Nucleus Signaling 1

F1, F5, F9

ERN2

Endoplasmic Reticulum To Nucleus Signaling 2

F2, F6, F10
F3, F7, F11
F4, F8, F12

GANC
HSPA1B
HTRA4

Glucosidase Alpha, Neutral C
Heat Shock Protein Family A (Hsp70) Member 1B
HtrA Serine Peptidase 4

G1, G5, G9

SIL1

SIL1 Nucleotide Exchange Factor

G2, G6, G10

SREBF1

G3, G7, G11

PERK, PRKR-Like Endoplasmic Reticulum Kinase, Pancreatic
EIF2-Alpha Kinase, HsPEK
IRE1, Serine/Threonine-Protein Kinase/Endoribo-nuclease
IRE1, Inositol-Requiring Protein 1, HIRE1p
IRE1b, IRE2, Inositol-Requiring Protein 2, HIRE2p,
Serine/Threonine-Protein Kinase/Endoribonuclease IRE2,
Inositol-Requiring 1 Beta
EC 3.2.1.20
Heat Shock 70kDa Protein 1B, HSP70-2, HSP72
High-Temperature Requirement Factor A4, EC 3.4.21
BiP-Associated Protein, BAP, SIL1-Like Protein Endoplasmic
Reticulum Chaperone, Nucleotide Exchange Factor SIL1,
ULG5, MSS
Class D Basic Helix-Loop-Helix Protein 1, SREBP1, BHLHd1,
SREBP-1c, SREBP-1

UGGT1

Sterol Regulatory Element Binding Transcription Factor
1
UDP-Glucose Glycoprotein Glucosyltransferase 1

G4, G8, G12

XBP1

X-Box Binding Protein 1

Tax-Responsive Element-Binding Protein 5, TREB-5, XBP2

H1, H5, H9

CASP3

Caspase 3

H2, H6, H10

CASP7

Caspase 7

H3, H7, H11

DDIT3

DNA Damage Inducible Transcript 3

H4, H8, H12

HSPA5

Heat Shock Protein Family A (Hsp70) Member 5
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UGCGL1, HUGT1, UGT1, UGTR, GT, EC 2.4.1
Caspase 3, Apoptosis-Related Cysteine Peptidase, SREBP
Cleavage Activity 1, Protein Yama, Cysteine Protease CPP32,
Apopain, SCA-1
Caspase 7, Apoptosis-Related Cysteine Peptidase, ICE-Like
Apoptotic Protease 3, CMH-1, Apoptotic Protease MCH-3,
LICE2
CHOP, C/EBP Zeta, Growth Arrest And DNA DamageInducible Protein GADD153, CCAAT/ Enhancer-Binding
Protein Homologous Protein, C/EBP-Homologous Protein 10
GRP78, Endoplasmic Reticulum Lumenal Ca(2+)-Binding
Protein Grp78, Immunoglobulin Heavy Chain-Binding Protein,
BIP

5.4 Results

5.4.1 RNA yield and quality

The RNA concentration and A260/280 and A260/A230 ratios are presented in
Appendix 7.7. Due to low RNA recovery from the collagen-coated plates, the
RNA samples were further concentrated and purified using the GeneJet RNA
Cleanup and Concentration kit.

5.4.2 mRNA levels following mechanical strain of monolayer cultures

The level of mRNA for the mechanical strain-related genes MMP2 and LOX were
determined for monolayer cultures following the application of mechanical strain,
compared to unstrained controls. The DCq, 2-DCq, mean FR and level of statistical
significance are presented in Table 5.2. Although not statistically significant, an
upregulation of both genes was observed (Figure 5.1).

5.4.3 mRNA levels following mechanical strain of cell/gel constructs

Consistent expression of 18S was identified across all samples. The housekeeping
genes GAPDH, B2M and RPL13A were evaluated for every sample, and each had
Cq values ranging from 17.8 to 21.8, indicating adequate expression of these
genes (Figure 5.2). GAPDH was selected as the most stable housekeeping gene
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(NormFinder stability value = 0.006 c.f. 0.016 and 0.020 for B2M and RPL13A
respectively). Thus, the Cq values of each sample were normalised against the
GAPDH expression of that individual cDNA sample.

Table 5.2. qRT2-PCR data of strained and unstrained monolayer samples.
Gene

Cell
Line

Test (mean)
DCq

MMP2

LOX

2-DCq

Control (mean)
DCq

2-DCq

A

4.31

0.05

7.43

0.01

B

4.68

0.04

5.22

0.03

C

5.96

0.02

6.49

0.01

A

3.09

0.12

7.43

0.01

B

5.06

0.03

7.43

0.01

C

5.35

0.03

6.49

0.01

0.05

0.00

-0.05

Test

3.86

0.25

9.22

0.25

PDLA
PDLB
PDLC

LOX

Relative mRNA expression (2^-ΔCq)

Relative mRNA expression (2^-ΔCq)

0.10

0.15

0.10

0.05

0.00

-0.05

Control

T-test
p value

MMP2
0.15

Average FR

Test

Control

Figure 5.1. Relative mRNA expression of MMP2 and LOX in monolayer samples
(strained and unstrained controls). Each data point represents the mean of duplicate
wells. Error bars represent SD
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40

Cq Value

30

20

10

GAPDH
B2M

PDLC - Test 2

PDLC - Test 1

PDLB - Test 2

PDLB - Test 1

PDLA - Test 2

PDLA - Test 1

PDLC - Control 2

PDLC - Control 1

PDLB - Control 2

PDLB - Control 1

PDLA - Control 2

0

PDLA - Control 1

RPL13A

Figure 5.2. Relative expression of housekeeping genes in strained/control cell/gel
constructs. GAPDH was selected as the most stable housekeeping gene and was used
for normalisation

As the expression of UPR-related genes has not previously been investigated in
3D PDL cell cultures, the relative expression of genes by unstrained controls is
presented in Figure 5.3. The gene expression data detailing the DCq, 2-DCq values
of each cell line, and overall fold change and level of statistical significance are
presented in Table 5.3. Individual graphs presenting the relative expression of
each gene are provided in Figure 5.4. Differentially regulated genes are presented
in Table 5.4, and the individual relative expression graphs of potentially highly
regulated genes are provided (Figure 5.5). A scatterplot showing up- and downregulation of genes, as well as statistical significance is shown (Figure 5.6).
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Relative mRNA levels (2-ΔCq)

1×101
1×100
1×10-1
1×10-2
1×10-3
1×10-4
1×10-5
1×10-6

COL3A1
MMP2
LOX
ATF4
ATF6
ATFB6
BAX
CALR
CANX
CREB3
CREB3L3
DERL1
DNAJC3
EDEM1
EIF2AK3
ERN1
ERN2
GANC
HSPA1B
HTRA4
SIL1
SREBF1
UGGT1
XBP1
CASP3
CASP7
DDIT3
HSPA5
B2M
RPL13A

Undetected

1×10-7

Figure 5.3. Relative gene expression by unstrained PDL cell/gel cultures.
Mechanical strain-related genes are plotted in black, UPR-related genes in blue and
housekeeping genes in green. The lower dashed line represents the limit of detection
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Table 5.3. qRT2-PCR results derived from cell/gel constructs. Results from each duplicate (Test1, Test2, Control1 and Control2) are
presented.
Gene

