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Abstract

Vibration with 1000 Hz frequency, 0.12 g acceleration and 30 nm displacement has
been demonstrated to promote mesenchymal stem cell osteogenesis in 2D and 3D
cultures without requiring supplementation with biochemical osteogenic fate
inducers. This indicates that it could potentially be applied as an in vivo
mechanotherapy to promote bone regeneration and treat delayed fracture unions
or bone tissue disorders, such as osteoporosis. Applied to the exterior of the body,
nanoscale vibrational waves would propagate through the soft tissues surrounding
the target bone site, stimulating the cells within those tissues. However, these
vibration parameters are highly unusual in the context of other vibrational

stimulation studies, and little is known about how they may affect other cell

types.

Fibroblasts are the most common cell type in the soft connective tissues, where
they play a vital role in tissue repair after injury. Fibroblast behaviour during the
process of wound healing is regulated by complex interactions between signalling
pathways stimulated by biochemical and biomechanical factors. Applied
mechanical stimulation could interfere with these pathways and potentially lead
to undesirable outcomes, such as impaired wound healing or excessive matrix
deposition and fibrosis. This thesis aims to investigate how fibroblasts respond to
nanovibrational stimulation in 2D and 3D culture conditions and in presence and
absence of pro-fibrotic growth factor transforming growth factor-81 (TGFB1). The
features important for fibroblast function during wound healing were examined,
including proliferation, contractility, synthesis of collagen I, collagen Ill and a-
smooth muscle actin, as well as gene expression of endogenous TGFB1 and
inflammatory factors interleukin-6 and osteopontin. A liquid chromatography-mass
spectrometry-based metabolomics experiment was performed to detect any
alterations in fibroblast metabolome in response to nanovibrational stimulation,
followed by RNA sequencing to evaluate its effects on gene transcription. Finally,
levels of reactive oxygen species, apoptosis, and DNA damage, all of which play a
role in the development of fibrotic diseases, were investigated using flow

cytometry and alkaline comet assay.



It was discovered that fibroblasts are sensitive to nanovibrational stimulation, but
the effects under the basal conditions are subtle and unlikely to cause undesirable
fibroblast activity in healthy tissues. However, nanovibration had potentially
negative outcomes on the fibroblast phenotype in 3D when applied in the presence
of TGFB1, increasing DNA damage and gene expression of inflammatory factor
osteopontin. These outcomes were not observed in 2D cultures, where indications
of anti-fibrotic effects of nanovibration were observed, suggesting that the effects
of nanovibrational stimulation in pro-fibrotic conditions may depend on the
mechanical properties of the matrix. Overall, this work presents the first
investigation of the fibroblast response to nanovibrational stimulation and

highlights the potential benefits and detriments of the treatment.



Table of Contents

Chapter 1: INtrodUCION ..............ooooiiie et 1
1.1 Mechanical stimulation of cells...............ooooiiiiiiine 1
142 VIDFation .....c..cooiiiii et 2
1.1.3 Nanovibrational stimulation ..................cocooiie 6
1.2 FIBroblasts..........coooiii e 9
1.3 Fibroblasts and myofibroblasts in wound healing................ccccocoonninininiinnn, 11
1.3.1 Inflammatory Phase.............cooiiiiii s 12
1.3.2 Proliferative phase.............c.ooooiiiee et 13
1.3.3 Remodelling PRASe. ... 14
1.4 Factors modulating fibroblast phenotype............ccccccooiiinnine 14
1.4.1 Growth FACOrS .......c..ooiiiii s 15
1.4.2 Inflammatory CYtoKINeS ..o 18
1.4.3 Reactive Oxygen Species (ROS)..........cco i 21
1.4.4 MEChANOSENSOIS .........cc.oiiiiiiiiiiiece et 22
1.4.5 2D and 3D CUIUIES ...........ooiiiiiiiic s 27
1.5 Fibroblast response to vibration................ccccoooeiiinei e 27
1.6 Aims of the thesSis..........c.ooooiiii s 30
Chapter 2: General Materials and Methods.................cccoooiiiiiiccce e, 33
2.1 Cell CUIRUT@ ...ttt 33
2.2 3D culture in collagen hydrogels .............cccocoviiiecinicenicee e 33
2.3 Nanovibrational stimulation ... 34
2.4 IN-Cell WESEEIN ...t 34
2.5 RNA eXtraCtioN .........ccooiiiiiiiiice s 36
2.6 Statistical aNalYSIS ...........cccooeeiiiiceee s 36
Chapter 3: Indications of Fibroblast Activation in Response to Nanovibration.......... 38
B INrOdUCTION. ... s 38
3.2 Materials and Methods..................oooiiiii e 40
3.2.1 Laser interferometry — vibrometry.............c.cccoiiiinine 40
3.2.2 3D culture inrat-tail collagen I...............coooooirieicicee 40
3.3.3 AlamarBlue assay for cell proliferation................cccccoeirinvininie, 41
3.3.4 Rat-tail collagen | contraction @assay ............c.ccocoeveiciiiiiiinnecce 42
3.3.5 Quantitative polymerase chain reaction (qPCR) ............ccoeiniiinciniincnne, 42
BB RESUILS ... e 43
3.3.1 Selection of collagen hydrogel and interferometry ..............ccccoovevvvvnnennn. 43



3.3.2 The effects of nanovibration on fibroblast proliferation...............c.................. 45

3.3.3 Collagen gel contraction.................cccooveiiiiciiii e 46
3.3.4 Expression of a-SMA, COL1A1 and COL3A in nanovibration treated
FIDrobIAStS ..o 47
3.3.5 Pro-fibrotic cytokine expression in nanovibration treated fibroblasts........ 51
Fud DISCUSSION........oeiiiiiicce ettt ettt b e bt bbbt et e eneeais 52
B8 CONCIUSIONS ...ttt 56
Chapter 4: The effects of nanovibration on the fibroblast metabolome and
L= 1 KT e 1o oo 1= PR 57
4.1 INtrodUCHION..........ciiiii ettt 57
4.2 Materials and Methods.................ccooiiiiiiiii e 58
4.2.1 Metabolite exXtraCction.............c..ocooiiiiiiii e 58
4.2.2 Liquid chromatography-mass spectrometry and data analysis.................... 59
4.2.3 RNA library preparation and seqUencing ...........ccccoceevvvircienencernseeese e 59
4.2.4 RNA Sequencing data analysis .............cccccoeceviiieiinicccee e 59
4.3 RESUILS ..o e 60
4.3.1 LC-MS metabolomics analysis ...........ccccocvirininininiciicereeceeeee 60
4.3.2 Molecular activity prediction and validation...................c.cccoovnninniicenneee 63
4.3.3 RNA-SeQ @NAlYSIS .......ccooiriiiiriiieeiceee sttt 66
4.4 DISCUSSION......cooiiiiiiieeee ettt st 71
4.5 CONCIUSIONS ...ttt b 75
Chapter 5: Reactive oxygen species in nanovibrationally stimulated fibroblasts .....77
5.1 INtrOAUCTION.........eiiii et 77
5.2 Materials and Methods.................ocoiiinii e 79
5.2.1 Glutathione @SS@Y ............cooiiiiiiiieeeee e 79
5.2.2 FIOW CYLOMELEIY ..ottt 79
5.2.3 AlKaline COMEt @SSAY ........ccceeviiiiieieececeeee et 80
5.3 RESUILS ... 81
5.3.1 GSH/GSSG ratio in fibroblasts treated with nanovibration ......................... 81
5.3.2 Measurement of ROS levels in fibroblasts by flow cytometry...................... 82
5.3.3 Apoptosis in fibroblasts ................ccooorieiiicic 84
5.3.4 DNA damage in fibroblasts treated with nanovibration or TGFB1................ 86
5.4 DISCUSSION.......c.ooiiiiiiiiiiic ettt 87
5.5 CONCIUSIONS ..ottt 91
Chapter 6: General discussion and conclusions ................ccocooeveiiieininencneneeee 92
6.1 DISCUSSION.......c.ooiiiiiiiiiiece ettt 92
6.2 Summary of the key findings ..o 96



6.3 Recommendations fOr FURUIE WOTK............oooo oo

6.4 Conclusion..

List of References

Vi



List of tables

Table 2.1 Primary and secondary antibodies used for in-cell western 35

Table 3.1 Primer pair sequences used for gqPCR 43

List of Figures

Figure 1.1 Waveforms of a sinusoidal and an atypical wave 4

Figure 1.2 Bioreactor for application of nanovibrational stimulation 7

Figure 1.3 Proposed mechanisms of nanovibration induced osteogenesis in
MSCs 8

Figure 1.4 Summary of fibroblast outputs and functions 10

Figure 1.5 Graphic summary of wound healing phases and fibroblast role in
each phase 12

Figure 1.6 Canonical and non-canonical TGFB signaling pathways in
fibroblasts 16

Figure 1.7 Mechanosensors in fibroblasts 23

Figure 2.1 Nanovibrational bioreactor with a cell culture plate 34

Figure 3.1 Comparison of fibroblast proliferation in bovine and rat-tail
collagen type-| hydrogels. Surface displacement measurements 44

Figure 3.2 AlamarBlue reduction in 2D and 3D bovine collagen | hydrogels 45

Figure 3.3 Levels of CaSR protein and phospho-ERK/ERK ratio in 2D fibroblast
cultures 46

Figure 3.4 Collagen gel contraction assay 47

Figure 3.5 Levels of a-SMA protein in 2D fibroblast cultures 48

Figure 3.6 Levels of COL3A1 and COL1A1 in 2D fibroblast cultures 49

Figure 3.7 Gene expression of a-SMA and COL1A1 in fibroblasts in 2D and 3D 50

Figure 3.8 Gene expression of IL-6, OPN, TGFB1 in fibroblasts in 2D and 3D 52

vii



Figure 4.1 Hierarchical clustering analysis of RNA-seq samples 60

Figure 4.2 PCA plot of 2D metabolite data, glutathione levels and histograms
of log2fold values of differentially regulated metabolites in 2D 61

Figure 4.3 Overrepresentation analysis of differentially regulated metabolites
and lipid heatmaps in 2D 62

Figure 4.4 PCA plot of 3D metabolite data and 3D lipid heatmap 63

Figure 4.5 Metabolic network diagrams generated in IPA showing molecular
activity predictions 64

Figure 4.6 Phospho-ERK/ERK, phospho-Akt/Akt and phoshpo-JNK/JNK ratios in
2D 65

Figure 4.7 PCA plot of RNA-Seq data and log2fold change histogram of
differentially expressed genes 66

Figure 4.8 Heatmap of common genes differentially regulated by nanovibration
and TGFB1. Pathways enriched in nanovibration-treated fibroblasts 67

Figure 4.9 Network plot of enriched GO: biological process terms 69

Figure 4.10 Heatmap the electron transport chain gene expression 70

Figure 4.11 Expression of genes involved in glycolysis and ROS regulation 71

Figure 5.1 GSH/GSSG ratio in fibroblasts 82

Figure 5.2 ROS levels in fibroblasts in 2D and 3D 83

Figure 5.3 ROS levels in fibroblasts after 2 h of nanovibrational/ TGFB1
treatment 84

Figure 5.4 Percentage of early and late apoptotic cells measured by annexin-
V/PI fluorescence 85

Figure 5.5 DNA damage in 2D and 3D, measured with comet assay 87

viii



Acknowledgements

First and foremost, | would like to thank my supervisors Prof. Matt Dalby, Dr.
Monica Tsimbouri and Prof. Manuel Salmerén-Sanchez for the opportunity to do
this work and for their guidance throughout the course of it. | don’t know where

you get your patience, but | sure do appreciate it.

Big thanks to all friends and colleagues in the CeMi, it’s been a good nearly-five
years and it’s all because of you. Special mention goes to Dr. Alasdair MacDonald
for keeping the gears spinning in the lab. Another one to Dr. Mathis Riehle for

always having funny jokes and good advice to share.

| would also like to thank Dr. I1zabela Szymczak-Pajor and Prof. Agnieszka Sliwinska
at the Medical University of £odz for inviting me to contribute to their research,

as well as contributing to mine with valuable training.

Thanks to my friends Monika, Dominyka and Kernius for being the best support
system one could ever wish for. And my friend Adomas, for all of the ‘you should
be writing’ texts, you’ll be happy to know that some of them actually worked! |
also owe a big chunk of my gratitude to my family. My mum Violeta, for providing
me perspective in stressful times, and my grandma Birute, who makes me feel
loved and cared for even a thousand miles away. Finally, a big thanks goes to
Justas. The list of things I’m grateful for would probably require a separate
chapter. | could have probably done this without you, but | wouldn’t want to find

out.



Author’s Declaration

| declare that, except where explicit reference is made to the contribution of
others, that this thesis is the result of my own work and has not been submitted

for any other degree at the University of Glasgow or any other institution.
Egle Morta Antanaviciute

29 May 2023



Abbreviations

2D

3D
a-SMA
BMD
Akt
ATP
CaSR
COL1AT1
COL3A1
CTGF
DE

DNA
ECM
ERK
FAK
FGF
GLRX
GO
GSH
H202
H-TERT

IPF
JNK
KEGG
LAP
LC-MS
MAPK

Two-dimensional

Three-dimensional

a-smooth muscle actin

Bone mineral density

Protein kinase B

Adenosine Triphosphate

Calcium sensing receptor

Collagen | A1

Collagen Il A1

Connective tissue growth factor
Differentially expressed
Deoxyribonucleic Acid

Extracellular matrix

Extracellular signal-regulated kinases
Focal adhesion kinase

Fibroblast growth factor

Glutaredoxin

Gene ontology

Glutathione

Hydrogen peroxide

Human telomerase reverse transcriptase
Interleukin

Idiopathic pulmonary fibrosis

c-Jun N-terminal kinase

Kyoto encyclopaedia of genes and genomes
Latency associated peptide

Liquid chromatography-mass spectrometry

Mitogen-activated protein kinases

xi



MMP
MSCs
NOX4
OPN
ORA
PCA
PDGF
PI
gq-PCR
RNA
RNA-Seq
ROCK
ROS
RP
SMAD
SOD
SSc
TAZ
TBHP
TGFB1
TRP
VEGF
WBV
YAP

Matrix metalloprotease

Mesenchymal stem cells

NADPH oxidase 4

Osteopontin

Overrepresentation analysis

Principal component analysis

Plateled derived growth factor
Propidium iodide
Quantitative-polymerase chain reaction
Ribonucleic acid

RNA-sequencing

Rho-associated protein kinase
Reactive oxygen species

Ribosomal protein

Small mothers against decapentaplegic
Superoxide dismutase

Systemic sclerosis

Transcriptional coactivator with a PDZ-binding domain

Tert-butyl hydroperoxide
Transforming growth factor-B1
Transient receptor potential
Vascular endothelial growth factor
Whole Body Vibration

Yes-associated protein

Xii



Chapter 1: Introduction
1.1 Mechanical stimulation of cells

The ability of cells to sense and translate biomechanical cues from the
extracellular microenvironment into intracellular signalling events is essential for
many biological processes, such as development, tissue homeostasis and wound
healing (Paluch et al., 2015). For this purpose, cells employ a variety of
‘mechanosensors’, including cell-matrix adhesions, force gated ion channels, and
certain g-protein coupled receptors, which relay the mechanical signals into the
interior of the cell and activate downstream signalling pathways (Goodman et al.,
2023). Engaging the cellular mechanotranduction pathways with applied
mechanical stimuli therefore allows to manipulate cell phenotype (Zhang and
Habibovic, 2022).

A variety of mechanical stimulation strategies have been developed to direct cell
behaviours (Han et al., 2020, Zhang and Habibovic, 2022). Some of these
strategies involve fine-tuning the physical properties of the culture substrate to
achieve desired outcomes. Mesenchymal stem cells (MSC) can be driven towards
specific cell fate decisions by varying substrate stiffness to mimic the physical
properties of different tissues (Akhmanova et al., 2015). On soft matrices (2.5 kPa
- 5 kPa) MSCs preferentially differentiate into adipocytes, while more rigid
substrates (8 kPa - 20 kPa) drive them towards myogenic phenotype. Culturing
MSCs on substrates with 30 kPa and higher stiffness induces osteogenic
differentiation (Akhmanova et al., 2015). Fibroblasts cultured on stiff substrates
undergo activation and differentiation into myofibroblast phenotype (Huang et
al., 2012). Substrate surface micro- and nanotopography can also influence stem
cell fate decisions (Han et al., 2020). Furthermore, it also can affect morphology,
migration, and orientation of various cell types (Kim et al., 2014, Micholt et al.,
2013, Bhattacharjee et al., 2020). In 3D, in addition to stiffness and topography,
scaffold porosity also plays a role in regulation of cell behaviour (Rnjak-Kovacina
et al., 2011, Iturriaga et al., 2021).



Other mechanical stimulation strategies rely on application of external forces
using various devices and bioreactors (Zhang and Habibovic, 2022). Cyclic
stretching has been shown to affect cell proliferation, migration, and adhesion in
several cell types, including MSCs, fibroblasts and keratinocytes (Nishimura et al.,
2009, Cui et al., 2015, Jungbauer et al., 2015, Fang et al., 2019). Adjusting
stimulation parameters, such as frequency or direction of the strain, allows to
elicit different effects. For example, keratinocyte proliferation could be
upregulated or downregulated depending on the cyclic stretch frequency
(Nishimura et al., 2009), while the expression of smooth muscle cell markers in
MSCs are differentially regulated by uniaxial and equiaxial stretch (Park et al.,
2004). Stem cells from various sources can be driven towards endothelial lineage
with biomimetic magnitude shear stress generated in fluid flow bioreactors (Huang
et al., 2021). While the effects of shear stress have been the most extensively
studied in the context of vascular biology, it also has been shown to enhance
osteogenic differentiation of MSCs (Datta et al., 2006) and improve mechanical

properties of tissue-engineered cartilage constructs (Salinas et al., 2020).

These mechanical stimulation modalities are useful for in vitro tissue engineering
and discovery of novel pharmaceuticals, which target mechanotransduction
pathways. However, they require direct access to the cells and therefore are
difficult to translate into in vivo applications. A few stretch-based
mechanotherapies have been developed, namely soft tissue expansion,
microdeformational wound therapy and distraction osteogenesis (Huang et al.,
2013). Modification of surface topography has also been explored as a method to
improve antibacterial properties and osseointegration of dental and joint
replacement implants (Asensio et al., 2019, Liu et al., 2020). Nevertheless,
considering the wide range of mechanosensitive processes involved in disease
progression and tissue regeneration, further advancements in developing

innovative mechanical stimulation approaches in vivo are highly desirable.

1.1.2 Vibration

Vibration is a useful method for delivering mechanical stimulation in vivo as it

does not require direct contact with the target tissue and cells within it. Vibration
2



propagates as a mechanical wave, causing oscillatory movement of the particles
in the medium. This allows the mechanical treatment to be applied to the exterior

of the body in a non-invasive manner.

The idea of using vibration to improve human health dates back to 1875, when
Swedish doctor Gustav Zander invented an apparatus that would simulate the
vibration experienced when horse-riding, which was thought to improve muscle
gain (Singh and Varma, 2023). Today there is a number of vibration-based
mechanotherapies in various stages of development. Vibration has been reported
to have beneficial outcomes on nerve injury repair (Yin et al., 2022), diabetic
wound healing (Syabariyah et al., 2023), attenuating hepatic steatosis (Oh et al.,
2014) and alleviating negative effects of cancer treatments (Lopes-Souza et al.,
2018) among other therapeutic applications. However, the most widely studied
application of vibrational mechanotherapy is in stimulation of the musculoskeletal

system (Singh and Varma, 2023, Cerciello et al., 2016).

Bones experience vibrations from daily movements and exercise and interpret
them as anabolic signals (Cerciello et al., 2016). Simulating these signals with
applied vibrational treatment can potentially reduce bone resorption and increase
bone mass (Thompson et al., 2014). This makes it an attractive strategy for
treatment of osteoporosis and osteoporosis related fractures (Cheung et al.,
2021), as majority of pharmaceuticals target bone resorption and options for
anabolic agents are lacking (Li et al., 2021). In addition, vibrational treatment has
been shown to increase bone mineral density (BMD) in children with motor
disabilities (Kilebrant et al., 2015) and improve fracture healing in animal models
of diabetes (Campos et al., 2022). However, while many clinical trials found that
vibrational treatment could increase BMD, others also reported no significant
improvement and a few even observed negative effects (Cerciello et al., 2016,
Singh and Varma, 2023, Marin-Puyalto et al., 2018). This highlights the importance
of identifying the optimal vibration parameters to achieve the desired therapeutic

outcomes.

Properties of a vibrational wave can be defined by three parameters: frequency,
acceleration, and displacement (Figure 1.1). Simplest form of vibration is a pure

3



sine wave, in which consistent displacements occur at a single frequency and the
three parameters are mathematically related to each other (van Heuvelen et al.,
2021). Relationships between the parameters in more complex waveforms are
much less predictable. Majority of vibrational devices available commercially and
tested in clinical trials deliver sinusoidal vibrations (Fratini et al., 2016), however
irregular vibrations are also being investigated for mechanotherapeutic purposes
(Rogan et al., 2011, Igbokwe et al., 2022).

Sine Wave Atypical Wave
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Figure 1.1 Waveforms of a sinusoidal and an atypical wave showing displacement and
acceleration change over time. Acceleration can be expressed as peak acceleration or root-mean-
square (RMS) shown in blue. In sine wave the relationship between displacement and acceleration
is proportional, while in an irregular wave it is not. Frequency represents a number of oscillation
cycles per second as is calculated from time period it takes to complete one cycle. Figure adapted
from van Heuvelen et al., (2021).

The most common application method for therapeutic vibration is whole body
vibration (WBV) applied from a vibrating standing platform in a vertical or
horizontal direction (Singh and Varma, 2023, Marin-Cascales et al., 2018). The
frequencies of WBV range from 6 Hz to 100 Hz with accelerations from 0.2 g to

8.4 g and displacements ranging from 0.3 mm to 5 mm (Singh and Varma, 2023,
4



Marin-Cascales et al., 2018, Fratini et al., 2016). Even though a fairly large number
of studies on the effects of WBV have been carried out, the optimal stimulation
parameters remain elusive. Some analyses suggested that frequencies under 20 Hz
have no effect (Marin-Cascales et al., 2018), while others found them more
effective than the higher frequencies in increasing BMD (Fratini et al., 2016). In
terms of acceleration, over 3 g has been proposed to produce the best results
(Fratini et al., 2016), but some authors recommended acceleration as highas 8 g
(Marin-Cascales et al., 2018). The effects also seem to vary between different
anatomical sites, with more benefits observed in the lower body (Fratini et al.,
2016). And some studies reported that WBV had no positive effect on BMD at all,
no matter what parameters were used (Lau et al., 2011). The mechanism through
which vibration may promote bone regeneration is also unclear. Stimulation of
intrinsic bone tissue piezoelectricity and improvement of muscle tone have been

proposed but require further analyses to be confirmed (Fratini et al., 2016).

A number of in vitro studies investigating the effects of vibration on MSCs reported
enhanced osteogenic differentiation after vibrational treatment with parameters
comparable to those used in WBV (Steppe et al., 2020). Lu et al. (2018) found that
40 Hz vibration with acceleration of 0.3 g causing 50 pm displacements
upregulated the activity of p38 signalling pathway in rat bone-marrow MSCs. In
another study, vibration with the same parameters was demonstrated to promote
osteogenesis through Wnt/B-catenin signalling pathway in MSCs cultured on
hydroxyapatite-coated titanium scaffolds (Chen et al., 2016). Slightly lower
vibration frequency of 30 Hz and 0.3 g acceleration induced production of vascular
endothelial growth factor (VEGF) in MSCs in 3D, but not in 2D cultures (Kim et al.,
2012). Unfortunately, similarly as in clinical trials, these effects are not fully
consistent, as some studies reported no effect on MSC osteogenesis in a similar
vibration parameter range (Lau et al., 2011). In addition, in the vast majority of
studies, vibrational stimulation was applied in conjunction with osteogenic
differentiation media (Lu et al., 2018, Kim et al., 2012) or to MSCs cultured on
scaffolds with osteoinductive properties (Chen et al., 2016). Therefore, the
vibration appears to enhance but not to induce MSC osteogenesis in vitro.
Identification of vibration parameters which can promote MSC osteogenesis

independent of biochemical stimulation would be greatly beneficial in treatment

5



of osteoporosis and other bone disorders, where biochemical environment may

not favour osteogenesis (Li et al., 2015).

1.1.3 Nanovibrational stimulation

Nanovibration refers to vibration with displacement in the nanoscale (Robertson
et al., 2019). Specifically, vibration with frequency of 1000 Hz causing around 30
nm displacements has been shown to be a potent pro-osteogenic signal in vitro,
able to induce osteogenic differentiation in MSCs without the addition of
biochemical fate inducers (Tsimbouri et al., 2017). This effect has been observed
in 2D, in MSCs cultured on tissue culture plastic (Nikukar et al., 2013), and in 3D
soft collagen gels, demonstrating that the observed effects are consistent across

culture conditions and not due to the substrate stiffness (Tsimbouri et al., 2017).

The parameters of nanovibration are highly unusual compared with other
vibrational stimulation studies, most of which apply vibration frequencies under
100 Hz and displacements in the micrometre - millimetre range. To apply
nanovibration in a reliable manner, a custom nanovibrational bioreactor was
designed and extensively characterised (Robertson et al., 2019). The bioreactor
consists of a vibration plate connected to a power supply unit (Figure 1.2). The
vibration plate contains an array of 13 piezoceramic actuators placed between
two metal plates. The bottom plate is heavier than the top to direct the
displacements upwards, where the cultureware is attached to the top plate using
magnets (Robertson et al., 2019). The deformation of the piezo actuators is
initiated by an electrical signal from the power supply unit. This unit includes a
programmable waveform generator that produces a sinusoidal electrical signal,
which is then digitally processed to eliminate any unwanted high-frequency
components and passed through a series of amplifiers (Robertson et al., 2019).
The amplified sinusoidal signal is then directed to the piezo array, which generates

vibration of the top plate with precise parameters (Robertson et al., 2019).



Bioreactor Vibration

Figure 1.2 Bioreactor for application of nanovibrational stimulation, consisting of a
power supply unit and a vibration plate. Adapted from Robertson et al. (2019).

The cells treated with this vibrational stimulation system at 1000 Hz experience
around 30 nm displacements and 0.12 g accelerations (Tsimbouri et al., 2017,
Robertson et al., 2019). In 2D, nanovobrational stimulation with these parameters
was reported to cause cytoskeletal rearrangement, through the activation of Rho
GTPase/Rho-associated protein kinase (Rho/ROCK) pathway and upregulate
osteogenic differentiation markers runt-related transcription factor 2 (RUNX2),
bone-morphogenic protein 1 (BMP2) and osteocalcin (Nikukar et al., 2013).
Rho/ROCK pathway activation has been shown to be necessary for the osteogenic
effects of nanovibration in 2D (Nikukar et al., 2013). In 3D, Rho/ROCK pathway
also played a role in nanovibration-induced MSC osteogenesis, but it was less
pronounced, and mechanosensitive ion channels were demonstrated to be the
essential transducers of nanovibrational signal, potentially stimulating Wnt/B-

catenin pathway (Tsimbouri et al., 2017) (Figure 2.3).
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Figure 1.3 Proposed mechanisms of nanovibration induced osteogenesis in MSCs.
Mechanosensation through focal adhesions and mechanosensitive TRPV ion channels as well as
paracrine/autocrine BMP2 signalling have been implicated in MSCs response to nanovibrational

stimulation. Adapted from Tsimbouri et al., 2017.

After 46 days of stimulation, nanovibration-treated 3D MSC cultures showed a
similar Raman spectrum to cortical bone, indicating complete differentiation into
osteoblasts, capable of matrix mineralisation (Tsimbouri et al., 2017). In addition,
nanovibration inhibited osteoclastogenesis, suggesting that it may not only
promote bone regeneration but also prevent resorption (Kennedy et al., 2021).
These findings indicate that nanovibration could potentially be translated into a
novel mechanotherapy for disorders associated with loss of BMD and delayed

fracture union.

When applied to the exterior of the body, nanovibration would propagate through
the soft tissues surrounding the bone, stimulating various cell types within those
tissues. However, the effects of nanovibration have not been studied extensively
outside of MSCs. Results from metabolomic experiments suggested that
nanovibrational stimulation modulates the activity of extracellular signal-
regulated kinase (ERK) and protein kinase B (Akt) signalling pathways (Tsimbouri
et al., 2017, Kennedy et al., 2021). These pathways are involved in key biological
processes, such as proliferation, survival, and apoptosis, across many different

cell types (Cao et al., 2019). Different cells may sense mechanical stimuli in a
8



similar way but respond differently (Banes et al., 1995). Considering nearly all cell
types are mechanosensitive to some degree (Banes et al., 1995), it is possible that
nanovibrational stimulus might induce some kind of phenotype changes in other
cells, with unpredictable and potentially negative outcomes. On the other hand,
discovering of any positive effects of nanovibrational stimulation, beyond the ones
observed in MSCs, could indicate further potential therapeutic applications of

nanovibration.

Fibroblasts are abundant within the human body and exhibit mechanical sensitivity
(Darby et al., 2014). Given their prevalence in the connective tissues, some
portion of them is likely to be subjected to nanovibrational stimulation when it is
applied at any anatomical site. In addition, vibration-based interventions for
improvement of wound healing (Weinheimer-Haus et al., 2014) and treatment of
fibrotic conditions (Maiworm et al., 2011) have been proposed. Hence, fibroblasts
present an intriguing cellular model for investigating the potential effects of

nanovibrational stimulation.

1.2 Fibroblasts

Fibroblasts are cells of mesenchymal origin, found in various tissues around the
body (Kendall and Feghali-Bostwick, 2014). They are the most common cell type
in the connective tissues, where they produce extracellular matrix (ECM) and
maintain structural integrity of the tissue (Kendall and Feghali-Bostwick, 2014).
Fibroblasts synthesise a wide range of ECM components, including collagen,
fibronectin, laminin, elastin, proteoglycans and glycosaminoglycans in various
proportions based on the tissue requirements (Karamanos et al., 2021). In
addition, fibroblasts can exert forces on the surrounding matrix to maintain tissues
in mechanical homeostasis (Kirk et al., 2021), secrete signalling molecules and
metabolites to modulate biochemical tissue microenvironment and, in some cases,
can serve as progenitors for other more specialised cell types (Plikus et al., 2021)
(Figure 1.4).
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Figure 1.4. Summary of fibroblast outputs and functions. Fibroblasts produce and secrete A) ECM
components and B) signalling molecules, C) generate mechanical forces and D) regulate tissue
metabolism. In some tissues they can serve as E) progenitors for other cell types. Fibroblasts are
essential for F) tissue development and repair, G) provide positional cues during wound healing

and stem cell differentiation and H) modulate immune response. Adapted from Plikus et al., 2021.

Fibroblasts are not a well-defined cell type (Tracy et al., 2016). They lack specific
markers and show distinct features and behaviours between tissues and sometimes
even within the different regions of the same tissue (Tracy et al., 2016). However,
despite their heterogeneity, fibroblasts are key mediators of wound healing in all
tissues (Plikus et al., 2021, Kirk et al., 2021). Under homeostatic conditions
fibroblasts are generally quiescent, producing moderate amounts of ECM and
dividing only occasionally (Kirk et al., 2021). In response to injury, various
signalling molecules released from immune cells induce fibroblast migration,

proliferation and differentiation into the myofibroblast phenotype (Darby et al.,
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2013). Myofibroblasts are highly contractile and produce large amounts of ECM
components and remodelling factors, such as matrix metalloproteases (MMPs)
(Darby et al., 2013). They also secrete inflammatory cytokines, chemokines, and
growth factors. These factors stimulate the activity of other cells at the injury
site, such as keratinocytes and macrophages, and contribute to angiogenesis,
epithelialisation, and immune response (Arif et al., 2021). After the resolution of
an injury, myofibroblasts disappear from the tissue, either by apoptosis (Darby et
al., 2013) or by reverting to quiescence (Plikus et al., 2021). If myofibroblasts
persist at the repair site for a prolonged period of time, it can lead to chronic

inflammation, hypertrophic scarring, and tissue fibrosis (Plikus et al., 2021).

1.3 Fibroblasts and myofibroblasts in wound healing

Cutaneous wound healing is a dynamic process, in which fibroblasts play a vital
role (Cialdai et al., 2022). Immediately after the injury, various factors released
from the damaged cells cause activation and aggregation of platelets and
formation of a fibrin network to restore the protective skin barrier and prevent
further pathogen invasion (Gonzalez et al., 2016). This initiates a series of
reparative events, which occur in three partially overlapping phases:
inflammation, proliferation, and remodelling (Cialdai et al., 2022). Fibroblasts are
active participants throughout the entire course of wound healing, responding to
the evolving biochemical and biomechanical cues during each phase (Cialdai et
al., 2022) (Figure 1.5).
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Figure 1.5 Graphic summary of wound healing phases and fibroblast role in each phase. In the
inflammatory phase, fibroblasts migrate and establish reciprocal signaling with macrophages. This
is followed by proliferative phase, during which fibroblasts proliferate, produce ECM components,
and stimulate other cells via secreted factors. Last phase is remodeling, during which fibroblasts
alter the composition of the ECM and restore mechanical homeostasis in the tissue. The graph
presents a timeline consistent with rodent wound healing, while in humans the remodeling phase
can take up to 2 years. Adapted from Cialdai et al., 2022.

1.3.1 Inflammatory phase

Bioactive molecules secreted from platelets in the fibrin clot recruit and stimulate
macrophages at the wound site (Mescher, 2017). These signals direct macrophages
into the pro-inflammatory programme and they become a major source of
inflammatory cytokines, such as interleukin-11 (IL-11), interleukin-6 (IL-6) and
tumour necrosis factor-a (TNF-a) (Cialdai et al., 2022). These factors stimulate
fibroblast migration from the surrounding tissue into the wound site (Cialdai et
al., 2022). Fibroblasts contract the fibrin matrix, enhancing further migration
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(Tracy et al., 2016), and secrete MMPs, facilitating immune cell infiltration in the
injury site (Cialdai et al., 2022). Contraction of the fibrin matrix has been
demonstrated to sensitise fibroblasts to the transforming growth factor-8 (TGFB),
which is critical for ECM synthesis during the following stages of wound healing
(Tracy et al., 2016). In addition, fibroblasts themselves begin secreting various
signalling molecules, which stimulate macrophages and amplify the immune

response (Cialdai et al., 2022).

1.3.2 Proliferative phase

Acute inflammation subsides as macrophages gradually transition from an
inflammatory to a regenerative phenotype, leading to decreased secretion of
inflammatory cytokines and increased production of growth factors (Mescher,
2017). Growth factors, such as TGFB, insulin-like growth factor-1 (IGF1), fibroblast
growth factor (FGF) and platelet-derived growth factor (PDGF) induce fibroblast
differentiation into the proto-myofibroblast phenotype (Darby et al., 2014, Cialdai
et al., 2022). Proto-myofibroblasts produce ECM, signalling molecules and show
moderately increased contractility, but lack the a-smooth muscle actin (a-SMA)-
positive stress fibres, which are considered to be the defining feature of the
myofibroblast phenotype (Hinz, 2007). Proto-myofibroblasts proliferate and
remodel the fibrin matrix by releasing MMPs and ECM components, forming the
granulation tissue (Cialdai et al., 2022, Darby et al., 2014). Collagen type Ill is the
main ECM protein produced at this stage (Mathew-Steiner et al., 2021). Other ECM
components produced by fibroblasts include fibronectin, hyaluronic acid, and
proteoglycans (Cialdai et al., 2022). Newly produced ECM provides support for
keratinocyte migration and contributes to the restoration of the epithelium
(Moretti et al., 2022). Both fibroblasts and keratinocytes produce VEGF,
cooperatively promoting angiogenesis in the granulation tissue (Kendall and
Feghali-Bostwick, 2014). Formation of capillaries increases the flow of nutrients
in the granulation tissue, supporting further fibroblast growth and proliferation
(Darby et al., 2014).
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1.3.3 Remodelling phase

As fibroblasts deposit more and more ECM proteins, stress in the ECM increases
(Hinz, 2007). This, combined with TGFB signalling, facilitates the transition from
proto-myofibroblasts into mature myofibroblasts (Hinz, 2007). Incorporation of a-
SMA into the stress fibres enhances cytoskeleton contractility (Darby et al., 2014)
and myofibroblasts exert force on the surrounding ECM through the focal
adhesions, further contracting the wound (Cialdai et al., 2022). The generated
mechanical tension then sustains the myofibroblast phenotype by stimulating
mechanotransduction pathways (Hinz, 2007) and by allowing the activation of
latent TGFB deposited in the ECM (Hinz, 2015). Myofibroblasts gradually remodel
the matrix, degrading collagen Il and replacing it with collagen | (Darby et al.,
2014). Levels of hyaluronic acid and fibronectin in the ECM also decrease
(Gonzales et al., 2016), while elastin increases (Darby et al., 2014). Restoration
of tensional homeostasis leads to myofibroblast removal, most likely by apoptosis
(Cialdai et al., 2022), although reversal to the quiescent phenotype has been
suggested as well (Plikus et al., 2021). Remodelling phase is the final phase of the
wound healing process and can take several months or even over a year, depending
on the injury (Gonzalez et al., 2016). Apoptosis evasion and prolonged presence
of myofibroblasts after the repair is thought to be a major contributor to the

development of hypertrophic and keloid scars (Shih et al., 2010).