COL3A1

MMP2

LOX

ATF4

ATF6

ATFB6

Line

Test1

Control1

Test2

Control2

DCq

2-DCq

DCq

2-DCq

DCq

2-DCq

DCq

2-DCq

A

1.81

0.27

2.34

0.20

2.22

0.21

2.66

0.16

B

1.76

0.30

2.26

0.21

1.77

0.29

1.83

0.28

C

6.34

0.01

6.29

0.01

5.77

0.02

5.90

0.02

A

1.29

0.41

1.11

0.46

1.43

0.37

1.16

0.45

B

1.47

0.36

2.02

0.25

1.93

0.26

1.49

0.36

C

2.07

0.24

2.14

0.22

1.88

0.27

2.28

0.21

A

5.60

0.02

5.16

0.03

5.65

0.02

5.52

0.02

B

5.41

0.02

4.59

0.04

4.55

0.04

5.21

0.03

C

5.48

0.02

5.00

0.03

5.67

0.02

4.99

0.03

A

2.25

0.21

1.82

0.28

2.32

0.20

3.15

0.11

B

3.00

0.13

2.75

0.15

1.37

0.39

1.32

0.40

C

3.36

0.10

2.89

0.14

3.26

0.10

2.45

0.18

A

5.79

0.02

5.28

0.03

6.28

0.01

6.18

0.01

B

5.80

0.02

5.71

0.02

6.22

0.01

5.75

0.02

C

7.42

0.01

7.26

0.01

6.85

0.01

7.47

0.01

A

6.08

0.02

5.46

0.02

6.67

0.01

6.80

0.01

B

5.95

0.02

6.44

0.01

6.11

0.02

6.67

0.01
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Average
FR

T-test
p value

1.22

0.06

1.05

>0.99

-1.16

0.31

-1.06

0.44

-1.05

0.22

1.10

0.84

Gene

BAX

CALR

CANX

CREB3

CREB3L3

DERL1

DNAJC3

Line

Test1

Control1

Test2

Control2

C

7.65

0.01

7.92

0.00

7.47

0.01

7.10

0.01

A

2.69

0.16

2.76

0.15

3.10

0.12

3.26

0.10

B

2.37

0.19

3.29

0.10

3.17

0.11

2.55

0.17

C

3.81

0.07

3.72

0.08

3.41

0.09

3.55

0.09

A

1.29

0.41

1.19

0.44

1.28

0.41

1.69

0.30

B

1.19

0.44

0.65

0.64

1.21

0.43

0.94

0.52

C

2.31

0.20

1.94

0.26

2.00

0.25

2.05

0.24

A

3.16

0.11

2.53

0.17

3.31

0.10

3.06

0.12

B

3.30

0.10

3.23

0.11

3.64

0.08

3.25

0.11

C

4.78

0.04

4.81

0.04

4.69

0.04

4.66

0.04

A

7.10

0.01

6.95

0.01

7.24

0.01

6.44

0.01

B

8.12

0.00

7.50

0.01

8.01

0.00

7.14

0.01

C

8.93

0.00

8.70

0.00

7.87

0.00

8.76

0.00

A

18.15

3.44x10-6

19.26

1.59x10-6

20.66

6.04x10-7

21.35

3.75x10-7

B

20.75

5.66x10-7

22.22

2.04x10-7

21.84

2.66x10-7

21.20

4.16x10-7

C

19.72

1.16x10-6

20.94

4.99x10-7

19.15

1.71x10-6

20.13

8.71x10-7

A

4.96

0.03

5.08

0.03

6.16

0.01

5.87

0.02

B

5.38

0.02

5.93

0.02

5.99

0.02

5.74

0.02

C

6.83

0.01

6.76

0.01

6.65

0.01

6.71

0.01

A

5.85

0.02

5.17

0.03

5.82

0.02

6.55

0.01
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Average
FR

T-test

1.12

0.44

-1.08

0.44

-1.15

0.06

-1.11

0.22

1.91

0.06

1.04

>0.99

-1.11

0.44

Gene

EDEM1

EIF2AK3

ERN1

ERN2

GANC

HSPA1B

Line

Test1

Control1

Test2

Control2

B

7.62

0.01

6.69

0.01

6.57

0.01

6.04

0.02

C

8.02

0.00

7.71

0.01

7.16

0.01

7.29

0.01

A

5.10

0.03

4.13

0.06

6.09

0.02

4.87

0.03

B

6.06

0.02

5.63

0.02

6.05

0.02

5.27

0.03

C

6.09

0.02

6.04

0.02

5.64

0.02

6.02

0.02

A

9.04

0.00

8.18

0.00

8.17

0.00

8.57

0.00

B

8.34

0.00

8.81

0.00

8.83

0.00

8.50

0.00

C

9.08

0.00

9.75

0.00

9.54

0.00

9.68

0.00

A

7.55

0.01

7.21

0.01

7.73

0.01

7.91

0.00

B

6.42

0.01

8.46

0.00

8.54

0.00

8.47

0.00

C

9.10

0.00

8.94

0.00

8.41

0.00

9.03

0.00

A

21.18

4.21x10-7

21.59

3.17x10-7

20.66

6.04x10-7

21.35

3.75x10-7

B

20.75

5.66x10-7

22.22

2.04x10-7

21.84

2.66x10-7

21.38

3.68x10-7

C

16.97

7.81x10-6

20.94

4.99x10-7

19.15

1.71x10-6

20.13

8.71x10-7

A

7.72

0.01

7.47

0.01

7.52

0.01

8.11

0.00

B

7.32

0.01

7.42

0.01

7.82

0.00

7.33

0.01

C

10.00

0.00

9.73

0.00

9.10

0.00

9.42

0.00

A

5.24

0.02

5.29

0.03

5.12

0.03

5.82

0.02

B

5.09

0.03

5.45

0.02

5.33

0.03

5.06

0.03

C

4.16

0.06

5.20

0.03

2.51

0.18

5.30

0.03
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Average
FR

T-test

-1.32

0.09

1.13

0.69

1.57

0.69

4.01

0.06

1.03

>0.99

2.29

0.09

Gene
HTRA4

SIL1

SREBF1

UGGT1

XBP1

CASP3

CASP7

Line

Test1

Control1

Test2

Control2

A

5.53

0.02

15.92

1.61x10-5

16.04

1.48x10-5

16.79

8.81x10-6

B

20.75

5.66x10-7

18.38

2.93x10-6

21.84

2.66x10-7

18.50

2.69x10-6

C

19.72

1.16x10-6

16.48

1.09x10-5

14.95

3.16x10-5

20.13

8.71x10-7

A

6.77

0.01

5.45

0.02

6.23

0.01

6.22

0.01

B

5.61

0.02

6.04

0.02

6.29

0.01

5.52

0.02

C

6.37

0.01

6.81

0.01

6.39

0.01

6.90

0.01

A

6.98

0.01

7.44

0.01

7.82

0.00

8.00

0.00

B

6.63

0.01

8.25

0.00

8.48

0.00

8.60

0.00

C

9.50

0.00

9.35

0.00

9.63

0.00

9.28

0.00

A

3.66

0.08

6.18

0.01

8.18

0.00

7.77

0.01

B

8.76

0.00

7.31

0.01

7.99

0.00

8.25

0.00

C

9.49

0.00

9.89

0.00

7.30

0.01

10.06

0.00

A

21.18

4.21x10-7

3.19

0.11

4.17

0.06

3.62

0.08

B

1.87

0.27

3.48

0.09

3.65

0.08

3.45

0.09

C

4.89

0.03

4.71

0.04

4.38

0.045

5.12

0.03

A

5.35

0.03

5.72

0.02

6.72

0.01

6.31

0.01

B

6.50

0.01

5.59

0.02

6.42

0.01

5.54

0.02

C

6.91

0.01

7.22

0.01

7.00

0.01

7.07

0.01

A

5.31

0.03

6.07

0.02

6.99

0.01

7.54

0.01

B

5.17

0.03

6.77

0.01

6.93

0.01

6.22

0.01
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Average
FR

T-test

231

0.56

1.02

0.84

1.39

0.22

2.69

0.56

1.2

0.84

1.11

0.56

1.75

0.22

Gene

DDIT3

HSPA5

Line

Test1

Control1

Test2

Control2

C

7.99

0.00

8.42

0.00

7.15

0.01

8.36

0.00

A

5.11

0.07

6.16

0.06

7.72

0.02

5.13

0.04

B

1.84

0.03

8.32

0.03

8.46

0.02

6.32

0.04

C

5.82

0.03

6.96

0.05

4.08

0.06

7.12

0.03

A

3.92

0.07

3.96

0.06

5.55

0.02

4.54

0.04

B

5.07

0.03

4.89

0.03

5.65

0.02

4.65

0.04

C

5.04

0.03

4.26

0.05

4.13

0.06

5.03

0.03
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FR

T-test

17

0.44

1.12

0.56
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Figure 5.4. The relative expression of mechanical strain-related and UPR genes
in strained 3D PDL constructs compared to unstrained controls. The dashed line
represents the limit of detection

Table 5.4. Differentially regulated genes (FR > ± 1.5). Genes with a p value <
0.07 are highlighted in blue.
Gene

FR

p value

CREB3L3

1.91

0.063

ERN1

1.57

0.688

ERN2

4.01

0.063

HSPA1B

2.29

0.094

HTRA4

231

0.563

UGGT1

2.69

0.563

CASP7

1.75

0.219

DDIT3

17.0

0.438
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5.5 Discussion

This is the first study investigating the relationship between the application of
mechanical strain to PDL cells and ER stress and the UPR. An additional facet of
this study was the use of 3D cell/gel constructs, aiming to better represent the in
vivo environment of PDL cells.

The issue of transferring cell/gel constructs from flexible-bottomed plates has
been discussed in Chapter 4, though an alternative method to retrieve cellular
material from constructs is to utilise collagenase/hyaluronidase (Saminathan et
al, 2013; Saminathan et al, 2015). However, this method introduces an additional
chemical and a potential variable. In this study, in order to minimise the effect of
the transfer of cell/gel constructs, the constructs were simply transferred using a
dental interproximal carver, prior to the use of an RNA purification and
concentrating kit.