1.4 Factors modulating fibroblast phenotype

During wound healing, many different biochemical and biomechanical factors
work in concert to regulate fibroblast behaviour (Cialdai et al., 2022).
Abnormalities during the repair process (Cialdai et al., 2022) or exposure to these
factors outside of the wound healing context, for example from tumour cells (Tao
et al., 2017), can lead to sustained myofibroblast activity, excessive ECM
deposition, chronic inflammation, and impaired tissue function (Kendall and
Feghali-Bostwick, 2014).
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1.4.1 Growth Factors

1.4.1.1 Transforming growth factor- 8 (TGFB)

TGFB growth factors are perhaps the most prominent regulators of pro-fibrotic
phenotype in the fibroblasts (Frangogiannis, 2017). Elevated levels of TGFB are
found in keloid scars (Shih et al., 2010), systemic sclerosis (S5c) (Lafyatis, 2014),
idiopathic pulmonary fibrosis (IPF) (Zhu et al., 2022), various tumours (Tao et al.,
2017) and other disorders which involve abnormal fibroblast function (Kendall and
Feghali-Bostwick, 2014).

There are three TGFB isoforms encoded by separate genes (Wilson, 2021). Pro-
fibrotic effects of TGFB1 and TGFB2 have been well established while the exact
role of TGFB3 in wound healing and fibrosis is not well understood (Wilson, 2021).
TGFB proteins are produced by many different cell types and deposited in the ECM
as inactive homo- or heterodimers in complex with latency-associated peptide
(LAP) (Shi et al., 2020). Activation of TGFB requires release from LAP, which can
be facilitated by proteases (Kubiczkova et al., 2012), mechanical forces (Hinz,
2015) or, in case of TGFB1 specifically, reactive oxygen species (ROS) (Jobling et
al., 2006).

There are three TGFB receptors (TGFBRs), all of which can couple with any of the
TGFB isoforms (Wilson, 2021). Canonical TGFB signalling is initiated when TGFB
dimer binds to TGFBRII, which recruits and phosphorylates TGFBRI (Shi et al.,
2020). In turn, TGFBRI phosphorylates small mothers against decapentaplegic
(SMAD) proteins SMAD2 and SMAD3, which form a complex with SMAD4. SMAD2/3/4
complex translocates to the nucleus and modulates the expression of TGFB target
genes (Shi et al., 2020). Non-canonical signalling pathways include activation of
ERK, c-Jun N-terminal kinase (JNK), p38, Akt and Rho/ROCK signalling (Finnson et
al., 2020) (Figure 1.6).

Both canonical and non-canonical TGFB signalling pathways play an important role
in fibroblast activation. SMAD2/SMAD3/SMAD4 complex regulates expression of

collagens, MMPs, integrins and connective tissue growth factor (CTGF) (Walton et
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al., 2017). SMAD3 but not SMAD2 is also involved in upregulation of a-SMA (Shi et
al., 2020). TGFB-induced ERK pathway activation is necessary for myofibroblast
differentiation in dermal fibroblasts (Carthy et al., 2015), while Akt signalling
promotes fibroblast resistance to apoptosis (Kulasekaran et al., 2009), with both

pathways regulated in SMAD independent way.
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1.4.1.2 Connective tissue growth factor (CTGF)

CTGF is another potent inducer of a pro-fibrotic phenotype in fibroblasts (Lipson
et al., 2012) and has been shown to be involved in renal, pulmonary, liver, and
cardiac tissue fibrotic diseases (Chen et al., 2020). CTGF consists of four
functional domains, which have distinct binding characteristics and can interact
with a wide range of other signalling molecules (Chen et al., 2020). One of its
binding partners is TGFB, which is guided to the receptors by CTGF, enhancing its
signalling (Chen et al., 2020). In turn, TGFB promotes CTGF production, leading

to a positive feedback loop between the two factors (van Caam et al., 2018).

16



Inhibition of CTGF was demonstrated to substantially reduce TGFB-induced
fibroblast proliferation and fibrotic gene expression (Lipson et al., 2012). In
addition, CTGF regulates cellular adhesion and migration, by interacting with
integrins and directly binding fibronectin in the ECM (Chen et al., 2020).

1.4.1.3 Platelet derived growth factor (PDGF)

PDGF is another key player in wound healing and fibrosis (Kendall and Feghali-
Bostwick, 2014). PDGF has been implicated in development and progression of
fibrotic diseases, such as SSc (Paolini et al., 2022), both through its own signalling
pathways (Juhl et al., 2020) and crosstalk with TGFB (Dadrich et al., 2016). There
are four different PDGF polypeptides, which dimerise to form five different PDGF
isoforms: PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD, and the only heterodimeric
isoform PDGF-AB (Donovan et al., 2013). There are two PDGF receptor proteins
(PDGFRs), which form heterodimeric or homodimeric receptors and have different
affinities for specific PDGF ligands (Donovan et al., 2013). While the downstream
effectors of different PDGFRs partially overlap (Donovan et al., 2013), some
receptor specific effects also have been reported (Yamada et al., 2018). For
example, both PDGFRBB and PDGFRaB were shown to induce activation of Akt and
promote fibroblast migration, but the cellular localisation of the active Akt and
the direction of migration were observed to be different (Yamada et al., 2018).
ERK activation was found to be reduced upon inhibition of PDGFRaB but not
PDGFRBB (Donovan et al., 2013). In addition to signalling via PDGFRs, PDGF ligands
might engage other membrane receptors (Takamura et al., 2021). PGDF-BB has
been shown to induce TGFB1 expression and subsequent ECM protein synthesis in
fibroblasts independent of PDGFRs (Takamura et al., 2021).

1.4.1.4 Fibroblast growth factor (FGF)

FGFs are a family of 22 proteins, involved in a wide range of biological processes,
including proliferation, cell survival and tissue repair (Farooq et al., 2021).
Different FGFs can bind one or several out of 4 different FGF receptor types and
regulate signalling pathways, such as ERK, Akt and JNK (Seitz and Hellerbrand,
2021). In fibroblasts, FGF1 and FGF2 have been shown to antagonise TGFB
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signalling and abrogate myofibroblast differentiation (Shimbori et al., 2016,
Farooq et al., 2021). FGF2 was reported to inhibit Akt signalling and induce
apoptosis in granulation tissue fibroblasts stimulated with TGFB but did not have
the same effect on the untreated fibroblasts, suggesting it may play a role in
myofibroblast clearance after wound repair (Akasaka et al., 2010). However, in
another study, FGF2 was observed to promote proliferation but inhibit expression
of pro-fibrotic genes in TGFB treated fibroblasts (Dolivo et al., 2017). Fortier et
al. (2021) observed similar results in pulmonary fibroblasts and proposed that
FGF2-driven increase in fibroblast proliferation was associated with the loss of
pro-fibrotic character, as cells must rearrange their cytoskeleton for division,
potentially losing the stress fibres. FGF1 has also been reported to suppress TGFB1
signalling by downregulating TGFBRI expression and promoting its degradation
(Shimbori et al., 2016).

Other FGFs can also affect fibroblast phenotype but their effects are less well
characterised. FGF9 downregulated basal collagen | and a-SMA levels in both
healthy and fibrotic pulmonary fibroblasts, however, after stimulation with TGFB1
the fibrotic cells resisted this effect (Joannes et al., 2016). In addition, FGF9, as
well as FGF18, FGF21 and FGF10 were reported to stimulate fibroblast migration
(Joannes et al., 2016, Song et al., 2016). Finally, FGF4 was found to be highly
upregulated in dermal fibroblasts isolated from SSc patients, but its role in fibrosis

is not yet known (Frost et al., 2019).

1.4.2 Inflammatory cytokines

1.4.2.1 Interleukins

Interleukins are a group of cytokines with a prominent role in wound healing and
inflammation (Borthwick et al., 2013). They modulate immune response by
stimulating immune cells and several can directly stimulate fibroblasts, promoting

or repressing the pro-fibrotic phenotype (She et al., 2021).

IL-6 plays a key role in the inflammatory and the proliferative stages of wound

healing (Johnson et al., 2020). It is also found upregulated in fibroblasts isolated
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from SSc patients, hypertrophic and keloid scars (Johnson et al., 2020). During the
wound healing process, it is first secreted by macrophages and other immune cells
and promotes fibroblast migration into the wound site (Cialdai et al., 2022). IL-6
initiates fibroblast production of FGF7, also known as keratinocyte growth factor,
establishing fibroblast-to-keratinocyte signalling and promoting keratinocyte
migration (Johnson et al., 2020). IL-6 can also promote myofibroblast
differentiation by stimulating TGFB release from macrophages, as well as by
interacting with fibroblasts directly and stimulating Janus kinase (JAK)/ERK
pathway activation (Johnson et al., 2020). Upon activation by TGFB, fibroblasts
also start producing IL-6, which in turn potentiates TGFB signalling, leading to a
positive feedback loop (Kong et al., 2018). IL-6 is potentially one of the factors
contributing to myofibroblast resistance to apoptosis in fibrotic conditions, as it
was reported to upregulate anti-apoptotic protein BCL-2 in IPF fibroblasts
(Moodley et al., 2003). Stimulation with IL-6 can also promote collagen | synthesis
in fibroblasts, however not to the same extent as TGFB or PDGF (Juhl et al., 2020).

Interleukins IL-4 and IL-13 also contribute to myofibroblast differentiation (Nguyen
et al., 2020). Both were demonstrated to promote TGFB synthesis in fibroblasts
and subsequent upregulation of a-SMA and ECM protein expression (Nguyen et al.,
2020). IL-13 was reported to inhibit MMPs, reducing collagen degradation and
leading to excessive ECM accumulation (Nguyen et al., 2020). Another interleukin
IL-11 did not increase TGFB production in fibroblasts but was shown to contribute
to the pro-fibrotic phenotype downstream of TGFB, potentiating non-canonical
TGFB signalling pathways (Adami et al., 2020). Inhibition of IL-11 signalling
partially alleviated TGFB-induced fibroblast activation in healthy and SSc dermal
fibroblasts (Adami et al., 2020).

In contrast, IL-37 has anti-inflammatory properties and was found to be
downregulated in a number of connective tissue disorders (Pan et al., 2020). IL-
37 can interfere with TGFB signalling through interaction with SMAD3 (Mountford
et al., 2021). In hepatic myofibroblasts, IL-37 was observed to downregulate
production of several inflammatory factors, as well as a-SMA (Mountford et al.,
2021), while in IPF fibroblasts, it inhibited TGFB signalling and reduced the
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expression of collagen | and fibronectin but did not influence a-SMA levels (Kim et
al., 2019).

1.4.2.2 Osteopontin (OPN)

OPN was first identified in the bone tissue, where it is involved in remodelling and
mineralisation (Lund et al., 2009). However, it was soon recognised to be an
important mediator of the inflammatory response (Lund et al., 2009). In normal
skin tissue, OPN is present at very low levels but is highly upregulated during
wound healing or in fibrotic lesions (Wu et al., 2012). OPN protein contains cell
adhesion motifs, including RGD, allowing it to interact with cells through av
integrins (Lund et al., 2009) and activate intracellular signalling pathways through
focal adhesion kinase (FAK) (Hunter et al., 2012). Fibroblast contractility was
shown to be increased in response to OPN, potentially through FAK-mediated
effects on the cytoskeleton (Hunter et al., 2012). OPN can also bind to the ECM
components, such as collagens and fibronectin, therefore regulating fibroblast
adhesion and migration (Takahashi et al., 2000, Fujisawa et al., 2020, Hunter et
al., 2012). The exact function of OPN depends on interactions with other signalling
molecules. PDGF can induce OPN production in wound fibroblasts (Mori et al.,
2008) and the two factors can cooperatively promote fibroblast proliferation
(Takahashi et al., 2000). OPN was also reported to increase fibroblast migration
and this effect was partially dependent on induction of IL-6 expression (Fujisawa
et al., 2020). And even though treatment with OPN was shown to promote
proliferation and migration, it did not upregulate a-SMA in pulmonary fibroblasts
(Pardo et al., 2005), suggesting that it works cooperatively with other factors to
promote the full extent of myofibroblast differentiation. However, in cardiac
fibroblasts, OPN has been shown to be necessary for TGFB induced myofibroblast
differentiation (Lenga et al., 2008). In addition to the direct effects on fibroblasts,
OPN also promotes TGFB production in macrophages, therefore contributing to

pro-fibrotic environment (Eu et al., 2012).
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1.4.3 Reactive Oxygen Species (ROS)

ROS are unstable oxygen containing molecules, which include free radicals and
reactive non-radical entities (Weidinger and Kozlov, 2015). Two major sources of
ROS in cells are mitochondrial respiration and NADPH oxidases (NOX) (Dunnill et
al., 2017). Moderate increase in ROS is vital in wound healing process, while
excessive or significantly reduced ROS generation impairs it (Sen and Roy, 2008).
Extracellular ROS at the wound site serves as chemoattractant to immune cells,
while intracellular ROS signalling upregulates production of inflammatory factors
and other signalling molecules (Bryan et al., 2012, Sen and Roy, 2008).
Extracellular ROS may also contribute to the early stages of fibroblast activation,
as it has been shown to promote fibroblast migration and proliferation (Khorsandi
et al., 2022). In addition, ROS can mediate release of active TGFB81 from the ECM
by oxidising LAP, upregulating pro-fibrotic signalling in the wound site (Jobling et
al., 2006).

TGFB stimulates intracellular ROS production in fibroblasts, through upregulation
of cell membrane-bound enzyme NOX4 and disruption of oxidative phosphorylation
chain complexes in mitochondria (Liu et al., 2015). Increased ROS generation is
required for pro-fibrotic activities of TGFB, as inhibition of NOX4 or mitochondrial
ROS substantially reduces the expression of a-SMA (Murphy-Marshman et al., 2017,
Jain et al., 2013). Accumulation of ROS in fibroblasts is further increased by
negative regulation of antioxidant defence system components (Richter and
Kietzmann, 2016). TGFB has been shown to downregulate production of a small
molecule antioxidant glutathione (GSH) and expression of glutaredoxin proteins
(GRXs), which bind GSH as a cofactor and function to protect proteins from
oxidative damage (Richter and Kietzmann, 2016). In addition, antioxidant enzymes
superoxide dismutase (S50OD) and catalase (CAT) are also downregulated in response
to TGFB (Liu et al., 2015). Treatment with exogenous antioxidants strongly reduces
pro-fibrotic effects of TGFB (Estornut et al., 2022, Marshman et al., 2017).

Reciprocal regulation between ROS and TGFB has been implicated in development
of fibrotic diseases (Spadoni et al., 2015, Liu and Desai 2015). ROS may be directly

involved in TGFB signalling pathways, as it has been reported to promote
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activation of JNK and p38 and this effect was reversed by treatment with GSH
(Ghosh and Vaughan, 2012). In addition, ROS can cause oxidative modifications in
DNA and histone proteins, leading to epigenetic changes and altered transcription
patterns (Richter and Kietzmann, 2016). Finally, ROS can cause post-translational
modifications of collagens, making them more resistant to degradation, which
contributes to excessive ECM accumulation and tissue stiffening (Grosche et al.,
2018).

1.4.4 Mechanosensors

Various signalling molecules cooperatively orchestrate tissue repair, however the
mechanical stimuli in the tissue microenvironment are just as important. During
the wound healing process, ECM undergoes temporal changes in composition,
architecture, and stiffness (Diller and Tabor, 2022). These topographical and
mechanical cues participate in regulation of cell adhesion, migration,
proliferation, and intracellular signalling (Diller and Tabor, 2022). To sense the
extracellular mechanical stimuli and relay the signal into the intracellular space,
fibroblasts employ multiple membrane-bound mechanosensors (Yang and
Plotnikov, 2021). These include focal adhesions, mechanically gated ion channels
and some g-protein coupled receptors (GPCRs) (Yang and Plotnikov, 2021) (Figure
1.7). These factors can activate downstream effectors, therefore translating the
mechanical signal into a biochemical one (Yang and Plotnikov, 2021). In addition,
intracellular tension is generated by the actin cytoskeleton and transmitted to the
surrounding matrix via focal adhesions, thus allowing two-way mechanical
communication between the cells and their environment (Yang and Plotnikov,
2021). Actin fibres also form contacts with lamin proteins within the nuclear
envelope, relaying mechanical forces to the nucleus and regulating nuclear
transport and chromatin arrangement through changes in the nuclear morphology
(Chi et al., 2022) (Figure 1.7).
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Figure 1.7 Mechanosensors in fibroblasts. Extracellular forces stimulate focal adhesions, g-protein
coupled receptors and mechanosensitive ion channels, which relay mechanical information into the
interior of the cell. Cells also generate intracellular tension through dynamic actin cytoskeleton.
Actin cytoskeleton links the nucleus to focal adhesions, allowing force dependent nuclear
deformation, which influences nuclear transport of transcription factors. Adapted from Yang and
Plotnikov, 2021.

1.4.4.1 Focal adhesions

Focal adhesions are multiprotein complexes on the cell membrane, which bind the
cells to the substrate (Yang and Plotnikov, 2021). The physical attachment to the
substrate is mediated by transmembrane proteins integrins, which bind ECM
components on the outside of the cells, and actin cytoskeleton fibres on the inside
(D'Urso and Kurniawan, 2020). Integrins are inactive in folded conformation and
undergo a conformational change into the extended state upon binding ECM
proteins (D'Urso and Kurniawan, 2020). Integrin activation allows them to bind
adaptors talin and vinculin to form a connection with the actin fibres (D'Urso and

Kurniawan, 2020). This initiates integrin clustering and recruitment of other
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structural and signalling components, leading to assembly of a mature focal
adhesion complex (Sawant et al., 2021). Talin also serves as a mechanosensor, as
its conformational state depends on the tension generated when the cytoskeleton
pulls on the matrix at the adhesion site (Sawant et al., 2021). Different degrees
of tension are required to unfold different binding domains of talin, therefore
matrix stiffness and cytoskeletal contractility can influence adhesion composition
(Goult et al., 2018).

One of the main signalling components in the focal adhesions is the focal adhesion
kinase (FAK) (Zhao et al., 2016). FAK is involved in regulation of actin cytoskeleton
dynamics (lwanicki et al., 2008) and is required for growth factor-induced
fibroblast migration (Zhao et al., 2016). FAK expression is upregulated in response
to TGFB (Yeung et al., 2021). In turn, FAK contributes to TGFB signalling, as
inhibition of FAK has been shown to reduce JNK and ERK activation and a-SMA
expression in fibroblasts stimulated with TGFB (Liu et al, 2007, Wong et al., 2011).
As fibroblasts remodel the ECM, increasing matrix stiffness allows formation of
larger supermature focal adhesions (Hinz, 2007). Formation of the supermature
focal adhesions is associated with incorporation of a-SMA into the actin
cytoskeleton, leading to highly increased cytoskeleton contractility (Goffin et al.,
2006). By exerting contractile forces on the surrounding matrix through the focal
adhesions, fibroblasts cause release of active TGFB from LAP-TGFB complex
(Buscemi et al., 2011). Paracrine signalling by TGFB then leads to constitutive
activation of FAK and further amplification of fibrotic signalling (Mimura, et al.,
2005).