While none of the gene expression fold regulation differences between strained
test and unstrained control samples from 3D cell/gel constructs were statistically
significant, according to the strictest criteria (FR > ± 2 and p > 0.05), a tendency
toward a regulation of UPR genes was noted. A number of genes were found to
be differentially regulated, and included those involved in ER stress-induced
apoptosis (ERN2, DDIT3) (Iwawaki et al, 2001). This is in support of the
observations in Chapter 4, which showed a reduction in cell viability, but
interestingly, without an increase in caspase-3/7 activity, while CASP7 was
upregulated at the mRNA level.
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The gene CREB3L3 was upregulated following the application of mechanical
strain (fold regulation + 1.91, p = 0.063). CREB3L3 is a membrane bound
transcription factor, localised to the ER, belonging to the cyclic AMP response
element binding protein transcription factor family (Omori et al, 2001).
CREB3L3 has been identified to play a key role in the activation of the acute
inflammatory response, as occurs during OTM (Cooper and Sims, 1989; Zhang
et al, 2006). Additionally, ER stress may negatively regulate osteoblast
differentiation through the expression of CREB3L3, with suppression of alkaline
phosphatase and osteocalcin, which has been shown to be related to OTM (Han
et al, 2008; Jang et al, 2011; Jang et al, 2015). Cleavage of CREB3L3 is induced
by ER stress, with CREB3L3 functioning as a UPR sensor, and CREB3L3 and
ATF6 act synergistically to activate transcription of UPR target genes (Zhang et
al, 2006). CREB3L3 is predominantly expressed in the liver and small intestine,
and is essential in the maintenance of hepatic metabolic homeostasis (Zhang et
al, 2006; Song et al, 2017). However minimal information regarding the role of
CREB3L3 in other tissues exists, though there is potential that CREB3L3 is
activated during the aseptic acute inflammatory process of OTM.

One of the three axes of the UPR (refer to Chapter 1) involves the activation of
IRE1, which senses accumulation of unfolded proteins, leading to the activation
of XBP1. Two IRE1 paralogues exist in humans: IRE1a (ERN1) and IREb
(ERN2). The current study identified the potential upregulation of ERN2 in
mechanically strained PDL cells (fold regulation + 4.01, p = 0.063). While the
expression of ERN2 in this study approximated the limit of detection, Figure 5.5
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displays the differences in the expression of this gene within individual cell lines.
ERN2 is involved in apoptotic cell death, however the luminal events involved in
this process remain unclear, though it has been identified that ERN2 interacts
directly with unfolded proteins (Takao et al, 2001; Oikawa et al, 2012). Further
research investigating the sensing mechanism of ERN2 is required.

A member of the 70 kilodalton heat shock protein (HSP70) family, HSPA1B, was
identified as a potentially regulated gene following the application of mechanical
strain to PDL cells in 3D culture (fold regulation + 2.29, p = 0.094). The HSP70
family are intracellular proteins that function to prevent protein aggregation and
to enable the folding of newly synthesised proteins. Previous studies in
experimental OTM have demonstrated initially high, then decreasing levels of
HSP70 protein in PDL tissue during the OTM process (Mao et al, 2006). In vitro
application of mechanical strain on PDL tissues resulted in an increased level of
HSP70 mRNA in epithelial cell rests of Malassez, present in the PDL space
(Kogai et al, 2016). In contrast, the expression of HSPA1B in chronic periodontal
inflammation has been shown to be significantly downregulated, potentially
indicating that the mechanism of its expression is different under mechanical and
inflammatory conditions (Seo et al, 2016).

UGGT1 functions as a quality control mechanism by assessing and sorting
proteins according to their structural configurations (Arnold and Kaufman, 2003).
Proteins that are unfolded or partially folded are recognised and re-introduced
into the calreticulin cycle for further folding attempts (Arnold and Kaufman,
2003; Seo et al, 2016). UGGT1 was identified as a potentially regulated gene in
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this study (fold regulation + 2.69, p = 0.563), and was found to be significantly
upregulated in periodontal tissues with the presence of Russell bodies, which
represent chronic ER stress (Seo et al, 2016). However, there is otherwise
minimal data regarding the expression of this gene in oral tissues and the PDL.

As outlined in Chapter 1, activation of the ATF6 and PERK axes of the UPR
leads to expression of DDIT3 early in the process of ER stress-induced apoptosis.
DDIT3 encodes for a protein that is a potent transcription factor that potentiates
apoptosis and autophagy, and is a well-established pro-apoptotic factor in the
UPR (Rashid et al, 2015; Iurlaro and Munoz-Pinedo, 2016). Enhanced synthesis
of the DDIT3 protein leads to increases in oxidative stress and cell death (Rashid
et al, 2015). This study demonstrated a tendency towards high upregulation of
DDIT3 following the application of mechanical strain to cell/gel constructs (fold
regulation + 17.0, p = 0.438), indicating its potential role in the PDL response to
strain. The expression of this gene in response to mechanical strain has been
studied in other tissues: in a study in which compressive mechanical strain was
loaded on mandibular rat cartilage for up to 21 days, upregulation of DDIT3
expression was identified, suggesting activation of ER stress in response to this
mechanical strain, which may be mediated by calcium ion levels (Li et al, 2013;
Zhu et al, 2016). DDIT3 has also found to be differentially regulated in response
to compressive load applied on bovine intervertebral disc cells encapsulated in
collagen gel, with higher expression following the application of static
compression (at a level of 70%) compared to dynamic compression (Chooi and
Chan, 2016).
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A number of mechanically-regulated genes were selected for investigation in
cell/gel constructs. The regulation of both MMP2 and COL3A1 in PDL cell/gel
constructs were assessed following the application of cyclic compressive strain
for six, 12 or 24 hours (Saminathan et al, 2015). The authors found that the
regulation of both genes varied over the three time points, however after 24 hours
of compressive strain there were no significant differences in the expression of
these genes between strained and control samples, similar to the results of a
previous study by the research group, as well as the present study (Saminathan et
al, 2013; Saminathan et al, 2015). Additionally, there were no significant fold
changes of CASP3 or CASP7 following 24 hours of strain, despite an increase in
the number of non-viable cells – the results of the current study also mirror these
findings (Saminathan et al, 2015). However, the use of 24 hours as a time point
in studies investigating the effect of mechanical strain on PDL cells has been
criticised, due to reports of tooth movement occurring in the first ten days
following a clinical orthodontic appointment (Liao et al, 2016). However the
reference text cited by Liao et al (2016) provides no scientific data supporting
this timeline, while multiple scientific investigations have identified rapid tooth
movement, occurring within several seconds – this is also identified clinically in
certain cases during orthodontic activations (Pilon et al, 1996; Jonsdottir et al,
2006; Jonsdottir et al, 2012).

In the present study, the regulation of MMP2 and LOX were assessed in strained
samples derived from monolayer PDL cell cultures, in comparison to unstrained
controls. No significant differences were identified, however a tendency for the
upregulation of both genes, particularly LOX (mean fold regulation + 9.22, p =
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0.25), was observed. Due to variations in strain protocols and cell seeding
densities, it is difficult to make direct comparisons between these results and
those of published studies. However, in a study in which PDL cells in monolayer
were subjected to cyclic (0.1 Hz) mechanical strain for 24 or 48 hours at levels
3% or 10% elongation, MMP2 was significantly upregulated after 24 hours of
strain at either level, while LOX mRNA was upregulated in cells strained by 3%
at both time points (Chen et al, 2013). However, the strain regimen selected for
that study was substantially different compared to the present study which utilised
a level of 18% static strain for 24 hours.

The role of LOX in OTM is interesting, with further research required to gain a
deeper understanding of its function. A more recent study that combined in vitro
mechanical strain experiments on human PDL cells cultured in a 3D collagen gel
with an in vivo OTM experiment on rats (with or without injection of a LOX
inhibitor) has identified upregulation of LOX mRNA following compressive
strain in vitro, and an increase in anti-LOX-positive cells following in vivo
application of force (Kaku et al, 2016). It is highly likely that the force level has
an essential role, with excessive loading potentially leading to a destructive tissue
reaction: the level of strain selected in the current study was high, and is likely to
have affected the expression of LOX observed. The trend towards upregulation of
these genes was not observed in samples derived from cell/gel constructs – it is
possible that the hydrogel construct dampens the propagation of mechanical
strain, though it has been reported that the use of hydrogels and 3D constructs
results in a better representation of the in vivo environment, with two-dimensional
cellular models being unlikely to be representative (Baker and Chen, 2012).
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Without in vivo studies, it is not possible to discern which mechanical strain
model best represents the true situation. Future experiments could additionally
include longer strain time periods and greater strain magnitudes, however the
results of this study indicate a potential role of ER stress and the UPR in OTM.

5.6 Summary

In this study, qRT2-PCR was used to assess the relative mRNA expression levels
of human PDL cells subjected to mechanical strain. Cells cultured and strained in
monolayer were assessed for the expression of mechanically-responsive genes,
while cells cultured in hydrogel constructs were assessed for the expression of
mechanically-responsive genes and ER stress- and UPR-related genes. Although
not statistically significant, an upregulation of MMP and LOX was observed in
strained monolayer samples compared to unstrained controls. A number of UPRrelated genes were identified to be differentially regulated in hydrogel constructs,
compared to unstrained controls. These genes were CREB3L3, involved in the
acute inflammatory response; ERN2, associated with the IRE1 axis of the UPR;
HSPA1B, which has previously been identified as being potentially involved in
OTM; UGGT1, which functions as quality control mechanism and DDIT3, a wellestablished pro-apoptotic factor in the UPR. The results of this chapter indicate
the potential role of ER stress and the UPR during OTM, and thus provide a
context and potential UPR targets for future investigations.
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Chapter 6
Conclusions and Future Research Directions
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6.1 Conclusions

The underpinning goal of this study was to investigate ER stress and the UPR in
mechanically strained PDL cells cultured in a 3D hydrogel construct. In order to
achieve this purpose, three aims were investigated:

Validation of a 3D-hydrogel model in which to culture human PDL cells
Validation of an experimental model was required to allow this aim to be
achieved. It was found that PDL cells in hydrogel culture had a balance between
levels of cell viability and caspase-3/7 activity when seeded at a density of
250,000 cells per µL of hydrogel. A time in hydrogel of seven days was required
for cells to recover following the transition from 2D to 3D culture, before the
application of mechanical strain.

Assessment of cell viability and apoptosis following the application of
mechanical strain to PDL cells
Following the application of static tensile strain (at a level of 18% substrate
elongation) for a period of 24 hours to both 2D and 3D cultures, a tendency for a
reduction in cell viability was identified in strained samples compared to
unstrained controls. In contrast, there was more variability in caspase-3/7 activity,
with no significant differences between strained and unstrained cells.
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Assessment of ER-stress and UPR-related genes following the application of
mechanical strain to PDL cells
Following the application of strain, a tendency towards upregulation of MMP2
and LOX mRNA was observed in monolayer cultures in comparison to controls.
This tendency was less pronounced in strained 3D cultures, and the hydrogel may
dampen the propagation of mechanical strain. A number of UPR-related genes
were differentially, though not statistically significantly, regulated in 3D cultures
following the application of strain: of particular interest CREB3L3 plays a role in
the acute inflammatory response, and thus may be involved in the process of
OTM, while DDIT3 mRNA was also highly upregulated, encoding a wellestablished pro-apoptotic factor in the UPR.

6.2 Future directions

There is evidence that a delicate balance exists between cell viability and
apoptosis during the application of mechanical strain, which is likely also true for
the in vivo process of OTM. In order to understand this balance through the use
of in vitro techniques, the use of 3D cultures may allow a more realistic
environment that better represents the true biological response, therefore further
in vitro mechanical strain experiments should take place utilising 3D cell cultures.
In the future, in order to confirm comparisons between 3D cultures and the in vivo
situation, studies will need to extend to animal models involving the application
of strain to induce OTM.
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More information may be gained from the inclusion of additional time periods
and magnitude of mechanical strain, as well as variation in the nature of the strain
i.e. static, cyclic, or dynamic, as occurs during normal oral function. Root
resorption may be related to the magnitude of orthodontic force applied clinically,
and the UPR may be a potential mechanism behind this phenomenon. In this
study, we identified several UPR genes that were differentially regulated,
particularly those involved with the IRE1 axis, apoptosis and an AMP-dependent
transcription factor (CREB3L3). Clarification of the role the UPR plays during
OTM and root resorption may ultimately lead to pharmaceutical intervention in
the form of an ER stress-inhibitor/modifier. With increased understanding of the
cellular mechanisms involved in OTM, biomarkers may also be identified which
could allow the monitoring of an individual’s response to the application of force,
as related to ER stress subjected to the PDL tissue, which may allow increased
accuracy in the estimation of orthodontic treatment time and improve patient
outcome.
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Chapter 7
Appendices

150

7.1 Review of orthodontic tooth movement, mechanobiology of tooth
movement, and translational aspects of OTM research

7.1.1 Theories of orthodontic tooth movement

Following the exposure of a tooth to mechanical force, tooth movement occurs
via remodelling of the dental and surrounding tissues, involving the PDL, dental
pulp, alveolar bone and gingival tissues. Orthodontic force results in physical
strain on the PDL, ECM and alveolar bone cells, which in turn elicits biochemical
effects.

With an ever-increasing shift in focus in orthodontics from biomechanics to
biology to tailor results to individual patients, multiple hypotheses regarding the
mechanism of tooth movement have been presented – most dominantly the
pressure/tension in the PDL theory, and the alveolar bone bending theory. Debate
still exists regarding these hypotheses, likely due to the wide variety of
experimental techniques adopted in investigating these theories e.g. in the
magnitude, type and time period of force application.

7.1.1a The pressure-tension theory

The pressure-tension theory was presented in Sandstedt’s classical histological
research, with which Oppenheim (1911) and Schwarz (1932) were in agreement
(Krishnan and Davidovitch, 2006). This theory is centred on the idea that a tooth
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moves through a periodontal space with one side of the PDL in tension, and the
other in compression (Figure 7.1). Following the application of force to incisors
in dogs, Sandstedt observed bone growth in the regions of PDL that were placed
under tension; and bone resorption where the PDL was compressed. Cell death
resulted when excessive force was applied, resulting in bone resorption due to
osteoclastic activity (by PDL progenitor cells that differentiated into osteoclasts)
in adjacent marrow spaces (Davidovitch, 1991; Masella and Meister, 2006).

In areas of PDL compression, fibres become disorganised, the production of new
fibres ceases, and vascular constriction leads to reduced cell replication (Krishnan
and Davidovitch, 2015). In areas of PDL cell tension, cell replication is stimulated
by stretching of fibre bundles, and tension-associated osteoblasts differentiate
from PDL progenitor cells (Masella and Meister, 2006; Krishnan and
Davidovitch, 2015).

Figure 7.1. Diagrammatic representation of the pressure-tension theory of OTM.
The alveolar bone, PDL and tooth (labelled ‘T’) are shown. Following the application of
an external force (arrow), PDL fibres are stretched on the apposition side and compressed
on the resorption side. Adapted from (Henneman et al, 2008)

Whereas Sandstedt reported a demarcation between new and existing alveolar
bone, Oppenheim (1911) described a trabecular structure that indicated complete
transformation of the alveolar bone (Davidovitch, 1991). Oppenheim’s findings
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have been disputed and claimed to be a result of differing experimental protocols
between Oppenheim and Sandstedt. Oppenheim euthanised the experimental
animals (which had deciduous teeth) after only several days, and did not
investigate the acute phase reactions, rather looking at the phase following force
exhaustion – most likely Oppenheim’s description was of the response of bone
surface cells to labial alveolar bone plate bending (Meikle, 2006). Oppenheim’s
idea was, however, in favour of Angle’s philosophy of non-extraction orthodontic
treatment, thus his findings were well-reported (Meikle, 2006). Schwarz
correlated the response of tissue to the magnitude of applied mechanical strain,
concluding in 1932 that orthodontic forces should be lower than the blood
pressure of the capillary beds to avoid tissue necrosis, undermining resorption
and hyalinisation (Krishnan and Davidovitch, 2006).

7.1.1b The bone-bending theory

The theory that the bending of alveolar bone is vital in OTM was introduced by
Farrar, and later accepted by Baumrind (Krishnan and Davidovitch, 2006). The
theory outlines that orthodontic force is transmitted to all nearby tissues, bending
the bone, tooth and surrounding PDL - as bone is the most elastic of these tissues
it is thus the most responsive (Figure 7.2) (Krishnan and Davidovitch, 2006). The
stretch of periodontal fibres at the side of the tooth under tension reduces the
radius of the alveolar wall i.e. bending the bone (Epker and Frost, 1965).

It is purported that the strained bone undergoes cellular renewal and turnover in
the deformed position, with force being dissipated by developing fracture lines,
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leading to an alteration in the shape and cellular organisation of the bone
(Krishnan and Davidovitch, 2006). This notion is somewhat similar to that of
bone healing following trauma, in which mechanical conditions and the types of
stresses the bone is exposed to are substantial factors in determining whether a
fracture will heal (Aro and Chao, 1993).

Unfortunately, the hypothesis contradicts the orthodontic dogma that “any
compression stimulates bone resorption and tension stimulates bone formation”
(Melsen, 1999). Neither the bone-bending nor the pressure-tension theory fully
explain the biological mechanism of OTM, though continual understanding is
being gained from ongoing cellular, molecular and genetic experiments
(Krishnan and Davidovitch, 2015).

Figure 7.2. Diagrammatic representation of the bone-bending theory of OTM.
Mechanical load is applied from the left. Tension (T) and compression (C) strains are
generated on the right (A) and left (B) walls of the socket. The bending of the bone due
to mechanical force results in bone resorption and deposition. Adapted from (Epker and
Frost, 1965)
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7.1.1c Piezoelectric theory

The piezoelectric model of OTM purports that the movement of charged particles
also plays a role in OTM by electric polarity being created in bone crystals due
to deformation, leading to the creation of an electric current (Figure 7.3) (Masella
and Chung, 2008). With growing information regarding complex cell-cell and
cell-matrix interactions it is more likely that electrical potentials are a by-product
of mechanical deformation, rather than being directly stress-generated (Meikle,
2006).