1.4.4.2 Mechanosensitive ion channels

Mechanically gated ion channels include Piezo and some of the transient receptor
potential (TRP) family members (Karska et al., 2023). Located on the cell
membrane, they undergo conformational change in response to membrane
deformation, allowing influx of Caz. into the cell (Karska et al., 2023). TRP family
member Transient receptor potential vanilloid 4 (TRPV4) has been reported to
promote myofibroblast differentiation in response to substrate stiffness and TGFB
treatment, in both lung and dermal fibroblasts (Sharma et al., 2017). Inhibition of
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TRPV4 had no effect on SMAD2/3 but substantially reduced activation of Akt,
indicating that TRPV4 might potentiate non-canonical TGFB signalling (Sharma et
al., 2017). Actin polymerisation and nuclear localisation of myocardin-related
transcription factor-A (MRTF-A), which promotes a-SMA transcription, were also
lowered upon TRPV4 inhibition (Sharma et al., 2017, Rahaman et al., 2014). This
indicates that TRPV4 is an important regulator of fibroblast phenotype during the
wound healing, contributing both to intracellular signalling pathways and actin
cytoskeleton dynamics. Two other TRP family members transient receptor
potential canonical type 5 (TRPC5) and type 6 (TRPC6) have also been
demonstrated to modulate cytoskeleton remodelling and differentially regulate
fibroblast migration (Tian et al, 2010). TRPC5 activity was associated with the loss
of stress fibres and increased cell motility, while TRPC6 promoted stress fibre
formation and reduced migration (Tian et al, 2010). TRPC6 has been reported to
be upregulated in response to TGFB and was required for dermal and cardiac
wound healing in mice, as well as for TGFB-induced myofibroblast differentiation

in vitro (Davis et al., 2012).

Piezo1 has been demonstrated to be involved in wound healing and regulate
keratinocyte behaviour (Holt et al., 2021) but its role in fibroblasts is not well
researched. He et al. (2021) reported that Piezo1 was highly upregulated in
hypertrophic scar tissue and co-localised with a-SMA, suggesting it may be
involved in promoting pro-fibrotic phenotype. Mechanical stretching applied in
vitro upregulated the expression of Piezo1 in dermal fibroblasts and induced
myofibroblast differentiation, as evidenced by increased expression of ECM
proteins and a-SMA (He et al., 2021). These effects on fibroblast phenotype were
Piezo1 dependent as they were substantially downregulated when Piezo1 was
inhibited or knocked down (He et al., 2021). This suggests that Piezo1 may be
involved in mechanosensation during aberrant wound healing but the exact

mechanisms through which it mediates myofibroblast differentiation are unclear.

1.4.4.3 Mechanosensitive transcriptional coactivators

Yes-associated protein (YAP) and the transcriptional coactivator with PDZ-binding

motif (TAZ) are two similar transcription regulators, which can promote expression
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of collagen I, a-SMA and CTGF in fibroblasts (Noguchi et al., 2018). YAP/TAZ is
phosphorylated on its serine residues by large tumor suppressor gene 1 and 2
(LATS1/2) and sequestered in the cytoplasm or targeted for proteosomal
degradation (Noguchi et al., 2018). Dephosphorylation allows it to enter the
nucleus and interact with other transcriptional regulators (Noguchi et al., 2018).
YAP/TAZ serves as a mechanosensor, as its nuclear translocation increases with
substrate stiffness (Liu et al., 2015, Scott et al., 2021). Cell and tissue mechanics
influence YAP/TAZ localisation in several ways. First, active FAK in focal adhesions
initiates signalling cascades that inactivate LATS1/2, reducing YAP/TAZ
phosphorylation (Sabra et al., 2017, Kim et al., 2015). In addition, FAK-mediated
cytoskeleton remodelling increases cell contractility, which causes nuclear
deformation and changes the shape of nuclear pores, increasing YAP/TAZ import
rate (Elosegui-Artola et la., 2017). YAP/TAZ potentiates TGFB-induced expression
of pro-fibrotic genes (Nakamura et al., 2021) and focal adhesion components
(Nardone et al., 2017), sustaining intracellular tension and myofibroblast

phenotype.

MRTF-A is a transcription factor responsive to changes in actin cytoskeleton
dynamics (Macarak et al., 2021). It is inactive and localised in the cytoplasm when
bound to monomeric actin (Macarak et al., 2021). Increased assembly of fibrous
actin through Rho/ROCK pathway reduces monomeric actin availability, releasing
active MRTF-A (Velasquez et al., 2013). Active MRTF-A then translocates to the
nucleus, where it binds serum response factor (SRF) and regulates transcription of
various genes involved in cytoskeleton dynamics, focal adhesion assembly and
induction of the myofibroblast phenotype (Macarak et al., 2021). In absence of
MRTF-A, fibroblasts do not undergo stiffness-induced myofibroblast
differentiation, indicating that MRTF-A is necessary for fibroblast
mechanosensation (Huang et al., 2012). Pro-fibrotic gene expression induced by
TGFB is also partially abrogated in fibroblasts lacking MRTF-A (Huang et la., 2012).
On the other hand, constitutively active MRTF-A promotes the expression of a-SMA
and formation of large focal adhesions, even on soft substrates (Huang et al.,
2012).
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1.4.5 2D and 3D cultures

In in vitro cultures, fibroblast phenotype is also affected by the culture geometry.
Fibroblasts are commonly cultured as 2D monolayers on tissue culture plastic,
where they adopt non-native morphology. In vivo or when cultured in 3D
substrates, such as hydrogels or scaffolds, fibroblasts form adhesions on all sides
of the cell body and display stellate shape (Baker and Chen, 2012). 2D cell culture
substrates present only a single surface for the cells to adhere to. This leads to all
adhesions being distributed along one side of the cell, causing cells to adopt a
flattened polarised morphology (Baker and Chen, 2012). Cell morphology and
spatial distribution of adhesions might influence the levels of a -SMA, integrin-B1
expression and YAP/TAZ localisation, as differences in these features were
observed between fibroblasts in 2D and 3D cultures with otherwise matching
mechanical properties (Smithmyer et al., 2019). In addition, on 2D surfaces the
cell proliferation is not spatially restricted unless by presence of other cells (Baker
and Chen, 2012). In 3D, the cells must first remodel the surrounding environment
to make space for growth or movement (Baker and Chen, 2012). This leads to
slower cell spreading and proliferation in 3D cultures compared to 2D (Baker and
Chen, 2012, Woodley et al., 2022). Finally, fibroblasts were observed to be less
sensitive to certain growth factors, such as PDGF and IL-1, when cultured in 3D
compared to 2D monolayers (Woodley et al., 2022). However, common 2D
substrates, such as tissue culture plastic or glass, are much more rigid than most
biomaterials used for 3D cultures and their stiffness may influence fibroblast
phenotype by activating mechanotransduction pathways (Baker and Chen, 2012).
For this reason, the specific role of the culture dimensions on the fibroblast
phenotype independent of other mechanical properties is currently not well

understood (Smithmyer et al., 2019).

1.5 Fibroblast response to vibration

Biomechanical signalling plays an important role in regulating fibroblast behaviour
during wound healing and development of fibrotic conditions. Applied mechanical
stimuli can therefore be used to intercept the signalling pathways and influence

these processes. While the response of cells to mechanical vibration has been most
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extensively studied in the context of the bone tissue, a growing body of research
indicates that vibration could also be used to manipulate fibroblast phenotype by
modulating their migration, proliferation and ECM production (Roberts et al.,
2021, Weinheimer-Haus et al., 2014).

Mohammed et al. (20D16) applied vertical vibration with frequenciesD between
100 Hz to 1600 Hz and 9 pm to sub-micrometre displacements to human lung
fibroblasts and found that the treatment influenced fibroblast migration.
Increased migration distance was observed at 100 Hz, while all higher frequencies
decreased it, with the highest frequency resulting in the lowest migration distance
(Mohammed et al., 2016). They also observed changes in the cell shape and actin
cytoskeleton arrangement in vibration-treated fibroblasts, with more membrane
protrusions and higher actin fibre density after the treatment. The morphological
changes were frequency-dependent as frequencies up to 400 Hz promoted
formation of lamellipodia, while 800 Hz showed increased filopodia and 1600 Hz
had equal amount of both membrane features (Mohammed et al., 2016).
Horizontal vibration of 11.4 kHz frequency was also reported to influence
fibroblast migration with different effects depending on the direction and
displacement (Enomoto et al., 2020). In gap closure assay, when applied parallel
to the gap, displacements of 200 pm and 600 pm reduced fibroblast migration
distance. However, applied orthogonally to the gap, 200 pm displacements
increased migration distance, while higher displacements had no effect. Changes
to nuclear morphology and orientation were also observed in the group which
showed increased migration, potentially indicating cytoskeleton rearrangement in
these cells (Enomoto et al., 2020).

Vibration with various parameters has also been demonstrated to influence
fibroblast proliferation. Judex and Pongkitwitoon (2018) compared the effects of
two vibrational devices on periodontal ligament fibroblasts, one delivering 30 Hz
frequency, 0.24 g and around 148 pm vibrations and the other generating 120 Hz,
0.41 g and 12 pm vibrations. They found that treatment with both devices
increased fibroblast proliferation, with the higher frequency device having a
stronger effect. Higher frequency and acceleration also led to higher increase in

mMRNA levels of FGF2 and CTGF, while collagen | synthesis was upregulated to a
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similar level by both treatments (Judex and Pongkitwitoon, 2018). Jiang et al.
(2015) investigated the effects of 10-40 Hz frequency, 0.29-4.60 mm displacement
horizontal vibrations with approximately 0.9 g acceleration on anterior ligament
fibroblasts. They reported that 10-20 Hz vibration increased fibroblast
proliferation after 4 days of treatment, while 40 Hz decreased it. After 10 days,
frequencies of 20 Hz and above decreased proliferation, however metabolic
activity, measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay, and cellular stress, measured by lactate dehydrogenase
(LDH) assay, were increased in all vibration-treated groups (Jiang et al., 2015).
Fibronectin and collagen Ill expression were also found upregulated in all groups
after 10 days (Jiang et al., 2015). Collagen | and elastin expression showed
variable results, with collagen | upregulated in all groups except 30 Hz, and elastin
increased by 20 Hz and 30 Hz only (Jiang et al., 2015). Out of all parameter sets
tested, 20 Hz and 1.22 mm vibration had the strongest effect on ECM protein
expression (Jiang et al., 2015). Kutty and Webb (2010) observed similar results on
dermal fibroblast proliferation. Fibroblasts were cultured in 3D hydrogels and
treated with 100 Hz frequency and 1 mm displacement horizontal vibration.
Vibrational treatment decreased cell proliferation after 5 and 10 days of
treatment. However, they also found that collagen | and elastin levels were
downregulated, while MMP-1 was increased in response to vibration (Kutty and
Webb, 2010).

Wolchok et al. (2009) examined how 100 Hz horizontal vibration influences ECM
and growth factor production in laryngeal fibroblasts. They used two different
culture vessels, which affected displacement and acceleration due to their
different mass. In 6-well plates the displacement was measured to be 200 ym and
the acceleration was 3.4 g, while in the custom made single-well plates it was 900
um and 15 g. After 24 h of treatment in the single wells, media levels of TGFB1
were significantly increased compared to static controls. Gene expression was
measured after 3 days of treatment in 6-well plates and showed increase in the
MMP inhibitors TIMP1 and TIMP3, collagen I, collagen IX, laminin, CTGF and PDGF.
In addition, increased deposition of collagen | and fibronectin was observed in
fibroblasts cultured on polyurethane scaffolds and treated in the single wells for
3 days (Wolchok et al., 2009). Hortobagyi et al. (2020) also investigated how
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mechanical vibration influences laryngeal fibroblast phenotype but when applied
under normal and inflammatory conditions. They applied vertical variable
frequency vibration ranging from 50 to 250 Hz, with average displacement of 82
pum, for 3 days. To simulate inflammatory environment, cell culture media was
supplemented with 5ng/ml TGFB1 and IL-18. They reported that vibration had no
effect on the expression of ECM proteins or TGFB1, neither in normal nor in
inflammatory conditions. However, vibration significantly downregulated
inflammation-induced a-SMA and IL-11 levels, indicating that the vibrational
treatment could reduce pro-fibrotic fibroblast phenotype without negatively

affecting ECM protein synthesis (Hortobagyi et al., 2020).

Application of vibrational stimulation in vivo has been demonstrated to have
parameter-dependent effects. Roberts et al. (2021) investigated the effects of
different frequency and acceleration combinations on diabetic wound healing in
mice. Using a vibration plate, they applied vibrations with frequencies of 45 and
90 Hz and accelerations of 0.3 and 0.6 g for 30 min every day for 7 days and
examined changes in the wound area, collagen deposition and levels of growth
factors FGF, VEGF, IGF-1 and PDGF in the wound tissue. Wound closure was
enhanced in low frequency - low acceleration group, while both high acceleration
groups had a significant negative effect. Combination of low frequency and low
acceleration also increased IGF-1 levels in the wound tissue. None of the
treatments significantly influenced collagen deposition or levels of other factors.
Since this study did not examine individual cell types, the observed effects can
not be attributed to fibroblasts specifically. However, this study illustrates the
importance of thoughtful selection of the treatment parameters if vibration is to

be applied in vivo.

1.6 Aims of the thesis

Fibroblasts integrate biochemical and biomechanical stimuli into complex
signalling networks to maintain tissue homeostasis and facilitate repair.

Disruptions during the wound healing process or exposure to external stimuli can
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result in sustained fibroblast activation through positive feedback mechanisms,
leading to the development of fibrotic disorders. Studies investigating the effects
of vibrational treatment on fibroblasts have demonstrated diverse outcomes
depending on various parameters, such as vibration intensity, frequency, duration,
and direction of application. These studies have revealed both positive and
negative effects on fibroblast migration, proliferation, ECM component synthesis,

as well as the regulation of inflammatory and pro-fibrotic factors.

Nanovibrational stimulation has been shown to induce MSC osteogenesis
independently of matrix rigidity or biochemical cell fate modulators. This suggests
that it could potentially be translated into a mechanotherapy for bone disorders
and delayed union fractures, as current treatment options are limited. However,
little is known about how it may affect fibroblasts, residing in the soft tissues
surrounding the bone. In MSCs, nanovibration has been demonstrated to stimulate
focal adhesions and mechanosensitive ion channels, influence cytoskeleton
dynamics and activate ERK and Akt signalling pathways, all of which play a role in
regulating fibroblast phenotype. Therefore, to evaluate the safety and viability of
potential nanovibration-based mechanotherapy, it is important to investigate the
effects of nanovibrational stimulation on fibroblast behaviour. Identification of
negative effects, such as highly upregulated pro-fibrotic phenotype, can help to
define potential risks associated with the treatment. On the other hand, modest
upregulation of fibroblast activity or suppression of growth factor induced pro-
fibrotic phenotype may indicate potential benefit of nanovibrational stimulation

in improving wound healing or treatment of fibrotic disorders.

Therefore, the aims of the work presented in this thesis are:

1. To determine if fibroblasts are sensitive to vertically applied mechanical
nanovibration of 1000 Hz frequency, 0.12 g acceleration and 30 nm

displacement.
31



. To examine the effects of nanovibration on fibroblast features indicative of

activation, such as proliferation, contractility, ECM component synthesis
and production of inflammatory factors and compare them to the effects
of biochemical stimulation with TGFB1.

. To compare the effects of nanovibrational stimulation in 2D monolayer and
3D collagen hydrogel cultures, to determine if the effects are consistent
between the different cell culture conditions.

. To investigate the influence of nanovibration on fibroblast metabolome and
transcriptome using high-throughput techniques.

. To identify any synergistic or antagonistic interactions between

nanovibration and stimulation with TGFB1.
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Chapter 2: General Materials and Methods
2.1 Cell culture

Human telomerase reverse transcriptase (H-TERT) immortalised human dermal
fibroblast cell line BJ-5ta (ATCC, #CRL-4001) was used for all experiments.
Fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich,
#D1145) with 1% penicillin-streptomycin (Sigma-Aldrich, #P0781), 0.05% fungizone
(Gibco, #15290-026), 1X non-essential amino acids solution (Sigma-Aldrich,
#11140-035), 1 mM sodium pyruvate (Sigma-Aldrich, # #58636) and 10% fetal
bovine serum (FBS, Sigma-Aldrich, #F2442) and incubated at 37°C, 5% CO2.

Cells were detached from cell culture flask using 1X trypsin solution (Sigma-
Aldrich, #59427C), centrifuged at 400 g for 5 min and resuspended in culture
medium. Cell concentration in suspension was determined using a glass

hemocytometer.

Fibroblasts were seeded in cell culture plates at the density of 1000 cells/cm2 and
allowed to attach overnight before starting treatment. To induce fibrotic
phenotype, 10 pg/ml TGFB-1 (Abcam, # ab50036) was added to cell culture

medium.

2.2 3D culture in collagen hydrogels

For 3D experiments, the cells were cultured in bovine type | collagen hydrogels.
Each 5 ml of collagen solution (6 mg/ml, Collagen Solutions) was mixed with 500
hl modified Eagle’s medium (Sigma-Aldrich, #D2429) in a universal tube. The
Solution was neutralised by adding 100 ul 1 M NaOH and gentle mixing until the
solution was uniform pink colour. After neutralisation, cell suspension was added
to yield final concentration of 40 000 cells/ml. The mixture was distributed to
multi-well plates and allowed to undergo gelation at 37°C for 1 h, after which cell
culture medium was added to the wells. Cells were allowed to spread overnight

before commencing treatment.
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2.3 Nanovibrational stimulation

Custom nanovibrational bioreactor (Tsimbouri et al., 2017) was used to stimulate
cells with mechanical vibration with 1000 Hz frequency, 0.12 g acceleration and
amplitude of approximately 30 nm (Figure 2.1). To couple cell culture plates with
nanovibrational bioreactor surface, a magnet sheet was glued to the bottom of
multi-well cell culture plates. The cells were stimulated continuously for selected
period of time in a 37°C 5% CO2 incubator. Untreated controls were kept in the

same incubator but not on the bioreactor.