Figure 7.3. Model of the role of strain-induced bioelectric potentials in OTM. An
applied force displaces a tooth within its socket, deforming the surrounding alveolar bone
convexly. Concavities in deformed bone are electronegative, characterised by
osteoblastic activity; while electropositive or neutral convex bone surfaces are
osteoclastic. Adapted from (Zengo et al, 1973)
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7.1.2 Orthodontic hyalinisation

Histopathological hyalinisation describes a substance that appears glassy and
pink following staining with haematoxylin and eosin. Generally, these tissues are
acellular and contain protein, for example hyaline cartilage. Orthodontic
hyalinisation of the PDL (first reported by Reitan in the 1940s) is a specific
phenomenon characterised by a histologic glass-like appearance (resembling
histological views of hyaline cartilage). Orthodontic hyalinisation results from
the application of forces, particularly heavy forces, which are reported to
compress tissues and lead to capillary obliteration, cell death and local necrosis
(Meikle, 2006; Jonsdottir et al, 2012). Reitan observed that PDL hyalinisation
resulted after cells were subjected to even low forces that were designed to tip
teeth. Additionally, there was the observation that less hyalinisation occurred
following translatory movements; and that more hyalinisation was detectable
around shorter roots – leading to a conclusion that hyalinisation is a result of force
applied per unit area, therefore resulting in the recommendation that efforts
should be made to minimise these cellular changes (Reitan, 1957; Reitan, 1960;
Krishnan and Davidovitch, 2006). In areas of hyalinisation, resorption of the
alveolar wall occurs indirectly, from adjacent marrow spaces – referred to by
Sandstedt as “undermining resorption” (Sandstedt, 1904; Meikle, 2006).

When no hyalinisation occurs, collagen type I fibres in the PDL ECM rapidly
remodel into loose, randomly oriented collagen fibres in areas of compression
(Jonsdottir et al, 2012). In contrast, when hyalinised tissue is formed, it must be
removed (by undermining resorption) prior to remodelling and bone resorption,
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thus halting tooth movement (Melsen, 1999). Once the hyalinised tissue has been
removed, bone deposition may begin on the side of the tooth under tension, with
either further hyalinisation or tooth movement via resorption at the compression
side of the tooth (Melsen, 1999).

When tissue is hyalinised, there is associated hyperaemia in the surrounding area,
resulting in a symptomatic, tender tooth (Krishnan and Davidovitch, 2015). The
issues of slowed tooth movement and tenderness are resolved when macrophages,
osteoclasts and multinucleate giant cells invade the necrotic tissue and resorb the
necrotic tissue and the bone adjacent to it (Krishnan and Davidovitch, 2015).
Further osteoclasts can then be recruited, and bone resorption to allow tooth
movement may begin (Jonsdottir et al, 2012).

Root resorption was initially described as a side-effect of cell activation
associated with the removal of hyalinised tissue (Kvam, 1972; Rygh, 1972). Root
resorption occurs when the reparative capacity of cementum is exceeded due to
pressure leading to exposure of dentine and its potential degradation (Reitan,
1974). The recruitment of macrophages involved in this process is followed by
odontoclast activation, leading to the resorption of cementum and later dentine.
Increased force magnitude and duration may result in an increased incidence of
root resorption, thus there is interest in investigating the differential response of
cells to varying levels of mechanical strain (Abass and Hartsfield, 2007).
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7.1.3 Mechanobiology of tooth movement

There is wide recognition that mechanical forces have a central role in cellular
regulation - including protein synthesis, growth, differentiation and death throughout bodily tissues (Wang and Thampatty, 2006). There has been a
growing interest in the biological mechanisms of tooth movement, with a greater
understanding by orthodontists that such knowledge is beneficial in catering
treatment to individual patients. The application of a force initially results in
movement of the tooth within its socket, leading to tensional deformation
(positive strain) of the PDL at the future tension/apposition side of the tooth, and
stretching of the collagen fibres between the tooth and bone (Melsen, 1999;
Henneman et al, 2008). In contrast, a negative strain/compressive deformation is
produced at the future compression/resorptive side. The mechanobiological
response of the surrounding tissues to OTM can be described in a sequence of
consisting of mechanotransduction; activation of cells; remodelling of PDL and
bone and cell signalling (Henneman et al, 2008).

7.1.3a Mechanotransduction

In order to maintain a consistent phenotype, cells exhibit internal tensile forces
under natural gravitational force, which are balanced by tensional forces
produced by the cell cytoskeleton (Krishnan et al, 2015a). The maintenance of
physiologic mechanical strain levels is fundamental in homeostasis. Tensiondependent cellular integrity (“tensegrity”) is this physiological pre-existing
tensile stress of cells (Ingber, 2006; Krishnan and Davidovitch, 2009). Tensegrity
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is essential in cellular homeostasis, and a lack of sufficient tensegrity can result
in apoptosis (Ingber, 2006). According to Ingber’s model of tensegrity, a stiffer
cytoskeleton is more reliable in sensing external loading of force. Mechanical
signals are transferred from cell to cell via cadherins, and from cell to ECM via
integrins. Cadherins and integrins are linked to cell membranes and cytoskeletal
structures, which are further linked to cellular and nuclear membranes, hence
allowing efficient transfer of mechanical signals, such as the application of
orthodontic force (Krishnan and Davidovitch, 2009).

Mechanotransduction is the nature by which cells sense mechanical strain and
relay the mechanical stimulus to other cells. Several mechanisms of
mechanotransduction have been proposed. As integrins are linked to the
cytoskeleton and are mechanoreceptors, they are ideally suited to be
mechanotransducers. It is proposed that integrin receptors bind to ECM ligands
and transmit signals across the cell membrane, thereby regulating cellular
functions (including via the recruitment of kinases) (Wang and Thampatty, 2006).
The activation of receptor tyrosine kinases has a role in integrin-mediated
signalling (Wang and Thampatty, 2006). G proteins are a group of membrane
proteins positioned at focal adhesions – sites of mechanotransduction - and are
activated by shear stress and cyclic stretching (Gudi et al, 1998; Wang and
Thampatty, 2006).

It is widely believed that bone cells – particularly osteocytes – play an essential
role as mechanosensors (Tan et al, 2006; Henneman et al, 2008; Krishnan and
Davidovitch, 2009). Osteocytes are connected via a three-dimensional (3D)
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network of cell processes, allowing the regulation of bone remodelling (Burger
and Klein-Nulend, 1999). Interstitial fluid flow through the network is a result of
bone loading – the strain-driven fluid flow is detected and transduced by
osteocytes (Burger and Klein-Nulend, 1999). A lack of fluid flow has been
reported to result in apoptosis of osteocytes, attracting osteoclasts, and may be
the process that occurs at the compression side of the tooth during OTM (Tan et
al, 2006; Henneman et al, 2008). Metabolic activity is rapidly changed following
the application of mechanical strain: experiments report that periosteal cells
adjacent to the surface of loaded bone display increased activity of glucose 6phosphate dehydrogenase (G6PD) six minutes after strain application (Skerry et
al, 1989).

7.1.3b Cell activation

The change in fluid flow following mechanotransduction, and subsequent
deformative strain of osteocytes results in matrix strain - strain on PDL cells and
osteocytes leads to cellular activation and differentiation. Cellular activation
results in multiple effects, including synthesis and degradation of ECM, and bone
deposition and resorption, leading to remodelling of both the PDL and bone
(Henneman et al, 2008).

The deformation of osteocytes disrupts integrin molecules, opening cellular
channels, leading to the release of the molecules that allow mechanotransduction
(Schwartz and DeSimone, 2008; Krishnan and Davidovitch, 2009). Osteoblasts
are in contact with osteocytes and initiate appositional effects once mechanical
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load is detected (Krishnan and Davidovitch, 2009). Transcription factor (TF)
Cbfa1 (a.k.a. Runx-2) is the first gene expressed in bone formation, which begins
40-48 hours following the application of force (Masella and Meister, 2006). The
upregulation of certain osteogenic-specific genes (e.g. bone morphogenetic
protein 2 [BMP2], BMP6 and sex determining region Y-related high mobility
group box 9 [SOX9]), and downregulation of others (BMP4 and epidermal growth
factor [EGF]) in response to cyclic tensile force applied to PDL cells was
described by Wescott et al (2007). BMPs can induce Cbfa1 expression and can
bind to osteoblast cell surface receptors and trigger upregulation of osteoblast
function (Masella and Meister, 2006).

7.1.3c Remodelling of the PDL and bone

Bone resorption at the PDL surface has been reported to be the rate-limiting step
in OTM (Roberts et al, 2004). The release of receptor activator of nuclear factor
kappa-beta (RANKL) or macrophage colony-stimulating factor (M-CSF) results
in the stimulation and further differentiation of osteoclasts, with interleukin-1beta
(IL-1β) as the first marker of bone resorption (Masella and Meister, 2006;
Henneman et al, 2008). RANKL is crucial in the development, differentiation
and function of osteoclasts. RANKL levels in gingival crevicular fluid
significantly increase following the application of compressive force in
adolescents (Nishijima et al, 2006).

Endocrine regulation is known to be important in bone physiology. In males,
testosterone reduces bone resorption, while it promotes apposition in both sexes
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(Masella and Meister, 2006). Testosterone may also be converted to oestrogen,
which suppresses bone resorption (Masella and Meister, 2006). This observation
may lead to clinical applications in the future. Further genetic research and coding
may eventually allow orthodontic clinicians to identify biological promoters or
inhibitors that are specific to each patient, and to use targeted molecular
interventions to optimise clinical outcomes.

Remodelling of the PDL also occurs following the application of mechanical
strain. At the pressure/resorptive side of the tooth, PDL is continuously degraded
to allow for OTM, while also being deposited to allow attachment to be
maintained (Henneman et al, 2008). At the tension/apposition side of the tooth,
PDL is also remodelled, with principal PDL fibres being entrapped as Sharpey’s
fibres in the newly formed bone (Henneman et al, 2008).

7.1.3d Cell signalling and the cellular response

The cellular response to mechanical strain (in the form of increased cyclic
adenosine monophosphate [cAMP] levels) is evident four hours following the
initiation of strain (Davidovitch and Shanfeld, 1975). This correlates well with
the time required to produce a response to removable appliances – appliance wear
for at least four to six hours per day is required to produce an orthodontic outcome
(Proffit, 2007). The responses of cells to mechanical strain include alterations in
cellular proliferation and ECM gene and protein expression (Wang and
Thampatty, 2006). These responses occur as a result of cell signalling. It has been
recognised for some time that the actions of prostaglandins and second
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messengers result in cellular responses following exposure to experimental
mechanical force. The responses result from the regulation of surrounding tissues
by released soluble factors (prostaglandins and cytokines).

Prostaglandins are important in inflammation, and have been suggested to be the
chief regulators of mechanical strain, stimulating both osteoclastic and
osteoblastic activity (Harell et al, 1976; Leiker et al, 1995; Proffit, 2007). It has
been found that compressive force stimulates the expression of cyclooxygenase2 (COX-2), the major enzyme involved in the production of prostaglandins
(Sanuki et al, 2010). Evidence suggests that mechanical load results in increased
release of prostaglandin E2 (PGE2), which upregulates the anabolic state of bone
(Duncan and Turner, 1995; Leiker et al, 1995). PGE2 activates both cAMP and
phosphatidylinositol (PI) pathways, inducing expression of protooncogene c-fos
– an immediate early protooncogene, involved in phenotype change (Meikle,
2006). In mice with deletion of cyclic AMP responsive element-binding protein
3 like 3 (CREB3L3), a transcription factor that responds to stress during
inflammation, reduced levels of PGE2 were observed, leading to abnormal
inflammation (Zhang et al, 2006).

Cytokines are proteins with a low molecular weight, and are produced by cells,
for example, as a result of the application of mechanical strain. Cytokines alter
the action of cells via autocrine and paracrine functions. The early phase of OTM
involves an acute inflammatory response – characterised by periodontal
vasodilation and leukocyte migration. The migratory cells are a major source of
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cytokines in OTM, while mechanically strained PDL cells also secrete cytokines
in vitro (Meikle, 2006).

During acute phases of orthodontic treatment, inflammatory biomarkers may be
detected in the gingival crevicular fluid (Krishnan et al, 2015a). The acute phase
is followed by a period of chronic inflammation, until the next treatment visit in
which alterations are made to an orthodontic appliance and the cycle begins again.
Additionally, differential cytokine expression has been reported between the
tension and compression sides of the tooth. It has been identified that the
compression side displays higher levels of tumour necrosis factor alpha (TNF-α),
RANKL and matrix metalloproteinase-1 (MMP1); while the tension side exhibits
increased expression of IL-10, osteoprotegerin and collagen-1 (Garlet et al,
2007). These results indicate differential expression of pro- and antiinflammatory cytokines related to the physiologic condition and biological
mechanisms underway at the site.
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7.1.4 Translational aspects of orthodontic tooth movement research

7.1.4a Response to varied force applications

Great interest in the optimal force applied during orthodontic treatment still
exists, in order to avoid unwanted effects (e.g. root resorption), and to allow the
most efficient treatment, which is of benefit to both patients and practitioners.

A force that is initially continuous and then interrupted appears to be biologically
favourable – hyalinised areas may develop, but once removed the force is reduced
rapidly, resulting in an archwire retaining passivity, and allowing calcification of
the newly formed osteoid layer (Krishnan and Davidovitch, 2006). Clinically,
orthodontists are unable to avoid creating at least some areas at which high
pressure results in avascular regions of the PDL (Proffit, 2007). It has been
suggested that release of pressure at certain time intervals may aid in maintaining
tissue vitality, though further research is required to produce a mechanism able
to successfully perform this technique (Proffit, 2007).

The possible dose-response relation between applied force an OTM was
investigated by van Leeuwen et al (2010) in an experimental set-up in which eight
beagle dogs had a number of teeth extracted, followed by the placement of
implants for anchorage and orthodontic appliances to produce reciprocal bodily
movement of the mandibular second premolar and first molar. Initially, light
forces were applied for 22 weeks, and were then increased in seven of the
subjects. Rate of tooth movement was measured, with time-displacement curves
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able to be divided into four phases, which were first reported by Pilon et al (1996)
in a similarly designed experiment. These phases are: an initial phase, a phase of
arrest, a phase of increasing movement, and a linear phase. Among the eight
subjects, large variation was found, and there were no significant correlations
between the rates of movement of the premolars and molars in individual dogs
(van Leeuwen et al, 2010). The study reached a conclusion that a dose-response
relationship exists in low force ranges i.e. faster OTM is possible by increasing
force, but this is not possible in higher force ranges (van Leeuwen et al, 2010).

Light forces are generally classified as being below the level of capillary blood
pressure, and are accepted as producing acceptable tooth movement, with
minimal patient discomfort, while heavy forces create the four phases mentioned
above (Krishnan and Davidovitch, 2006). It has been hypothesised that because
evidence suggests that a constant rate of tooth movement would be achieved with
increasing force magnitude, the magnitude of force plays only a secondary role
in OTM (Pilon et al, 1996; Krishnan and Davidovitch, 2006).

7.1.4b Root resorption

Apical root resorption was first described by Rygh (1972) and Kvam (1972) as a
side-effect of cell activation associated with the removal of hyalinised tissue. It
occurs when the reparative capacity of cementum is exceeded due to pressure
leading to exposure of dentine and its potential degradation (Reitan, 1974). The
macrophages involved in this process are followed by odontoclasts, which resorb
cementum and then dentine. The expression of genes to induce the production of
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odontoclasts is induced by M-CSF and RANKL (Abass and Hartsfield, 2007).
Increased force duration or magnitude can result in an increased incidence of root
resorption (Abass and Hartsfield, 2007).

7.1.4c Pain

Orthodontic pain is related to the inflammatory reaction resulting in changes in
blood flow following application of orthodontic force, associated with release of
substances including substance P, histamine, prostaglandins and cytokines
(Krishnan, 2007). Nerve fibres are also involved in neurogenic inflammation,
with released neuropeptides eliciting a pain response (Krishnan, 2007).

7.1.4d Effect of drugs/medical conditions on OTM

Non-steroidal anti-inflammatories (NSAIDs) suppress the production of
prostanoids (including prostaglandins) by inhibiting COX-1 and COX-2
(Bartzela et al, 2009). The mechanism of action of NSAIDs has raised concern of
an interaction with the sterile inflammatory process that is central to OTM,
though studies investigating this effect have been non-homogenous, and thus
difficult to interpret (Krishnan et al, 2015b). Krishnan et al (2015b) recently
concluded that as NSAIDs have a short half-life, if taken for short periods of time
they are efficient in relieving orthodontic pain and should not affect OTM, though
if taken chronically, a practitioner may expect to observe a decreased rate of
OTM. In contrast, paracetamol lacks anti-inflammatory properties, and does not
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prevent OTM (Salmassian et al, 2009). A randomised control trial has concluded
that ibuprofen and paracetamol are equally effective in reducing post-operative
orthodontic pain, thus it may be prudent to recommend paracetamol as an
analgesic of choice, though this study lacked a control group of subjects taking
no medication (as opposed to paracetamol, ibuprofen or a placebo), and the
prescribed doses of paracetamol and ibuprofen used were lower than the generally
prescribed dose (Salmassian et al, 2009).

Asthma is a relatively common inflammatory disease, with an increasing
prevalence in many populations (Barnish et al, 2015). Corticosteroids are
commonly prescribed in the treatment of asthma (and other inflammatory
diseases), and possess an anti-inflammatory effect by supressing the synthesis of
COX-1 and COX-2, leading to inhibited prostaglandin synthesis (Bartzela et al,
2009). The effect of corticosteroids on OTM has not been well investigated, and
is an area of interest for further research. It appears that slower OTM may be
expected in patients taking these drugs for a short time, while patients taking
corticosteroids for longer periods of time (three to six months) experience many
systemic adverse effects, including the possibility of osteoporosis (Krishnan et al,
2015b). In addition, asthma is of interest in orthodontics due to multiple reports
indicating an increased risk of root resorption during OTM in asthmatic
individuals (McNab et al, 1999; Owmann-Moll and Kurol, 2000). However, this
is perhaps due to the associated medication and not asthma per se.

Bisphosphonates are anti-resorptive agents used in the treatment of osteoporosis,
Paget’s disease or bone metastases by interfering with bone resorption and
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formation; therefore do adversely affect OTM (Krishnan et al, 2015b). Clinically,
however, it would be somewhat unusual for orthodontic patients to be undergoing
bisphosphonate therapy (though there are increasing numbers of adult patients
seeking orthodontic treatment), and every patient should be questioned on their
medications during the history and examination.