Cell culture plate , _
Vibration plate

Signal input

Figure 2.1 Nanovibrational bioreactor with a cell culture plate. Vibration generated by supplying
electrical signal to an array of piezo actuators under the vibration plate. To ensure tight coupling
between the cell culture plate and the bioreactor surface, a magnetic sheet was glued to the bottom of
the well plate.

2.4 In-Cell Western

Samples were fixed using 4% formaldehyde (90ml PBS, 10ml 40% formaldehyde, 2g
sucrose) solution for 15 min at 37°C, followed by permeabilization with 0.5%
Triton-X (Thermo Fischer Scientific, #A16046.AE, 100 ml PBS, 0.292 g NaCl, 0.06 g

MgCl2.6H20, 0.476 g HEPES, 10.3 g sucrose, 0.5 ml Triton-X) for 4 min at 4°C.
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Afterwards samples were incubated 1% milk on an orbital shaker for 1 h in room
temperature. After blocking, primary antibodies diluted to working concentration
(Table 2.1) in 1% milk were added to samples and samples were incubated on an
orbital shaker at 4°C overnight. After incubation primary antibody solution was
removed and the samples were washed with 0.1% Tween-20 (Sigma-Aldrich,
#P1379) in PBS three times for 5 min on an orbital shaker. Secondary IRdye 800CW
conjugated antibodies against selected species (LI-COR) 1:800 and CellTag700 (LI-
COR, #926-41090) 1:1000 were diluted in 1% milk. If investigating protein
phosphorylation, 680RD conjugate was used for total protein and 800CW conjugate
for phospho-protein. Samples were incubated with secondary antibodies for 1 h at
room temperature on an orbital shaker and washed 3 times with 0.1% Tween-20
three times for 5 min. Plates were dried before imaging. List of primary and

secondary antibodies is provided in table 2.1.
Near-infrared fluorescence readings were taken using Odyssey-SA system (LI-COR),
700 nm and 800 nm channels and ratio of readings (800 nm/700 nm) was calculated

as relative fluorescence intensity indicative of protein levels in the sample.

Table 2.1 Primary and secondary antibodies used for in-cell western.

Antibody Host Company (#Catalogue) Working
species concentration

Anti-CaSR Rabbit | Abcam (#ab137408) 0.94 pg/ml
Anti-Col1A1 Mouse Cell Signalling Technology (#66948S) 0.25 pg/ml
Anti-Col3A1 Rabbit | Cell Signalling Technology (#66887) 0.5 pg/ml
Anti- aSMA Rabbit | Abcam (#ab5694) 2 pg/ml
Anti-ERK1/2 Mouse Cell Signalling Technology (#4696S) 2.51 pyg/ml
Anti-phospho-ERK1/2 Rabbit | Cell Signalling Technology (#9101S) 1.91 pug/ml
Anti-Jnk Rabbit | Cell Signalling Technology (#92525) 0.41 pg/ml
Anti-phospho-Jnk Mouse Cell Signalling Technology (#9255S) 5.91 pg/ml
Anti-Akt Mouse Cell Signalling Technology (#2920S) 0.27 pg/ml
Anti-phospho-Akt Rabbit | Cell Signalling Technology (#9271S) 0.1 pg/ml
Anti-mouse IgG 680RD | Goat LI-COR (#926-68070) 1:800 (1.25 pg/ml)
Anti-mouse IgG 800CW | Goat LI-COR (#926-32210) 1:800 (1.25 pg/ml)
Anti-rabbit IgG 680RD | Goat LI-COR (#926-68071) 1:800 (1.25 pg/ml)
Anti-rabbit 1gG 800CW | Goat LI-COR (#926-32211) 1:800 (1.25 pg/ml)
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2.5 RNA extraction

RNA extraction was performed using Qiagen RNeasy Micro kit (#74004). For 2D
cultures, the cells were lysed by adding 350 pl of RTL lysis buffer. The lysates were
stored in -80°C if not processed immediately. The extraction procedure was done

according to the protocol provided by manufacturer.

For 3D samples, the gels were homogenised with a Pasteur pipette and mixed with
equal volume of Trizol reagent (Thermo Fisher, #15596026). Then 0.2 ml of
chloroform was added for every 1 ml of Trizol, samples were incubated for 3 min
and centrifuged at 15 000 g for 15 min at 4°C. Aqueous phase was collected into
a fresh 1.5 ml tube and equal volume of RTL buffer was added. The following
procedure was performed using Qiagen RNeasy Micro kit according to

manufacturer’s protocol.

RNA concentration and purity were measured using NanoDrop 2000c (Thermo

Fisher Scientific).

2.6 Statistical analysis

Statistical analysis was performed with GraphPad prism 8 software or rstatix
package in R. Data collected from several independent experimental repeats was
analysed using two-factor analysis of variance (ANOVA) followed by Tukey post-
hoc test. When the data was collected from one experimental repeat, comparisons
of more than two groups were performed using one-factor ANOVA. To determine
whether the data fits ANOVA model assumptions, diagnostic plots were generated
and assessed visually. Variance was assessed by plotting residuals versus fitted
values and quantile-quantile (Q-Q) plots were used to assess normality. In certain
cases where the data was found to be largely non-normal, it was log2 transformed
and these cases are pointed out in the figure legends of the corresponding graphs.
In other cases, non-normally distributed data was analysed using Kruskall-Wallis
test followed by Wilcoxon pairwise rank sum test. In cases where only two groups
were compared, Wilcoxon-Mann-Whitney test was used to assess significance.

Details of statistical tests used to determine significance as well as the number of
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samples and experimental repeats are indicated in the figure legends. Results
were considered statistically significant when p < 0.05, unless stated otherwise.
In cases where more specific statistical analysis methods were applied (e.g. RNA-
Seq), details of the analysis are provided in the materials and methods section of

the corresponding chapters.
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Chapter 3: Indications of Fibroblast Activation in Response to
Nanovibration

3.1 Introduction

Fibroblasts are the most abundant cell type in the connective tissues and play a
crucial role in maintaining tissue homeostasis and remodelling based on
physiological demands (Li and Wang, 2011). They are responsible for the
production and maintenance of the ECM, which provides structural support to the
surrounding cells (Kendall and Feghali-Bostwick, 2014). In addition, they play a
vital role in the healing of injured tissues (Li and Wang, 2011, Kendall and Feghali-
Bostwick, 2014). Integration of biomechanical signals from their environment is
vital for this function. Therefore, fibroblasts are mechanically sensitive and have
been shown to respond to matrix stiffness (El-Mohri et al., 2017), surface
topography (Berry et al., 2005, Lei et al., 2020), shear stress (Lei et al., 2020,
Gupta et al., 2020), static and dynamic stretching (Dai et al., 2022) and vibration
(Mohammed et al., 2016, Weinheimer-Haus, 2014) among other biomechanical

stimuli.

In response to injury, fibroblasts undergo differentiation into an activated
phenotype, changing into myofibroblasts (Li and Wang, 2011). This activated
phenotype is marked by increased proliferation (Darby et al., 2014), generation
of a-SMA containing stress fibres, which confer cytoskeleton contractility (D’Urso
and Kurniawan, 2020), and deposition of ECM components, such as collagen and
fibronectin (Li and Wang, 2011). Fibroblast activation in the wound environment
is triggered by signalling molecules, such as growth factors TGFB81 and PDGF (Juhl
et al., 2020), and inflammatory cytokines, like IL-13, IL-11 and IL-6 (Kendall and
Feghali-Bostwick, 2014, Juhl et al., 2020). Exposure to these molecules induces
endogenous synthesis of pro-fibrotic and pro-inflammatory molecules in
fibroblasts, which then act in paracrine and autocrine manner to maintain the
activated phenotype (Wei et al., 2021, Moretti et al., 2022) until the wound

healing process is resolved.
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While fibroblast activation is necessary for tissue repair and wound healing,
excessive or prolonged activation can result in pathological conditions (Darby et
al., 2014). Aberrant fibroblast proliferation, contractility and sustained pro-
inflammatory signalling can result in development of fibrotic diseases, which are
characterized by excessive deposition of ECM and impaired tissue function
(Kendall and Feghali-Bostwick, 2014).

TGFB1 is the most well studied pro-fibrotic growth factor and a major contributor
to the activated fibroblast phenotype (Walton et al., 2017). Under the baseline
conditions, TGFB1 is produced in a complex with latency associated peptide (LAP),
which prevents immediate binding to the receptors (Hinz, 2015). LAP-TGFB1
complex is deposited by fibroblasts and other cell types into the surrounding ECM
(Hinz, 2015). When a tissue injury occurs, TGFB1 released from the immune cells
drives upregulation of a-SMA and formation of contractile stress fibres in
fibroblasts (D’Urso and Kurniawan, 2020). As highly contractile fibroblasts exert
force on the surrounding ECM, TGFB1 is released from the latent complex, which
leads to positive feedback loop of TGFB1 signalling (Hinz, 2015). In addition to a-
SMA induction, TGFB1 has wide ranging effects on fibroblasts, including
upregulation of ECM proteins (Klingberg et al., 2014), growth factors and cytokines
(Frangogiannis, 2020), induction of ROS generation (Dosoki et al., 2017) and
metabolic reprogramming (Yin et al., 2019). Latent TGFB1 activation by cell
contraction illustrates how interlinked biochemical and biomechanical signals are

in regulating fibroblast phenotype.

Nanovibrational stimulation has been demonstrated to be a strong inducer of
osteogenic differentiation in MSCs and has potential to be applied as non-invasive
mechanotherapy for osteoporosis and delayed fracture healing (Robertson et al.,
2018). When applied to the body exterior, nanovibration would propagate through
the soft tissues surrounding the target site and potentially stimulate cells in those
tissues, including fibroblasts. Previous studies investigating the effects of
mechanical vibration on fibroblasts have identified both positive and negative
effects on proliferation (Jiang et al., 2014, Jones et al., 2001, Holmes et al.,
2018), migration (Mohammed et al., 2016), ECM protein expression (Jiang et al.,
2014, Wolchok et al., 2009) and endogenous TGFB1 synthesis (Hortobagyi et al.,
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2020, Wolchok et al., 2009). Considering a variety of vibrational devices and
treatment parameters used, it is difficult to predict how nanoscale vibration of

1000 Hz and 30 nm may influence the fibroblast phenotype.

This chapter aims to examine the effect of nanovibrational stimulation on
fibroblasts, specifically in terms of features indicating the activated phenotype.
Cellular functions such as proliferation and contraction were investigated, as well
as production of a-SMA and collagens type Il and type I. In addition, mRNA levels
of TGFB1, IL-6 and OPN were assessed by qPCR. After the first set of experiments,
TGFB1-stimulated samples were included in the analysis to assess how
nanovibration treatment compares to biochemically induced fibroblast activation.
Alongside the standard 2D culture on tissue culture plastic, for some experiments
the fibroblasts were cultured in 3D collagen type-I hydrogels, which more closely

mimic their environment in vivo (Smithmyer et al., 2014).

3.2 Materials and Methods

3.2.1 Laser interferometry — vibrometry

To confirm vibration transmission through various plasticware and collagen gels,
and to measure the vibration amplitude, laser interferometry was used. A
magnetic sheet was glued to the bottom of the well plates to couple them with
bioreactor surface. A small piece of reflective tape was placed on every measured
material - several points on the bioreactor surface, bottom of cell culture plate
wells and on the top of collagen gels. The measurements were taken using
laserinterferometric vibrometer SP-S (SIOS MeBtechnik GmbH), by aiming the laser
at the reflective material on the measured surface. Light interference pattern
captured by the detector was processed with INFAS software (SIOS MefBtechnik

GmbH) to obtain displacement readings.

3.2.2 3D culture in rat-tail collagen |

Rat-tail collagen type-I solution (2.05 mg/ml) in 0.16% acetic acid (First Link UK,

#60-30-810) was aliquoted into a pre-cooled universal tube. For every 2.5 ml of
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collagen solution, 1.5 ml 0.1 NaOH was added with gentle mixing. In a separate
tube, x10 DMEM (Sigma-Aldrich, #D2429) and FBS (Sigma-Aldrich, #F2442) were
mixed at a ratio 1:1. While keeping on ice, 500 pyl of DMEM-FBS mixture were
added to collagen tube and mixed gently by swirling the tube until the solution
was homogenous in colour. Then, further 1.5 ml of NaOH were added to the
collagen by mixing, until the solution reached pink colour indicating
neutralisation. A cell pellet containing pre-counted number of cells was
resuspended in the collagen to a concentration of 40 000 cells/ml. Gel mixture
with cells was then divided into the well plate and placed in 37°C for 30 min to
undergo gelation. After the gels were formed, cell culture medium was added on

top.

3.3.3 AlamarBlue assay for cell proliferation

AlamarBlue reagent (Bio-Rad Laboratories, #BUF012B) was used to investigate cell
proliferation. Cell culture medium was completely removed from testing wells.
AlamarBlue reagent was mixed with filtered cell culture medium in 1:10 ratio and
added to each test well and one empty well as a negative control. Samples were
incubated at 37°C for 4 hours. After incubation period 100 pl was collected in
duplicates from each sample and loaded into 96 well plate. Absorbance was
measured using MultiscanFC absorbance reader (Thermo Scientific) at 570 nm and
600 nm. AlamarBlue reduction was calculated using the equation provided in

manufacture’s protocol:

(02 x A1) — (01 x A2)

100
(RLxN2) — (R2x N1)

% Alamar reduction =

Where 01 and 02 are molar extinction coefficients of oxidised alamarBlue at 570
nm and 600 nm respectively, R1 and R2 are molar extinction coefficients of
reduced alamarBlue at 570 nm and 600 nm, A1 and A2 are absorbance readings of
test wells at 570 nm and 600 nm and N1 and N2 are absorbance readings of

negative control well.
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AlamarBlue assay was performed on the same samples after 3 and 7 days in
culture. Difference in % alamar reduction between paired measurements was
calculated, representing the change in cell number for each well between two

time points.

3.3.4 Rat-tail collagen | contraction assay

Cells were cultured in T-25 flasks under basal conditions or treated with vibration
or TGFB1 for 7 days. Then they were detached from the flasks using trypsin,
centrifuged and re-suspended in fresh media. The cells were counted to determine
cell concentration in each suspension and volumes of suspension containing 250
000 and 500 000 cells were aliquoted and centrifuged again to form a pellet. Rat-
tail collagen-I was prepared as detailed in 3.3.2 and each pellet was re-suspended
in 1 ml of collagen. From each suspension, 200 ul was transferred into 96-well
plate four times, resulting in four replicate wells per group. Collagen without cells
was also added to the plate, as a negative control. The gels were allowed to fully
undergo gelation at 37°C for 30min and cell culture medium was added to each
well. Images of the plate were taken every day for 7 days using LI-COR SA imaging

system. Percentage of the well area covered by gel was measured using image-J.

3.3.5 Quantitative polymerase chain reaction (qPCR)

RNA was extracted as detailed in chapter 2.5. After measuring the initial
concentration, RNA concentration was adjusted to 5 ng/ul with RNAse-free water.
Reverse transcription was performed using QuanTiTect Reverse Transcription Kit
(Qiagen, #205313) according to protocol provided by manufacturer. After reverse
transcription cDNA was stored at -20°C. QPCR was performed using QuantiNova
SYBR Green gPCR kit (Qiagen, #208252) in Applied Biosystems 7500 RealTime PCR
System (Thermo Fisher Scientific) including a melt curve stage in the process for
amplification quality control. Data was analysed using the delta-delta Ct method,
using the average Ct of two housekeeping genes (GAPDH and RLP13A) for

normalisation. Primer pairs used in the qPCR reactions are shown in table 3.1.
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Table 3.1 Primer pair sequences used for qPCR

Binding position 5’ Product
Target Sequence . .
(transcript variant) length

255(1), 356(2), 347(3),
GAPDH forward 5’- TCAAGGCTGAGAACGGGA -3’

495(4), 201(7)

376 bp

630(1), 731(2), 722(3),
GAPDH reverse 5’- TGGGTGGCAGTGATGGCA -3’

722(4), 630(5), 576(7)
RLP13A forward 5’-CTCAAAGGTGTTTGACCGCATCC-3’ 325(1), 249(2) 144b
RLP13A reverse 5’-TACTTCCAGCCAACCTCGTGA-3’ 468(1), 392(2) P
COL1A1 forward 5’- CCATGTGAAATTGTCTCCCA -3’ 4635 253b
COL1AT1 reverse 5’- GGGGCAAGACAGTGATTGAA-3’ 4383 P

625(1), 269(2), 542(3),
ACTA2 forward 5’-CCCTGAAGTACCCGATAGAACA-3’ 700(4), 783(5), 414(6),

625(11) 95 pb

719(1), 363(2), 636(3),
ACTA2 reverse 5’-GGCAACACGAAGCTCATTG-3’ 794(4), 877(5), 508(6),

719(11)

787(1), 745(2), 706(3),
OPN forward 5’-AGCTGGATGACCAGAGTGCT-3’

664(4), 976(5)

151 bp

937(1), 856(2), 856(3),
OPN reverse 5’-TGAAATTCATGCCTGTGGAA-3’

814(4), 1126(5)
IL-6 forward 5’-AGACAGCCACTCACCTCTTCAG-3’ 193(1), 124(3) 132
IL-6 reverse 5’-TTCTGCCAGTGCCTCTTTGCTG-3’ 324(1), 255(3) P
TGFB1 forward 5’-ACTACTACGCCAAGGAGGTCAC-3’ 1183 73
TGFB1 reverse 5’-TGCTTGAACTTGTCATAGATTTCG-3’ 1255 P

3.3 Results

3.3.1 Selection of collagen hydrogel and interferometry

First, two kinds of collagen type-l hydrogels were compared in their ability to
support fibroblast growth in 3D culture. Fibroblasts were cultured for 7 days in
either rat-tail collagen-| or bovine collagen-1 hydrogels and cell proliferation was
measured as percent of alamarBlue reagent reduction on days 3 and 7. It was
observed that fibroblasts in rat-tail collagen type-l proliferated faster between
the two time points than those cultured in bovine collagen type-I (Figure 3.1 a).
However, there was higher variation in proliferation measurements in the rat-tail
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collagen group, suggesting that bovine collagen offers more replicability.
Considering that bovine collagen hydrogels were easier to handle, offered more
replicable results and that the difference in proliferation between the two
cultures was small, bovine collagen type-I was selected for 3D fibroblast cultures

for all future experiments.
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Figure 3.1 a) Comparison of alamarBlue reduction in bovine and rat-tail collagen type-l hydrogels. The
cells were seeded at concentration of 40 000 cells/ml and alamarBlue reduction was measured on days
3 and 7. The difference between paired measurement values are shown as indication of cell proliferation
between two time points. The bars indicate median with SD. Statistical analysis was done by Wilcoxon-
Mann-Whitney test, * = p < 0.05. Data collected from three independent repeats, each dot representing
a single sample and different repeats represented by colour, n = 15 in each group. b) Surface
displacement was measured on top of bioreactor surface, empty well plate and two volumes of collagen
hydrogels. Bars indicate mean with SD.