7.1.4e Orthodontic relapse

Orthodontic relapse is a phenomenon that is disappointing to both practitioners
and patients. Relapse may occur due to physiological tooth movement
(reorganisation of supporting tissues), neuromuscular imbalance, the presence of
inherent dental factors and continued facial growth (Maltha et al, 2015). PDL
changes during relapse are consistent with those during experimental tooth
movement, with increased gene expression of markers of bone formation
(alkaline phosphatase, collagen-1) on the prior pressure side, while markers of
bone resorption decrease (Maltha et al, 2015). The histological changes occurring
during relapse remain inconclusive, thus an accurate biological sequence of
events occurring during the process has not been created (Maltha et al, 2015). It
has been hypothesised by Maltha, et al. (2015) that relapse is initiated by
mechanical stimuli, similar to the initiation of OTM, as these forces are able to
maintain tooth movement. In mice, apoptosis of PDL tissue has been identified
during relapse in areas under compressive force (McManus et al, 2014).
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7.1.4f Accelerated tooth movement

Reduced treatment duration is of benefit to both orthodontic patients and
practitioners, particularly in the prevention of time-related adverse effects such
as root resorption and the development of enamel white spot lesions. The biologic
rationale for accelerated tooth movement techniques is the production of
increased numbers and function of osteoclasts – allowing the rapidity of the ratelimiting step in OTM (bone resorption at the compression side) to be increased
(Huang et al, 2014).

A number of techniques to accelerate OTM have been introduced. The
corticotomy was introduced by Köle in 1959, described as the osteotomy of the
cortical layer buccally and lingually across the whole alveolar height (Köle,
1959). While this technique is less invasive that the previously advised osteotomy
of both medulla and cortex, the method does require additional procedures that
are likely to be unpleasant and disruptive to patients. A more conservative
approach - low level laser therapy - upregulates RANKL+ cells, as do
pharmaceutical agents such as parathyroid hormone (Fujita et al, 2008; Huang et
al, 2014). Micro-osteoperforations have been found to increase the expression of
inflammatory markers, (IL-1α, IL-6, TNF-α), and resulted in increased tooth
movement compared to the contralateral tooth used as a control (Alikhani et al,
2013). However, the results of this study are limited by its relatively short
experimental time period, and it is unclear how many micro-osteoperforation
sessions are required per patient. Additionally, the cost of the disposable
instrument is high, and would significantly add to the financial cost of treatment.
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Vibration of particular intensity, frequency and duration can increase bone mass
throughout the body, with an effect on RANKL (Huang et al, 2014). A wellmarketed commercial product designed to deliver such vibration to the oral cavity
to reduce treatment time (Acceledent) was recently investigated in a welldesigned randomised control trial (Woodhouse et al, 2015). The authors
concluded that their results provided no evidence that the use of this device
increased the rate of tooth movement in initial or complete alignment compared
to use of a sham device or fixed appliances only (Woodhouse et al, 2015).

Attempts have been made to create accelerated OTM by application of molecules
such as prostaglandins or RANKL, though there may be an increased risk of
adverse effects (pain and root resorption) with such techniques (Yamasaki et al,
1984; Huang et al, 2014).

A systematic review of 18 papers concerning the success of techniques for
accelerating OTM has been published, identifying that there is some low level
evidence in support of corticotomy intervention (though the effect is transient)
and low level laser therapy, though further large, high quality studies are required
prior to such mechanisms gaining widespread clinical use, particularly due to the
invasive approach associated with corticotomies and the question of cost-benefit
analysis (Gkantidis et al, 2014).
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7.1.4g Biomarkers/genetics

Research has indicated that the IL-1 gene cluster can hold important variables in
OTM. IL-1β gene polymorphisms can predispose orthodontic patients to
increased root resorption, and is also associated with periodontitis (Masella and
Chung, 2008). Further research may allow the formulation of genetic tests to
assess the risk of root resorption pre-treatment, and would be of great diagnostic
and treatment planning use. Ellias et al (2012) used proteomics to identify a
number of proteins that are altered in saliva during OTM. This was a pilot study,
and found four proteins that have known roles in bone resorption and
inflammation that may potentially be used as salivary biomarkers to monitor the
progression of orthodontic treatment (Ellias et al, 2012).
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7.2 Ethical approval (University of Otago Human Ethics Committee)

H15/084

Academic Services
Manager, Academic Committees, Mr Gary Witte

21 August 2015

Professor M Farella
Department of Oral Sciences
Faculty of Dentistry

Dear Professor Farella,
I am writing to let you know that, at its recent meeting, the Ethics Committee considered your
proposal entitled “The effect of mechanical strain on the unfolded protein response of
periodontal ligament cells in a three-dimensional culture”.
As a result of that consideration, the current status of your proposal is:- Approved
For your future reference, the Ethics Committee’s reference code for this project is:- H15/084.

While approving the application, the Committee would be grateful if you would respond to the
following:
Information Sheet: The Committee requires your name and contact details to be on the
Information Sheet as the Principal Investigator and for Fiona Firth to be named as the student
investigator.
Please provide the Committee with copies of the updated documents, if changes have been
necessary.
The standard conditions of approval for all human research projects reviewed and approved
by the Committee are the following:
Conduct the research project strictly in accordance with the research proposal submitted and
granted ethics approval, including any amendments required to be made to the proposal by
the Human Research Ethics Committee.
Inform the Human Research Ethics Committee immediately of anything which may warrant
review of ethics approval of the research project, including: serious or unexpected adverse
effects on participants; unforeseen events that might affect continued ethical acceptability of
the project; and a written report about these matters must be submitted to the Academic
Committees Office by no later than the next working day after recognition of an adverse
occurrence/event. Please note that in cases of adverse events an incident report should also
be made to the Health and Safety Office:

180

http://www.otago.ac.nz/healthandsafety/index.html
Advise the Committee in writing as soon as practicable if the research project is discontinued.

Make no change to the project as approved in its entirety by the Committee, including any
wording in any document approved as part of the project, without prior written approval of the
Committee for any change. If you are applying for an amendment to your approved research,
please email your request to the Academic Committees Office:
gary.witte@otago.ac.nz
jo.farrondediaz@otago.ac.nz
Approval is for up to three years from the date of this letter. If this project has not been
completed within three years from the date of this letter, re-approval or an extension of
approval must be requested. If the nature, consent, location, procedures or personnel of your
approved application change, please advise me in writing.
Yours sincerely,

Mr Gary Witte
Manager, Academic Committees
Tel: 479 8256
Email: gary.witte@otago.ac.nz

c.c. Professor W M Thomson

Department of Oral Sciences
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7.3 Consultation with Ngāi Tahu Research Consultation Committee

Tuesday, 16 June 2015.
Professor Mauro Farella,
Faculty of Dentistry - Department of Oral Science,
DUNEDIN.

Tēnā Koe Professor Mauro Farella,
The effect of mechanical strain on the unfolded protein response of periodontal ligament
cells in a three-dimensional culture
The Ngāi Tahu Research Consultation Committee (the committee) met on Tuesday, 16 June
2015 to discuss your research proposition.
By way of introduction, this response from The Committee is provided as part of the
Memorandum of Understanding between Te Rūnanga o Ngāi Tahu and the University. In the
statement of principles of the memorandum it states ″Ngāi Tahu acknowledges that the
consultation process outline in this policy provides no power of veto by Ngāi Tahu to research
undertaken at the University of Otago″. As such, this response is not ″approval″ or ″mandate″
for the research, rather it is a mandated response from a Ngāi Tahu appointed committee. This
process is part of a number of requirements for researchers to undertake and does not cover
other issues relating to ethics, including methodology they are separate requirements with
other committees, for example the Human Ethics Committee, etc.
Within the context of the Policy for Research Consultation with Māori, the Committee base
consultation on that defined by Justice McGechan:
″Consultation does not mean negotiation or agreement. It means: setting out a proposal not
fully decided upon; adequately informing a party about relevant information upon which the
proposal is based; listening to what the others have to say with an open mind (in that there is
room to be persuaded against the proposal); undertaking that task in a genuine and not
cosmetic manner. Reaching a decision that may or may not alter the original proposal.″

The Committee considers the research to be of importance to Māori health.
As this study involves human participants, the Committee strongly encourage that ethnicity
data be collected as part of the research project. That is the questions on self-identified
ethnicity and descent, these questions are contained in the latest census.
The Committee suggests dissemination of the findings to relevant Māori health organisations,
for example the National Māori Organisation for Dental Health, Oranga Niho and to
Professor John Broughton and Mr Malcolm Dacker, who are involved in Māori Dental
Health, University of Otago.
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7.4 Funding

NZDA House
Building 1, 195 Main Highway
Ellerslie, Auckland 1051
PO Box 28084, Remuera 1541
Ph +64 9 579 8001
Fx +64 9 580 0010
Email: research@nzda.org.nz

ADVICE OF RESEARCH FUNDING GRANT APPLICATION AS ASSESSED BY THE BOARD,
OF THE NEW ZEALAND DENTAL RESEARCH FOUNDATION
NZDA HOUSE, WEDNESDAY 22 July 2015

Date of Advice

17 August 2015

Name of Applicant/s

Firth F, Seo B, Milne T, Farella M

Reference

RF8.09 2015

Title of Research

The effect of mechanical strain on the unfolded protein response of periodontal
ligament cells in a three-dimensional culture

Amount Awarded

$15,000

Condition/s of Award

Funding of this project is subject to ethics approval being obtained and in
accordance with the conditions as follows. A payment of $15,000 will be made
on the receipt of an invoice for such. A progress report is required by 1 June
2016 and annually thereafter (see General Comments). A Final Report (and a
copy of any publications) is required at the completion of the project in
September 2017. Copies of any publications after this date are also to be
provided.