To confirm that the nanovibration from the bioreactor is efficiently transmitted
to the cultureware and through the collagen hydrogels, surface displacement
amplitude was measured using laser interferometry (Figure 3.1 b). Previous
studies using this nanovibrational stimulation system reported that vibration of
1000 Hz frequency causes approximately 30 nm displacements (Tsimbouri et al.,
2017). Measured amplitude was slightly higher on all tested surfaces, with average
of 38 nm on the bioreactor surface and 42 nm on the bottom of a well-plate. Small
deviations from the expected value might have been caused by the noise in the
environment as the measurement system is highly sensitive. When measuring
amplitude on top of the collagen hydrogels, it was observed that the amplitude

increased to around 50 nm but was not dependent on the volume of collagen. This
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suggests that collagen hydrogel did amplify the vibration amplitude to a small
extent, however, all measurements were under 100 nm, and the average
amplitude was close to the average bioreactor surface vibration amplitude,

indicating that the difference is unlikely to be of practical concern.

3.3.2 The effects of nanovibration on fibroblast proliferation

Next, the effects of nanovibrational stimulation on fibroblast proliferation were
investigated using alamarBlue assay. Utilising the same experimental design as in
comparison of rat-tail and bovine collagen type-l hydrogels detailed above, the
measurements of alamarBlue reduction were taken at days 3 and 7 and the
difference between two time points was used as an indication of proliferation rate
in this period. It was observed that in the 2D culture, nanovibration increased
alamarBlue reduction around 5% (Figure 3.2 a) while in the 3D culture it led to a

2% decrease (Figure 3.2 b).

Alamar Blue 2D Alamar Blue 3D
—_ o e e —_ 25_ ¥*
g 50 a
:n: 40 ré’ 20"
g 5 g
% 301 7 157
=1 =1
3 3
& 204 & 101
& T
£ 101 . £ s & -
‘( ( 4 e
(=
N X 04
L) T I L]
a Ctrl Vib b Ctrl Vib

Figure 3.2 AlamarBlue reduction in 2D (a) and 3D (b) in nanovibration treated cells (vib) and untreated
controls (ctrl). The cells were seeded at concentration of 40 000 cells/ml and alamarBlue reduction was
measured on days 3 and 7. The difference between paired measurement values are shown as indication
of cell proliferation between two time points. Data from three independent repeats, each dot
representing a single sample and repeats represented by colour, with rectangles indicating mean for
each repeat. Statistical analysis was done by two-factor Anova. * = p < 0.05, *** = p <0.001. N = 33 in (a),
n =24 in (b).

Previous studies demonstrated that nanovibrational stimulation modulates the
levels of membrane ion channels in MSCs (Tsimbouri et al., 2017), indicating that
calcium signalling is involved in mechanosensation of nanovibration. To investigate

if calcium signalling may be involved in the response to nanovibration in
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fibroblasts, the levels of CaSR were measured using in-cell western. CaSR protein
was upregulated in the nanovibration treated group after 7 days (Figure 3.3 a).
CaSR has been previously demonstrated to activate ERK1/2 signalling pathway
(Davies et al., 2006, Tomlins et al., 2005), which is a major regulator of cell growth
and proliferation. The level of active phospho-ERK1/2 was measured in
nanovibration-treated cells after 7 days in 2D culture and was found to be

increased compared to the untreated controls (Figure 3.3 b).
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Figure 3.3 a) Levels of CaSR protein measured by in-cell western after 7 days of nanovibrational
treatment in 2D cultures. b) Ratio of phosho-ERK to total ERK measured by in-cell wester after 7 days
of nanovibrational treatment in 2D cultures. The bars indicate mean (a) and median (b) with SD.
Statistical analysis was done by two-factor Anova (a) and Wilcoxon-Mann-Whitney test (b), *** = p <
0.001. Data from three independent repeats, each dot representing a single sample and repeats

represented by colour, rectangular shape indicating group mean each repetition. N =36 ina, n =12 in
b.

3.3.3 Collagen gel contraction

The activated fibroblast phenotype is characterized by high contractility (Li and
Wang, 2011). To investigate whether nanovibrational stimulation affects fibroblast
contractility, a collagen gel contraction assay was performed. To compare the
effects of nanovibrational treatment with those of biochemical fibroblast
activation, one group of samples was treated with TGFB1. Fibroblasts in 2D culture
were subjected to nanovibrational stimulation or 10ng/ml TGFB1 for 7 days and
then transferred to rat-tail collagen-I hydrogels at two cell concentrations (250
000 cells/ml and 500 000 cells/ml). Images of the well-plate were captured every

day for 7 days and well area covered by collagen hydrogel was measured.
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At lower cell concentration, nanovibration-treated fibroblasts contracted the gel
at a similar rate as untreated controls (Figure 3.4 a). Both groups started to show
decrease in the gel area by day 5 and reduced the area to 42% in the nanovibration
group and 33% in the untreated group by day 7. In contrast, TGFB1-treated
fibroblasts started to contract the gels by day 3 and reduced the gel area to 13%
by the end of the observation period. Similar results were observed in the higher
cell concentration experiment, as both nanovibration-stimulated samples and
untreated controls first showed contraction on day 3, while the TGFB81 group
exhibited substantial contraction on day 2 (Figure 3.4 b). These results indicate

that nanovibrational treatment does not upregulate fibroblast contractility.
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Figure 3.4 Collagen gel contraction assay. Fibroblasts were treated with nanovibrational stimulation
(vib) or 10 ng/ml TGFB1 for 7 days and transferred to rat-tail collagen-1 gels at 250 000 cells/ml (a) and
500 000 cells/ml (b). Gels were imaged every day for 7 days and well area covered by the gel was
measured using imageJ. N = 3 for control (ctrl) and vib, n = 2 for TGF.

3.3.4 Expression of a-SMA, COL1A1 and COL3A in nanovibration treated
fibroblasts

As mentioned above, increased contractility is a feature of activated fibroblast
phenotype and is achieved by production and incorporation of a-SMA into the actin
cytoskeleton (D’Urso and Kurniawan, 2020). Another major feature of the
activated phenotype is upregulated synthesis of ECM proteins, particularly
collagen type | and type lll, which are critical for wound healing but can lead to
fibrosis when excessive (Klingberg et al., 2014). To investigate the impact of
nanovibrational stimulation on the synthesis of a-SMA, COL1A1 and COL3A1, in-

cell western analysis was performed after 3, 7 and 10 days of treatment.
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The results showed that a-SMA protein levels were significantly increased in the
nanovibration treated groups after 3 days of stimulation, regardless of the
presence of TGFB1 (Figure 3.5 a). This effect was short-term, as all groups
displayed similar a-SMA protein levels on day 7 (Figure 3.5 b). On day 10, both
TGFB1-stimulated groups showed upregulated a-SMA but the difference was not
statistically significant, likely due to large variation of values in the untreated

control group (Figure 3.5 ¢).
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Figure 3.5 In-cell western analysis of a-SMA protein levels. Fibroblasts were treated with nanovibration,
TGFR1 or both in 2D culture for a) 3, b) 7 and c) 10 days. Bars indicate mean with SD. Statistical analysis
was conducted using two-factor ANOVA followed by Tukey post-hoc test, except in ¢, where Kruskall-
Wallis test followed by Wilcoxon pairwise rank sum test was performed. Data from 3 independent
repeats represented by colour, except in c where data from one repeat is shown. Each dot represents a
single sample, rectangular shapes indicate group means in each repetition. N=12 per group (a) and (b),
n =4 per group in (c). *=p < 0.05, *** =p < 0.001.

COL3A1 was consistently upregulated by TGFB1 at all time points, regardless of

nanovibrational treatment (Figure 3.6 a, b, c). COL1A1 protein levels were similar
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across all groups on day 3 (Figure 3.6 d) but was upregulated in TGFB1 treated
samples on days 7 and 10 (Figure 3.6 e, f). These results indicate that
nanovibrational stimulation causes a short-term increase in a-SMA production, but
the effect is not sustained over a longer period of time. Furthermore, the synthesis
of COL3A1 and COL1A1 is not significantly affected by nanovibration in either basal

or TGFB1 stimulated conditions.
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Figure 3.6 In-cell western analysis COL3A1 (a, b, ¢) and COL1A1 (d, e, f). Fibroblasts were treated with
nanovibration, TGFB1 or both in 2D culture for 3, 7 and 10 days. Bars indicate mean with SD. Statistical
analysis was conducted using two-factor ANOVA followed by Tukey post-hoc test. In (c) and (f) statistical
analysis was performed on log2 transformed data to fit ANOVA model assumptions. Data from 3
independent repeats represented by colour, each dot representing a single sample. Rectangular shape
indicates group mean in each repetition. N=12 per group in all panels. *=p <0.05,* =p <0.01,**=p
<0.001.

To support the data collected from in-cell western experiments and investigate
the effects of nanovibrational stimulation on gene transcription, qPCR was
performed. Day 7 time point was selected for further analysis and the mRNA levels
of a-SMA and COL1A1 were assessed. Gene transcript levels of a-SMA were
upregulated in fibroblasts stimulated with TGFB1 but the result was only
statistically significant in the group that received both TGFB81 and nanovibrational

stimulation (Figure 3.7 a). This result was consistent with increased a-SMA protein
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levels in both TGFB1 stimulated groups on day 10 (Figure 3.5 c), as there is a delay

between gene transcription and protein accumulation.

COL1A1 mRNA increased after TGFB1 treatment, while the nanovibration-treated
group showed downregulation of this gene, however neither result was
statistically significant (Figure 3.7 a). Interestingly, the sample group that
received both treatments showed mRNA levels comparable to the untreated
controls, suggesting that nanovibration potentially abrogated the induction of
COL1A1 by TGFB1. Nonetheless, it is challenging to draw conclusions since none
of the changes observed in this experiment were statistically significant and the
COL1A1 protein levels observed on day 10 were inconsistent between repeats for

the dual treatment group (Figure 3.6 f).
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To investigate if nanovibration affects gene expression in a similar way when
cultured in 3D, fibroblasts suspended in bovine collagen hydrogels were subjected
to the same treatments for a period of 7 days and mRNA levels of a-SMA and
COL1A1 were measured using qPCR. While none of the results were statistically
significant, it was observed that there was a trend towards increased expression
levels of both COL1A1 and a-SMA in the dual treatment group (Figure 3.7 b). It
should be noted that there was some inconsistency in the data for a-SMA gene
between the different experimental repeats in this group, as it was upregulated
in two repeats and downregulated in one, therefore further analysis is necessary
to clarify the results. In conclusion, these findings suggest that nanovibration
might potentiate TGFB1 signalling, inducing a-SMA gene expression in both 2D and
3D cultures, but further investigation is needed to confirm this effect. COL1A1
gene expression was not significantly affected by any of the treatments in both
types of culture, however, in 2D nanovibration seemed to have a slight suppressive
effect, while in 3D, it slightly and not significantly upregulated this gene when

delivered in combination with TGFB1.

3.3.5 Pro-fibrotic cytokine expression in nanovibration treated fibroblasts

Gene transcript levels of pro-fibrotic cytokines IL-6, OPN and TGFB1 were also
examined in 2D and 3D fibroblast cultures. In 2D, the results showed that TGFB1
slightly upregulated the expression of IL-6 and OPN, however not to a statistically
significant degree (Figure 3.8 a). In contrast, nanovibration suppressed the
expression of both IL-6 and OPN, although the effect on IL-6 was not statistically
significant when compared to the control group (Figure 3.8 a). While the amount
IL-6 mRNA in the group, stimulated with both nanovibration and TGFB1, was
similar to TGFB1-only group, expression of OPN in the combined treatment group
was more comparable to the untreated controls (Figure 3.8 a), suggesting that
nanovibration might supress the expression of OPN but not IL-6 in pro-fibrotic
conditions. However, further experiments are needed to confirm this effect. The
expression of TGFB1 did not change significantly in any of the treated groups and

there was a large variation in sample values between the two repeats.
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In 3D, neither nanovibration nor TGFB1 alone had a significant impact on the

expression of the genes examined (Figure 3.8 b). However, in combination these

treatments upregulated mRNA levels of OPN and TGFB1. Although a slight increase

in IL-6 mRNA was also observed in this group, this result was not statistically

significant (Figure 3.8 b). Overall, these results indicate that nanovibration might

have a negative effect on pro-fibrotic factor expression in 2D, but in 3D, it may

act synergistically with TGFB1 to upregulate it.
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Figure 3.8 Gene expression of
IL-6, OPN and TGFB1 in
fibroblasts treated with
nanovibration, TGFB1 or both
for 7 days in 2D (a) and 3D (b)
cultures.

Bars indicate mean with SD.
Statistical analysis was
conducted using two-factor
ANOVA followed by Tukey
post-hoc test, except in 2D
TGFB1 data, where Kruskall-
Wallis test was used. 2D data
collected from two
independent repeats with n =
7 in each group, 3D data
collected from 3 independent
repeats with n =11 in each
group. Different repeats
indicated by colour, each dot
represents a single sample
and rectangles mark group
mean in each repetition. * = p
<0.05,*=p<0.01,"**=p<
0.001

In this chapter, the effects of nanovibrational stimulation on fibroblast phenotype

were investigated, with focus on phenotypic features associated with wound

healing and fibrosis. When tissue is in a steady state, resident fibroblasts
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proliferate infrequently and synthesize moderate amounts of ECM proteins
(Franklin, 2021). In response to tissue injury, platelets and immune cells at the
wound site secrete factors which stimulate fibroblast activation, marked by
increased proliferation, migration, cell contractility and production of high levels
of ECM proteins (Kimura and Tsuji, 2021).

Mechanical cues are important in regulation of activation and clearance after the
resolution of the wound healing (Kollmannsberger et al., 2018). ECM architecture
and rigidity are the key determinants of tissue tensile forces and have been shown
to serve as signals to promote maintenance or exit from the activated state
(Kollmannsberger et al., 2018, Hinz, 2015). Passive mechanical stimuli, such as
substrate stiffness (Huang et al., 2012), and active mechanical stimuli, such as
cyclic stretching (Walker et al., 2020), have been shown to sustain the activated
phenotype even in the absence of continuous stimulation with TGFB1.
Dysregulation of mechanical signalling pathways can lead to tissue stiffening,
chronic inflammation and even support tumour development (Cox and Erler, 2011).
Therefore, investigating how fibroblasts respond to nanovibrational stimulation is
crucial to determine its viability as a non-invasive mechanotherapy for bone

disorders.

Previous studies on fibroblast response to vibration revealed diverse effects on
fibroblast phenotype, depending on vibrational device, stimulation parameters
and treatment duration. Horizontal vibration of ligament fibroblasts at 10-40 Hz
frequencies and 0.29-4.6 mm amplitudes has been shown to upregulate ECM
protein synthesis and have frequency-dependent effects on proliferation (Jiang et
al., 2014). Similarly, Wolchok et al. (2009) demonstrated that horizontal vibration
with 100Hz frequency and amplitude of 0.2 mm applied in stimulation-rest cycles
upregulated collagen type-l and pro-fibrotic cytokine synthesis in vocal fold
fibroblasts. On the other hand, very high frequency (165 kHz) sub-micrometer
horizontal vibration was shown to have a negative effect on fibroblast
proliferation and adhesion (Holmes et al., 2018). Hortobagyi et al. (2020) applied
vertical vibrational stimulation in a 50-250 Hz frequency range and average
amplitude of 82 pym and found that such treatment did downregulate some

inflammatory and pro-fibrotic factors but did not substantially alter ECM protein
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synthesis in vocal fold fibroblasts. Mohammed et al. (2016) tested a range of
frequencies from 100 Hz to 1600 Hz at 0.4 g magnitude and observed that 100 Hz
promoted fibroblast migration, while higher frequencies reduced it. In their study,
none of the tested frequencies significantly affected cell viability. In vivo, 45 Hz
vibration at 0.3 g or 0.4 g acceleration led to faster wound healing and promoted
angiogenesis in diabetic mice and rats (Weinheimer-Haus et al., 2014, Roberts et
al., 2021) while 90 Hz and 0.6 g was detrimental for wound closure. These studies
illustrate that different vibration parameters and stimulation regimes have
different and even opposing outcomes, therefore it is hard to extrapolate their

results to predict the response to nanovibrational stimulation specifically.

When applied to fibroblasts cultured in 2D, nanovibration slightly upregulated
fibroblast proliferation. Consistent with increased proliferation, higher levels of
phosphorylated ERK1/2 were observed in the nanovibration-treated fibroblasts.
ERK1/2 is a kinase within classical MAPK signalling pathway, which is a key
regulator of cell cycle progression and cell proliferation in mammalian cells (Zhang
and Liu, 2002), including fibroblasts (Bentov et al., 2014). One way in which
classical MAPK signalling cascade is initiated is through activation of receptor
tyrosine kinases, such as epidermal growth factor receptor (EGFR), which can
occur via ligand binding or transactivation by other membrane receptors (Zhang
and Liu, 2002). CaSR has been demonstrated to regulate cell proliferation by
transactivation of EGFR and downstream phosphorylation of ERK1/2 (Tomlins et
al., 2005). It would be intriguing to see if that occurs in response to
nanovibrational stimulation, as CaSR was upregulated in stimulated fibroblasts.
Interestingly, cation signalling has been implicated in response to nanovibration in
MSCs (Tsimbouri et al., 2017), where inhibition of TRPV1 ion channel led to
downregulation of ERK1/2. Since TRPV1 is generally selective for calcium (Zhai et
al., 2021), this suggests that calcium-dependent signalling plays an important role
in mechanosensation and response to nanovibrational stimulus in at least two

different cell types.

Nanovibration applied to 2D cultures did induce short-term upregulation of a-SMA
protein, which confers cytoskeletal contractility, however, after 7 days of

treatment, this effect was no longer present. This short-term upregulation did not
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influence fibroblast contractile ability after 7 days of treatment, as they
contracted the collagen hydrogel at a similar rate to the untreated controls, while
TGFB1-treated group showed faster contraction. Although the TGFB1-treated
group showed increased contractile ability, protein or mRNA levels of a-SMA were
not significantly changed at the 7-day time point, suggesting that the contraction
might have been mediated by other factors, such as secretion of MMPs (Daniels et
al., 2003) or expression of specific integrins (Gutierrez et al., 2015), which were
not examined in this work. Combination of TGFB1 and nanovibration did
upregulate a-SMA transcript levels after 7 days of treatment more strongly than
TGFB1 alone, but this was not reflected in the protein levels. Further experiments
are needed to determine if nanovibration and TGFB1 might be acting

synergistically in upregulating a-SMA in 2D.

As expected, in TGFB1-treated 2D cultures, COL3A1 was significantly upregulated
by day 3, and COL1A1 was upregulated by day 7, which is consistent with the
expression patterns in the wound healing process (Klingberg et al., 2013).
Nanovibration did not seem to have an effect on the expression of these proteins,
neither in basal nor in TGFB1-stimulated conditions. Nanovibration did influence
the expression of OPN and IL-6, though the latter was not statistically significant.
IL-6 is an inflammatory cytokine with a proven role in fibrotic diseases (Juhl et
al., 2020). Similarly, elevated OPN levels have been observed in fibrotic skin
lesions in systemic sclerosis patients (Wu et al., 2012), however, its exact role in
promoting fibrosis is less well understood. Mori et al. (2008) demonstrated that
knockdown of OPN had a positive outcome on wound healing, leading to reduced
inflammation and less scarring. Nanovibration seemed to suppress OPN, even in
the presence of TGFB1, though further investigation is needed to confirm this

result as the effect was not significant.

In 3D cultures, nanovibration affected the fibroblast phenotype differently than
in 2D. Proliferation was slightly reduced in vibrationally stimulated cells. None of
the tested genes were significantly affected by nanovibration on its own; however,
the results were quite inconsistent between the different repeats, especially for
COL1A1 and OPN. Notably, the combination of TGFB1 and nanovibration
significantly increased mRNA levels of pro-fibrotic factors TGFB and OPN. IL-6 and
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COL1A1 mRNA levels were also upregulated by the combination of treatments but
not significantly. This suggests that in 3D, TGFB and nanovibration could be
working synergistically to upregulate inflammatory and pro-fibrotic signalling.
More studies over a longer period of time are needed to clarify how this might

affect the wound healing process and resolution.

3.5 Conclusions

In this chapter, fibroblast response to nanoscale vibrational stimulation of 1000 Hz
frequency and approximately 30 nm displacement was examined, with the
treatment delivered continuously over selected periods of time up to 10 days. The
findings indicate that the effects of nanovibration on the fibroblast phenotype
depend on the culture conditions. Overall, fibroblasts treated with nanovibration
alone did not show signs of the activated phenotype in 2D or 3D. Cell proliferation
was affected in both types of culture, however, to a small degree. In 2D cultures,
nanovibration did reduce OPN mRNA synthesis but did not alter COL1A1 or COL3A1
protein expression, which may have a positive effect on wound healing by reducing
inflammation while maintaining ECM synthesis. When fibroblast activation was
induced using TGFB1, there were some indications of nanovibration having a
synergistic effect in promoting the activated phenotype, especially in 3D cultures,
where a significant upregulation of endogenous TGFB1 and OPN expression were
observed. This suggests that while nanovibrational treatment is most likely safe
to apply to patients with healthy soft tissues, it may not be appropriate for
patients with actively healing soft tissue injuries, keloid scars, or fibrotic diseases,

such as systemic sclerosis.
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Chapter 4: The effects of nanovibration on the fibroblast
metabolome and transcriptome

4.1 Introduction

In the previous chapter some of the features associated with fibroblast activation,
such as proliferation, contractility and production of ECM proteins and cytokines,
were investigated. While nanovibration on its own did not induce activation or
have a strong anti-fibrotic effect, it did influence cell proliferation and expression
of several factors, which indicates that fibroblasts are sensitive to nanovibrational
stimulation. To capture a wider range of the effects that nanovibrational
treatment may have on fibroblasts, it can be beneficial to employ high-throughput
techniques, commonly referred to as ‘omics’. These techniques allow for the
simultaneous analysis of many cellular components, such as gene transcripts or
metabolites, providing a more global view of cellular responses to a treatment
(Everaet et al., 2017, Lu et al., 2018).

RNA-Sequencing (RNA-Seq) is a high-throughput technique that allows
quantification of gene transcripts present in the cell, comprising the
transcriptome. Unlike other techniques targeting gene transcripts, such as gqPCR
or microarrays, RNA-Seq does not require prior identification of genes of interest
and provides unbiased view of transcriptome composition (Everaert et al., 2017).
This makes RNA-Seq a good strategy to explore cellular responses to a treatment

where little is known about its potential effects.

Metabolites are products of numerous enzymatic reactions occurring in the cells
and are governed by a variety of factors that influence those reactions, such as
enzyme abundance and activity, availability of precursors and presence of
inhibitors, among others (Wishart, 2019). Because of this, the metabolome is very
sensitive to environmental stimuli and intracellular events. Changes in metabolite
levels reflect underlying biological processes, for example, renal fibroblasts
stimulated with TGFB1 show reduced levels of acetyl-COA and increased lactate
production, which is indicative of a metabolic shift towards glycolysis (Hewitson

and Smith, 2021). This not only allows faster adenosine triphosphate (ATP)
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production in the activated fibroblasts (Hewitson and Smith, 2021) but also
generates metabolic intermediates, which enter the glycine synthesis pathway to
sustain upregulated collagen production (Nigdelioglu et al., 2016). Liquid
chromatography-mass spectrometry (LC-MS) is a powerful technique that can
detect and quantify numerous metabolites at once, capturing a snapshot of
cellular metabolome (Lu et al., 2018) and providing information about cellular

pathways affected by a treatment, such as nanovibrational stimulation.

This chapter aims to expand on the previous investigations on the effects of
nanovibrational stimulation in fibroblasts by utilising LC-MS based metabolomics
and RNA-Seq. Metabolite analysis examined how the effects differ when
stimulation is applied for 7 and 14 days, and between 2D and 3D cultures. The
group which showed the most pronounced metabolic changes after the
nanovibrational treatment was then further investigated using RNA-Seq, alongside

TGFB1-treated fibroblasts for comparison.

4.2 Materials and Methods

4.2.1 Metabolite extraction

Samples were treated with nanovibration for 7 or 14 days in 2D and 3D cultures.
Control samples were kept in the same incubator at 37°C but did not receive
stimulation. After the treatment period, cell culture medium was removed from
the sample wells, and collagen gels were homogenised using a Pasteur pipette.
Pre-cooled (-20°C) metabolite extraction solution (chloroform, methanol and
water ratio 1:3:1) was added to sample wells (800 pl for 2D, 1.5 ml for 3D). The
plates were placed on an orbital shaker for 1h at 4°C. Afterwards, the liquid was
collected into 1.5ml microcentrifuge tubes and centrifuged at 13 000 g for 10min
at 4°C. Supernatant was collected into a new microcentrifuge tube. For 3D
samples this procedure was repeated twice. Metabolite extracts were stored at -
70°C.
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4.2.2 Liquid chromatography-mass spectrometry and data analysis

Liquid chromatography-mass spectrometry was performed by Glasgow Polyomics
using Dionex UltiMate 3000 RSLC liquid chromatography system (Thermo Fisher
Scientific) with a ZIC-pHILIC column (150 mm x 4.6 mm, 5 pm column, Merck
Sequant) and Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). Data
was processed using IDEOM MS Excel interface (Creek et al., 2012). Further
analysis was performed using Metaboanalyst (Xia et al., 2009), Omu (Tiffany and
Baumler, 2019) package in R and Ingenuity Pathway analysis software (Qiagen). P
values adjusted for multiple testing were obtained by two-sample t-test with

Benjamini-Hochberg correction.

4.2.3 RNA library preparation and sequencing

RNA was extracted using QIAGEN RNeasy micro kit (#74004) following
manufacturer’s instructions. The experiment was repeated three times and each
time three technical replicates from every group were pooled in equal proportions
by drawing a volume containing 500 ug total RNA from each replicate. Protein
coding mRNA was enriched using poly-A tail selection. Paired-end sequencing with
read length of 100 bp and read depth of 30 million reads was performed on

NextSeq2000 system (Illumina).

4.2.4 RNA Sequencing data analysis

RNA-Seq reads were aligned to human genome using HISAT2 software (Kim et al.,
2019) and feature counts were obtained using Rsubread R package (Liao et al.,
2013). A differential expression table was generated with DESeq2 (Love et al.,
2014) R package. The initial analysis indicated presence of the batch effect, as
the samples clustered together by experimental repeat rather than treatment
condition (Figure 4.1 a). To eliminate the batch effect, raw counts table was
processed using ComBat-seq (Zhang et al., 2020) R package prior to differential
expression analysis (Figure 4.1 b). Over-representation analysis (ORA) was

performed using ClusterProfiler R package (Wu et al., 2021).
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Figure 4.1 Hierarchical clustering analysis of RNA-seq samples a) before and b) after batch effect
correction with ComBat-seq. Distance calculated based on Spearman rank correlation. Before batch
effect correction, samples cluster based on experimental repeat. After batch correction, samples
(except for V3) cluster together by treatment. S — control, V — nanovibration, T — TGF@1.

4.3 Results
4.3.1 LC-MS metabolomics analysis

To investigate how nanovibrational stimulation affects the fibroblast metabolome,
fibroblasts were stimulated in 2D and 3D cultures for 7 and 14 days, and
metabolites were extracted for LC-MS analysis. In 2D extractions, a total of 470
metabolites were identified. Principal component analysis (PCA) of the 2D culture
metabolites showed that samples treated for 14 days shifted in a positive direction
along PC1 compared to 7 days, and nanovibration-treated samples were shifted in
a negative direction along PC2 compared to control samples (Figure 4.2 a). This
indicated that both nano-vibrational treatment and the time in culture influenced
fibroblast metabolome in 2D. Nanovibration-treated samples appeared to be more
affected by the treatment on day 7 than on day 14. However, two samples in the
day 7 treatment group clustered close to the control group, suggesting that the

effects were slightly inconsistent at this timepoint (Figure 4.2 a).

Out of 470 metabolites identified in 2D, levels of 115 and 75 were significantly
affected (p adjusted < 0.2) by nanovibrational stimulation on day 7 and on day 14
respectively. The effects of nanovibrational treatment were subtle, as the
majority of significantly affected metabolites showed less than two-fold change

at both timepoints (Figure 4.2 ¢ and d). Among the significantly changed
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metabolites, the most affected was glutathione (GSH), which showed nearly 9-
fold increase in nanovibration-treated group after 7 days of treatment (Figure 4.2
b).
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Significantly affected metabolites were selected for over-representation analysis
(ORA) using KEGG pathway database. ORA evaluates if features mapped to certain
biological pathways occur more frequently than expected by chance. On day 7,
the top 12 enriched pathways were related to amino acid metabolism, t-RNA
synthesis, glycerophospholipid and glycerolipid metabolism, glyoxylate and
dicarboxylate metabolism and vitamin Bé (Figure 4.3 a). Many of the significantly
affected metabolites were lipids which were not mapped to any KEGG pathways
and excluded from ORA. Therefore, lipids, including those which were not
significantly altered, were plotted in a heatmap to get additional insights into how
they might have been affected by nanovibrational stimulation (Figure 4.3 b).
Among lipids showing a trend towards downregulation fatty acyls (FA) were the
most common, while trending towards upregulation were mostly phospholipids
(PC, PE).
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Figure 4.3 a) Overrepresentation analysis of differentially expressed metabolites in 2D on day 7 and c)
on day 14. On day 7, amino acid and lipid metabolic pathways were found to be affected by
nanovibrational treatment. On day 14 amino acid metabolic pathways were affected by nanovibrational
treatment, but not lipid metabolism. T-RNA synthesis pathway was affected at both time points. Ratio is
calculated as metabolites detected/ metabolites expected. Metabolic pathways from KEGG database. b)
Heatmap of top 70 lipids (by t-test p-value) on day 7 and d) day 14. Patterns of lipid up- and
downregulation can be observed on day 7, however they are no longer apparent on day 14. Heatmap
colours indicate z-score calculated individually for every feature.

Similarly, on day 14 over-represented pathways were mostly related to amino acid
metabolism, however, lipid metabolism was not as affected (Figure 4.3 c). This
was further confirmed by a lipid heatmap, which did not show any clear trends in

lipid regulation (4.3 d).

In 3D samples, a total of 773 metabolites were identified. Metabolite levels were

much more affected by the time in culture than nanovibrational stimulation
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(Figure 4.4 a) as samples from the same timepoint clustered close together on the
PCA plot independent of treatment. Only one metabolite was significantly
affected (p adjusted < 0.2) on day 7 and none on day 14. Since in 2D, lipid levels
were influenced by nanovibration, lipid heatmap was generated for 3D samples
treated for 7 days (Figure 4.4 b). The heatmap showed a group of lipids that
trended towards downregulation and small group, which trended towards
upregulation in nanovibration-treated samples, indicating that nanovibration may

affect lipid metabolism in 3D but not to the same extent as in 2D.
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Figure 4.4 a) PCA plot with 95% confidence ellipses showing PC1 and PC2 of samples treated with
nanovibration in 3D cultures for 7 and 14 days and controls. A clear separation by time point can be
seen, while vibration-treated samples cluster close to untreated controls. b) heatmap of top 70 lipids
(by t-test p-value) in 3D day 7 samples. A pattern of up- and downregulation of lipids can be seen in the
heatmap. Heatmap colours indicate z-score calculated individually for every feature.

4.3.2 Molecular activity prediction and validation

IPA Molecular Activity Predictor (MAP) tool was used to predict the activation
states of signalling molecules based on the fold change values of all identified
metabolites in 2D samples. The MAP tool predicted changes in the activity of
several key signalling kinases - extracellular signal related kinase 1/2 (ERK1/2,

Figure 4.5 a and b), c-Jun N-terminal kinase (Jnk, Figure 4.5 c and d) and protein
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kinase B, also known as Akt (Figure 4.5 e and f). ERK1/2 was predicted to be
downregulated in nanovibration-treated samples on day 7 and unaffected on day
14, based on reduced levels of glutamine, phenylalanine, and several organic acids
(Figure 4.5 b). Jnk was predicted to be activated by nanovibration on day 7 (Figure
4.5 c) and downregulated on day 14 (Figure 4.5 d). Akt activity was predicted to

be reduced on both time points (Figure 4.5 e and f).
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Figure 4.5 Metabolic network diagrams generated in IPA showing molecular activity predictions based
on metabolite levels in 2D nanovibration-treated samples. ERK1/2 activity is predicted to be reduced on
day 7 (a) and unaffected by treatment on day 14 (b). Jnk is predicted to be upregulated on day 7 (c) and
downregulated on day 14 (d). Akt activity is predicted to be downregulated on both day 7 (e) and day 14
(f).
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The activity of signalling kinases, such as ERK1/2, Jnk and Akt depends on their
phosphorylation status. Therefore, to confirm the MAP predictions, the ratios of
active phospho-proteins to total proteins were assessed using in-cell western. In
contrast to MAP results, phosho-ERK1/2 was found to be upregulated in response
to nanovibrational stimulation on day 7 (Figure 4.6 a), which is in agreement with
the results presented in the previous chapter (chapter 3 Figure 3.3 b). On day 14,
nanovibration led to a significant downregulation of phospho-ERK1/2, both on its
own and in combination with TGFB1 (Figure 4.6 b). Akt and Jnk activity appeared
to be regulated by TGFB1 but unaffected by nanovibrational treatment, with
phospho-Akt being upregulated to a similar level in both TGFB1-treated groups on
day 7 (Figure 4.6 e) and phosho-Jnk downregulated in both TGFB1 groups on day
14 (Figure 4.6 d).
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4.3.3 RNA-Seq analysis

Samples treated with nanovibration in 2D for 7 days showed the most altered
metabolic profile, therefore these conditions were selected for RNA sequencing
experiment, to determine how nanovibrational stimulation affects gene
transcription. TGFB1-treated samples were included in this experiment as a
positive control of pro-fibrotic phenotype. Genes with a p-value, adjusted for
multiple comparisons, below 0.1 were considered differentially expressed. Out of
25 791 genes detected in the samples, 2 975 were differentially expressed (DE) in
the TGFB1 group and 136 in the nanovibration-stimulated group, indicating that
TGFB1 had a much stronger effect on the fibroblast transcriptome. This was
illustrated by PCA analysis, as TGFB1-treated samples shifted much further from
the controls compared to the nanovibration-treated samples (Figure 4.7 a). In
addition, similarly to metabolites, the majority of DE genes in the nanovibration-
treated group showed less than a two-fold change in either direction, suggesting
that the effects of nanovibrational treatment on gene transcript levels were subtle
(Figure 4.7 b).
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Figure 4.7 a) PCA plot with 95% confidence ellipses of transcript counts in control (ctrl), nanovibration-
treated (vib) and TGFpB1-treated samples. b) Histogram of log2 fold change values of genes differentially
expressed in nanovibraition-treated group. Dashed lines indicate -1 and 1, equivalent to two-fold change

compared to control group.

There were 48 genes that appeared in DE gene lists in both nanovibration and

TGFB1-treated groups. Interestingly, the two treatments appeared to have
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opposite effects on nearly all of these genes (Figure 4.8a). Among the genes which
were differentially regulated by both treatments were genes encoding collagens
COL1A1, COL5A1 and COL7A1, cytoskeletal proteins, such as alpha-actinin 4
(ACTN4), myosin heavy chain 9 (MYH9), filamins (FLNA, FLNC) and cell adhesion
proteins integrin-a5 (ITGA5), talin (TLN1), periostin (POSTN), all of which were
upregulated by TGFB1 but downregulated by nanovibrational treatment (Figure
4.8a).

ORA was performed on the genes differentially regulated by nanovibrational
stimulation to identify enriched biological process terms listed in gene ontology
database (GO:BP) (Figure 4.8 b). The analysis revealed that among DE genes, a
large number were involved in cytoplasmic translation, and several were
associated with ribosomal large unit biogenesis. Other enriched biological
processes were cell-substrate adhesion, mitotic cell cycle phase, a couple of
pathways related to ATP synthesis and wound healing (Figure 4.8 b).
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Network diagram of the genes in the GO:BP enriched terms (Figure 4.9) showed
that genes belonging to the cytoplasmic translation pathway, most of which
encode ribosomal proteins (RPs), were all upregulated to a small degree. Genes
related to the cell cycle showed both upregulation and downregulation. Among
the downregulated genes were transcription factor FOXM1, which is a key
regulator of cell cycle progression (Penke et al., 2018), claspin (CLSPN), which is
required for DNA replication (Masai et al., 2017) and inner centromere protein
INCENP important for regulation of mitosis (Figure 4.9) (Papini et al., 2019). This
could indicate that in nanovibration-treated fibroblasts cell proliferation was
slowing down. On the other hand, gene encoding RB1, which prevents cell cycle
progression from G1 to S phase (Zhou et al.,2022) was also downregulated and
CDC26, which is a part of anaphase promoting complex (Barford, 2010) was
increased (Figure 4.9). However, activity of many cell-cycle proteins is largely
regulated by post-translational modification and interaction with other factors

and therefore small variation in the transcript levels may not be meaningful.