General Comments
The project ranked sufficiently for the Board to agree to award $15,000 subject to the payment conditions.
For administrative convenience Progress Reports are to be submitted to Research and Enterprise, ‘Centre for
Innovation’, University of Otago by 15 May 2016 and annually thereafter.
Publications should acknowledge funding support from the NZ Dental Research Foundation.

Signed:

Richard Jefferies (Chair, New Zealand Dental Research Foundation Board)

YOU ARE REQUIRED TO SUBMIT A PROGRESS REPORT TO RESEARCH AND ENTERPRISE, UNIVERSITY OF
OTAGO BY 15 MAY 2016 TO ENSURE REPORTS ARE RECIEVED BY NZDRF BY 1 JUNE 2016
(Please email your report to – research@otago.ac.nz)
The Principal Researcher should sign, date and return a COPY of this advice notice (in the panel below) to acknowledge the
conditions and enable payment of the Award. If the Principal Researcher is a post-graduate student then the student’s supervisor
should sign and return this form. Thank you.

Name: __________________________

Signed: ____________________________Date: ___/___/2015

Principal Researcher OR Student Supervisor

Page 1 of 3
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7.5 Participant information and consent forms

Participant Information Sheet
Study title:
Principal
investigator:

The effect of mechanical strain on the unfolded protein response of
periodontal ligament cells in a three-dimensional culture

Name: Mauro Farella
Department of Oral Sciences
Position: Head of Discipline

Contact phone
number:
03 479 7068

Student Investigator: Fiona Firth

Introduction
Thank you for showing an interest in this project. Please read this information sheet
carefully. Take time to consider and, if you wish, talk with relatives or friends, before
deciding whether or not to participate.
If you decide to participate we thank you. If you decide not to take part there will be no
disadvantage to you and we thank you for considering our request.

What is the aim of this research project?
The movement of teeth during orthodontic treatment relies on changes in the cells
surrounding the teeth. The periodontal ligament (PDL) is the tissue that connects the tooth
to its surrounding bone. During orthodontic treatment, mechanical strain is placed on the
teeth and PDL, resulting in tooth movement.
We intend to investigate the stress response of PDL cells subjected to mechanical strain, in
a laboratory. The results of this study may have clinical applications in the prevention of root
resorption (dissolving of the roots which is possible during orthodontic treatment), or the
acceleration of tooth movement (resulting in shorter treatment time).

Who is funding this project?
Funding has been sought from the New Zealand Dental Association Research Foundation.

Who are we seeking to participate in the project?
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Potential participants will be undergoing orthodontic treatment in the Discipline of
Orthodontics at the Faculty of Dentistry, University of Otago. Participants will have
consented to orthodontic treatment plans involving extraction of one or more premolar
tooth/teeth. For this study, the teeth must be free of decay or gum disease so that these
factors do not influence the results of the study.

If you participate, what will you be asked to do?
We will ask that participants donate one of their extracted teeth. The tooth will be
processed for the study immediately following the appointment for its removal. No
additional appointments will be required outside of the extraction appointments that would
be normally scheduled.
No aspect of orthodontic clinical care will be affected by your agreement or refusal to
participate in this research. Participation is entirely voluntary.

Is there any risk of discomfort or harm from
participation?
Participating in this study has no additional risk of discomfort or harm beyond those of
orthodontic treatment in general, which will have been discussed with you.

What specimens, data or information will be
collected, and how will they be used?
Premolar teeth will be collected, and stored securely in a laboratory at the School of
Dentistry. The teeth will be stored for the duration of the study. Following this time, we
may discard the teeth (using a dental waste system) with a Karakia (Māori Prayer), or return
them to you as you wish.
Laboratory techniques will be used to grow cultures of PDL cells. It is these cultures of cells
that will be experimented on. These cells will be stored for the duration of the study before
being discarded.

What about anonymity and confidentiality?
Anonymity will be employed during the research procedure, so that confidentiality is
achieved. Codes rather than names will be used to label the teeth and cell cultures, and
reported results will be anonymous.

If you agree to participate, can you withdraw
later?
You may withdraw from participation in the project at any time and without any
disadvantage to yourself.
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Any questions?
If you have any questions now or in the future, please feel free to contact either:
Name: Fiona Firth (DClinDent
(Orthodontics) student) or Mauro
Farella (Head of Discipline)

Contact phone number:
03 479 7068

Department of Oral Sciences

This study has been approved by the University of Otago Human Ethics Committee (Health). If you
have any concerns about the ethical conduct of the research you may contact the Committee
through the Human Ethics Committee Administrator (phone +64 3 479 8256 or email
gary.witte@otago.ac.nz). Any issues you raise will be treated in confidence and investigated and you
will be informed of the outcome.
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The effect of mechanical strain on the
unfolded protein response of
periodontal ligament cells in a threedimensional culture
Principal Investigator: Mauro Farella
03 479 7068; mauro.farella@otago.ac.nz
Student Investigator: Fiona Firth
03 479 7068; fiona.firth@postgrad.otago.ac.nz

CONSENT FORM FOR PARTICIPANTS
Following signature and return to the research team this form will be stored in a secure place for ten
years.

Name of
participant:…………………………………………..
1. I have read the Information Sheet concerning this study and understand the aims
of this research project.
2. I have had sufficient time to talk with other people of my choice about
participating in the study.
3. I confirm that I meet the criteria for participation which are explained in the
Information Sheet.
4. All my questions about the project have been answered to my satisfaction, and I
understand that I am free to request further information at any stage.
5. I know that my participation in the project is entirely voluntary, and that I am free
to withdraw from the project at any time without disadvantage.
6. I know that as a participant I will donate one of my teeth that will be removed for
orthodontic treatment.
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7. I understand the nature and size of the risks of discomfort or harm which are
explained in the Information Sheet.
8. I know that when the project is completed all personal identifying information will
be removed from the paper records and electronic files which represent the data
from the project.
9. I understand that the results of the project may be published and be available in
the University of Otago Library, but I agree that any personal identifying
information will remain confidential between myself and the researchers during
the study, and will not appear in any spoken or written report of the study
10. I know that there is no remuneration offered for this study, and that no
commercial use will be made of the data.
11. I understand that the tooth samples will be securely stored at the Faculty of
Dentistry, University of Otago, and will be either returned to me or will be
disposed with a Karakia following the research period.
Signature of participant:

Date:

Signature of parent/guardian (if

Date:

participant is under 16 years of
age):
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7.6 Layout of the custom TaqMan qRT2-PCR assay
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7.7 RNA concentration and quality
Cell Line

Sample

Concentration
(μg/mL)

A260/A280

A260/A230

Total RNA (ng)

2.00
1.93
2.00

1.63
1.26
1.69

2600
2700
2400

Unstrained plastic plate
PDLA

1

PDLA
PDLA

2
3

52.0
54.0
48.0

PDLA
PDLA
PDLA

1
2
3

64.4
197
318

1.89
1.59
1.45

0.836
0.528
0.448

3220
9850
15900

PDLA
PDLA
PDLB
PDLB
PDLC
PDLC

Test1
Test2
Test1
Test2
Test1
Test2

12.6
13.6
9.60
16.0
2.30
18.0

1.92
1.99
1.77
1.93
1.38
1.32

0.23
1.83
0.836
1.71
0.598
0.381

630
680
480
800
115
900

PDLA
PDLA
PDLB

Control1
Control2
Control1

12.2
10.6
12.8

1.96
1.92
1.85

0.575
0.373
1.53

610
530
640

Unstrained collagen-coated
plate

Strained cell/gel constructs

Unstrained cell/gel constructs
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Cell Line

Sample

Concentration
(μg/mL)
22.4
3.60
3.70

A260/A280

A260/A230

Total RNA (ng)

1.86
1.67
1.66

1.65
1.01
0.344

1120
180
185

PDLB
PDLC
PDLC

Control2
Control1
Control2

PDLA
PDLA
PDLB
PDLB
PDLC
PDLC

Test1
Test2
Test1
Test2
Test1
Test2

10.4
8.00
11.1
7.40
6.00
6.60

1.70
1.37
1.75
1.58
1.68
1.32

0.229
1.89
1.24
0.811
0.671
0.994

520
400
555
370
300
330

PDLA
PDLA
PDLB
PDLB
PDLC
PDLC

Control1
Control2
Control1
Control2
Control1
Control2

11.2
7.80
11.4
10.8
8.20
8.20

1.62
1.47
1.61
1.55
1.51
1.32

0.943
1.04
0.321
0.136
0.453
0.768

560
390
570
540
410
410

Strained monolayer cultures

Unstrained monolayer
cultures
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