Nearly all genes mapped to the pathways associated with cell adhesion,
morphogenesis of the epithelial sheet and response to wounding were
downregulated by nanovibrational stimulation. Among them were genes encoding
collagens, cytoskeletal proteins and adhesion proteins (Figure 4.9), which were
positively TGFB1 (Figure 4.8). In addition, nanovibration downregulated the gene
encoding NOTCH2, which is a transcriptional regulator with many downstream
targets and has been implicated in fibrotic diseases (Condorelli et al., 2021).
Transcript of an anti-apoptotic protein BCL-2 was also downregulated (Figure 4.9),
indicating that nanovibration-treated fibroblasts may be more prone to apoptosis.
However, BCL-2 can also be involved in mitochondrial metabolism and calcium
homeostasis (Gross and Katz, 2017), both of which are potentially impacted by

nanovibrational stimulation.

DE genes involved in ATP synthesis and oxidative phosphorylation (OXPHQOS) were
all upregulated (Figure 4.9). Genes associated with these processes, except for
TMSB4X, encode subunits of electron transport chain complexes. This indicates

that nanovibration might promote OXPHOS in fibroblasts cultured in 2D.
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Figure 4.9 Network plot of enriched GO: biological process terms and associated genes,
differentially expressed in fibroblasts treated with nanovibration for 7 days in 2D cultures.

TGFB1 has been shown to induce a metabolic shift in fibroblasts, suppressing
OXPHOS and promoting glycolysis (Wang et al., 2020). To compare the effects on
the OXPHOS gene transcription between nanovibrational stimulation and TGFB1,
genes that encode subunits of the electron transport chain and appear in either
one of the DE gene lists were plotted in a heatmap (Figure 4.10 a). While none of
the genes were significantly affected by both treatments, nearly all of them
showed a pattern of downregulation in TGFB1-treated group and upregulation in
nanovibration-treated group. This indicated that TGFB1 suppressed OXPHOS and

nanovibration had the opposite effect.
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Figure 4.10 Heatmap of genes encoding subunits of the electron transport chain complexes, which were
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indicates in which group (TGFB1 or nanovibration) a particular gene was found to be differentially
expressed compared to control group. Colour indicates Z-score.

In contrast, the transcript levels of a key glycolytic enzyme PFKFB3 were
upregulated after TGFB1 treatment, but unaffected by nanovibrational
stimulation (Figure 4.11 a). Gene encoding LDHA, which converts pyruvate to
lactate, was not affected by TGFB1 (Figure 4.11 b), but LDHB, which facilitates
lactate conversion into pyruvate was significantly downregulated (Figure 4.11 c).
This suggests that TGFB1 promoted glycolysis and potentially increased lactate

production in fibroblasts.

Two genes encoding proteins with antioxidant function SOD1 and GLRX were also
upregulated by nanovibrational stimulation, and both were downregulated by
TGFB1 (Figure 4.11 d and e). The gene encoding ROS generating enzyme NOX4 was

increased in the TGFB1 but not in the nanovibration-treated group (Figure 4.11 c).
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Combined with increased GSH concentration observed in the nanovibration-
treated samples (Figure 4.2 b) in the metabolomics experiment, this suggests that
nanovibrational stimulation might improve ROS scavenging in dermal fibroblasts
and potentially have anti-fibrotic effects, as ROS signalling is required for TGFB1

induced fibroblast activation (Dosoki et al., 2017).
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Figure 4.11 Counts of gene transcripts obtained by RNA-Seq. Glycolytic enzymes: a) PFKFB3, b) LDHA,
c) LDHB, ROS scavengers: d) SOD1 and e) GLRX, and ROS generating enzyme f) NOX4. Each dot
represents a single sample, bars indicate mean with SD. Statistical significance determined by Wald
test with Benjamini-Hochberg adjustment for multiple testing. * = p.adj < 0.1, ** = p.adj < 0.01, *** = p.adj
<0.001. N = 3 in every group.

4.4 Discussion

In this chapter, metabolite and transcriptome analyses of nanovibration-treated
fibroblasts were presented. The data from the metabolomics experiment,
comparing 2D and 3D cultures at two different timepoints, suggested that
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fibroblasts are more sensitive to nanovibrational stimulation in 2D than in 3D.
Previous studies investigating the effects of nanovibration on MSC phenotype
demonstrated that in 2D, focal adhesion signalling and cytoskeleton dynamics play
a key role in the response to nanovibrational treatment (Nikukar et al., 2013).
Similarly, fibroblasts treated with nanovibration in 2D cultures showed changes to
cell adhesion and cytoskeleton protein gene transcription. However, while in MSCs
the treatment increased the adhesion size and cytoskeleton tension (Nikukar et
al., 2013), in fibroblasts it seemed to have the opposite effect. ITGA5 and TLN1
transcripts, which encode focal adhesion components, and MYH9, which encodes
the heavy chain of contractile protein non-muscle myosin Il, were downregulated
in fibroblasts after 7 days of treatment in 2D culture. In MSCs treated in 3D
collagen cultures, adhesion and cytoskeleton dynamics were less important, with
mechanosensitive ion channels being the key mediators of nanovibration-induced
change in cell phenotype (Tsimbouri et al., 2017). Perhaps the same occurs in
fibroblasts but they are less sensitive to fluctuations in intracellular ion

concentration than MSCs, leading to few detectable outcomes.

Based on the metabolite levels in nanovibration-treated 2D fibroblast cultures,
MAP tool predicted changes to activity of ERK1/2, Jnk and Akt, which are signalling
kinases regulating proliferation, cell survival, migration, and other biological
processes crucial for fibroblast wound healing function (Nikoloudaki et al., 2020,
Teng et al., 2021). On the protein level, only ERK1/2 phosphorylation was affected
by nanovibrational stimulation, with other two responding only to TGFB1.
Interestingly, reduced ERK1/2 activity was predicted on day 7 but more activated
phosho-ERK1/2 was detected at this timepoint. However, by day 14 phospho-ERK
levels were significantly reduced in the groups which received nanovibrational
stimulation. As seen in the previous chapter, consistently with ERK1/2 activation,
cell proliferation was also increased on day 7 (Chapter 3 Figure 3.2 a). However,
at the same time point, genes FOXM1 and INCENP, CLSPN which are required for
cell cycle progression were downregulated (Penke et al., 2018, Masai et al., 2017,
Papini et al., 2019). Together, these results suggest that, when delivered
continuously, nanovibration promoted ERK1/2 activation and cell proliferation
early in the treatment but perhaps started suppressing it at some point between

7 and 14 days and the metabolome and transcriptome potentially reflect this
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transition. A proliferation experiment after 10 or 14 days of treatment would help

to clarify how the effects on proliferation change over time.

A number of metabolites that were significantly affected by nanovibration were
involved in t-RNA synthesis on both day 7 and day 14. In addition, day 7
transcriptome data also showed upregulation of genes involved in cytoplasmic
translation and ribosome biogenesis. This suggests that even though in
nanovibration stimulated fibroblasts proliferation may be slowing down at this
time point, protein translation is still highly active. Certain ribosomal proteins
may also preferentially bind specific transcripts thus enhancing their transcription
efficiency and adding another layer of complexity to the regulation of protein
expression (Li and Wang, 2020). For example, RLP26 has been shown to enhance
translation of a tumour suppressor gene p53 (Guimaraes and Zavolan, 2016). In
addition, several RPs have functions, outside of ribosome, such as RPL5, which
can translocate to nucleoplasm and stabilise p53, promoting cell cycle arrest
(Guimaraes and Zavolan, 2016). On the opposite, RPL32 can induce p53
degradation and promote cell proliferation (Xie et al., 2020). Considering a large
number of RPs differentially regulated in response to nanovibrational stimulation,
and that their specific functions are largely unknown, it is difficult to predict what
kinds of effects the upregulation of these RPs may have on fibroblast phenotype

beyond protein translation.

Nanovibrational stimulation influenced lipid metabolism in fibroblasts, but only
on day 7, as glycerophospholipid and glycerolipid metabolism pathways were
found to be enriched. In addition, the lipid heatmap revealed that many lipids
showed trends towards upregulation or downregulation in nanovibration-treated
group, even if they were not statistically significantly altered. This was no longer
the case on day 14, where no lipid associated pathways were found to be enriched
and no trends were apparent on the heatmap. Even though there were no
significantly altered lipids observed in fibroblasts treated in 3D, similarly to 2D,
the lipid heatmap indicated some trends in their regulation. This could indicate
that lipid metabolism was also influenced by nanovibrational stimulation in 3D,

but the effect was too small to detect with the current experimental design.
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Phospholipids are key components of cellular membranes, which define cell
boundaries and separate cellular compartments. The phospholipid composition of
the cell membrane can influence cellular adhesion (Lietha and lzard, 2020). It is
a possibility that changes in phospholipid levels in response to nanovibrational
treatment reflect changes in cell adhesion, as genes encoding several adhesion
components were downregulated in 2D fibroblast cultures after vibrational
treatment. In addition, changes in cellular lipid composition might be associated
with energy metabolism, as fatty acids can serve as substrates in mitochondrial
ATP synthesis (Wang et al., 2022). Previous studies of the effects of nanovibration
on MSCs found changes in lipid metabolism, which reflect increased energy

demand in stimulated cells undergoing differentiation (Kennedy et al., 2021).

Several metabolic pathways associated with energy metabolism were found to be
altered in response to nanovibrational stimulation, including vitamin B6
metabolism (Parra et al., 2018), nicotinate and nicotinamide metabolism (Strom
et al., 2018) and valine, leucine and isoleucine metabolism (Ye et al., 2020).
Furthermore, several genes involved in OXPHOS and ATP biosynthesis were found
to be upregulated by nanovibrational treatment after 7 days. In contrast, TGFB1
downregulated OXPHOS gene transcripts and upregulated the glycolytic enzyme
PFKFB3. This is consistent with the previous observations that TGFB1 induces a
metabolic shift in fibroblasts, favouring glycolysis over OXPHOS for energy
production (Wang et al., 2020). LDHA transcript levels in TGFB1-treated fibroblasts
were comparable to those in control samples, however LDHB was significantly
reduced. LDHA is an enzyme, which converts pyruvate into lactate, while LDHB
catalyses the opposite reaction (Lin et al., 2022). This indicates that lactate
production was upregulated in fibroblasts treated with TGFB1, which has been
shown to induce latent TGFB1 activation and sustain activated phenotype in
fibrotic diseases (Kottman et al., 2015). Nanovibration did not significantly

influence glycolytic enzyme gene levels.

OXPHOS is an efficient method of ATP production but also results in increased ROS
generation (Ung et al., 2021). ROS generation through NOX4 is also important for
TGFB1-induced fibroblast activation (Dosoki et al., 2017), and NOX4 mRNA was

found to be upregulated in TGFB1-treated cells. Nanovibration did not have an
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effect on NOX4, but increased transcript levels of antioxidant proteins SOD1 and
GLRX, while TGFB1 suppressed their transcription. GSH, which is an important
antioxidant compound, was also highly upregulated in nanovibration-treated
fibroblasts. Together these results suggest that even though OXPHOS is potentially
increased in response to nanovibrational stimulation, stimulated fibroblasts may

also be more resistant to ROS damage than untreated or TGFB1-stimulated cells.

Considering that TGFB1 and nanovibration had opposing effects on nearly all
overlapping DE genes, including those involved in wound healing and fibrosis, and
energy metabolism pathways, it is possible that it might have an anti-fibrotic
effect. However, the effects on both transcriptome and metabolome were quite
subtle and it is unclear if they could counteract the effects of a strong biochemical
fibroblast activator, such as TGFB1. In addition, it seems these effects do not
appear in 3D cultures to the same extent and therefore might not translate to in
vivo application. However, this further confirms that when applied as bone
anabolic mechanotherapy, nanovibration should not have any negative effects on

the surrounding soft tissues as it did not induce a any major responses in 3D.

4.5 Conclusions

In this chapter, the results from two high-throughput experiments were presented.
LC-MS based metabolomics study explored the differences in fibroblast response
to nanovibrational stimulation in 2D and 3D cultures and 7-day and 14-day
treatment periods. It was discovered that fibroblasts are much more sensitive to
nanovibrational treatment when cultured in 2D and that the effects are more
pronounced after a shorter stimulation period. Fibroblasts showed the highest
number of significantly affected metabolites in 2D and on day 7 and these
metabolites were involved in t-RNA synthesis, lipid metabolism, amino acid

metabolism, and energy pathways.

A bulk RNA-Seq experiment was carried out to further investigate fibroblast
response to nanovibrational stimulation in 2D after 7 days of treatment and
compare it to TGFB1. Nanovibration downregulated genes involved in cell-substate

adhesion, wound healing, and cell cycle progression, while genes involved in
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cytoplasmic translation and ribosome assembly, as well as ATP synthesis and
oxidative phosphorylation were found upregulated. Nearly all genes that were
differentially regulated by both nanovibration and TGFB1 showed opposing
responses to the two treatments, which could indicate that nanovibration has anti-
fibrotic effects in 2D cultures. However, samples which received both treatments
at the same time were not included in the analysis, due to high costs associated
with RNA-seq, therefore it is unclear if these effects would be strong enough to

counteract a biochemical activator, such as TGFB1.

Combined results from both experiments indicated that nanovibration influences
protein translation and energy metabolism in 2D cultures after 7 days of
continuous treatment. Even though higher metabolic activity may lead to
increased ROS generation, nanovibration also upregulated transcription of ROS
scavenging proteins and a key antioxidant compound GSH. It would be interesting
to determine if the increase in these ROS scavengers can not only compensate for
higher ROS generation due to OXPHOS, but also confer further resistance to ROS

induced damage.
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Chapter 5: Reactive oxygen species in nanovibrationally
stimulated fibroblasts

5.1 Introduction

Reactive oxygen species (ROS) are unstable, highly reactive molecules containing
oxygen, such as hydrogen peroxide, superoxide anion and hydroxyl radical (Shield
et al., 2021). In the cells they are mainly generated as by-products of
mitochondrial respiration, but can also be produced during peroxisomal fatty acid
oxidation or by enzymes, such as NADPH oxidases (NOX) (Shield et al., 2021). Basal
levels of ROS are important for many biological functions, including wound healing
(Janda et al., 2016). However, when elevated beyond normal levels, ROS cause
damage to DNA and proteins and can lead to cell death (Shield et al., 2021). To
protect against ROS induced damage, cells produce ROS scavenging enzymes, such
as superoxide dismuthase (SOD) or catalase (CAT), and small antioxidant
molecules, such as glutathione (GSH) (Liu and Pravia, 2010). These antioxidant
systems work together to maintain cellular redox homeostasis and prevent

oxidative stress-induced damage.

During normal wound healing process, ROS contribute to regulation of fibroblast
proliferation (Murell et el., 1990), migration (Hurd et al., 2012) and intracellular
signalling pathways (Nakano et al., 2006). However, chronically elevated ROS
levels have been observed in fibrotic diseases (Lu et al., 2021, Richter and
Kietzmann, 2016) and are associated with sustained fibroblast activation (Spadoni
et al., 2015). TGFB1, a major regulator of fibroblast activation, has been shown
to upregulate ROS by several mechanisms. It promotes the expression of a
membrane protein NOX4 (Bai et al., 2014), which generates ROS by oxidising
NADPH, producing NADP+ and hydrogen peroxide. Inhibition of NOX4 has been
shown to prevent TGFB1-induced ECM synthesis and cell contractility (Dosoki et
al., 2017, Murphy-Marshman et al., 2017), which are characteristic features of the
activated fibroblast phenotype. In addition, TGB1 downregulates the expression
of ROS scavengers SOD and CAT (Liu and Desai, 2015) and depletes GSH (Liu et al.,
2004). It has been shown that reversing GSH depletion abrogated TGFB1-induced

collagen synthesis in fibroblasts (Michaeloudes et al., 2011).
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Increased ROS generation is not only essential for TGFB1-induced fibroblast
activation, but can promote endogenous TGFB1 expression (Montorfano et al.,
2014), latent TGFB1 activation (Jobling et al., 2006) and potentiate TGFB1
signalling (Amara et al., 2010). While it was demonstrated that TGFB1 induces
NOX4 upregulation through SMAD2/SMAD3 activation (Bai et al., 2014), inhibition
of NOX4 also reduced active SMAD2/SMAD3 levels in lung fibroblasts (Amara et al.,
2010). These observations indicate that ROS and TGFB1 signalling are tightly
interlinked and regulate each other reciprocally. The positive feedback loop
between ROS and TGFB1 has been implicated in the development of systemic
sclerosis (Spadoni et al., 2015), idiopathic pulmonary fibrosis (Estronut et al.,
2022) and other fibrotic diseases (Richter and Kietzmann, 2016). Use of
antioxidants has been proposed as a potential treatment strategy for these
diseases (Richter and Kietzmann, 2016, Estronut et al., 2022).

In the previous chapter, it was shown that TGFB1 increased the mRNA levels of
NOX4 and downregulated mRNA of ROS scavengers SOD1 and glutaredoxin (GLRX)
in fibroblasts (Chapter 4 Figure 4.11 d, e and f). Nanovibrational stimulation
upregulated the transcription of SOD1 and GLRX and showed increased levels of
GSH after 7 days of treatment (Chapter 4 Figure 4.2 b), indicating a stronger
presence of the antioxidant defence system in these cells. In addition,
nanovibration and TGFB1 had an opposite effect on common differentially
expressed genes, including collagen | and myosin heavy chain, which are
important for activated fibroblast function (Chapter 4 Figure 4.8 a). This chapter
aims to determine if these effects could be related to differential modulation of
ROS by the two treatments. Nanovibration, TGFB1 or both treatments were
applied to fibroblasts for 7 days in 2D or 3D cultures and the levels of oxidative
stress were assessed by measuring ROS with flow cytometry, and DNA damage by
the alkaline comet assay. In addition, since excessive oxidative stress can lead to
apoptosis (Feng et al., 2020), the percentage of apoptotic cells was also measured

in these samples using flow cytometry.
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5.2 Materials and Methods

5.2.1 Glutathione assay

Reduced glutathione (GSH) to oxidised glutathione (GSSG) ratio was determined
using GSH/GSSG ratio detection assay kit (Abcam, #ab205811). The cells were
detached from sample wells using trypsin solution and centrifuged for 5 min at
400 g. Then the pellets were lysed using 0.5% Triton-X (Thermo Fischer Scientific,
#A16046.AE). Lysates were centrifuged for 15 min at 4°C at top speed.

Supernatant was transferred into fresh tubes and kept on ice.

To remove proteins from the samples, 100 % TCA (trichloroacetic acid) was added
to each sample, in ratio 1:5 to sample volume. The samples were incubated for 7
min on ice. After the incubation, samples were centrifuged for 5 min at 12 000 g
and 4°C. TCAwas neutralized by adding small volumes of NaHCOs until pH reached
5-7, as shown by pH indicator strip. The remaining procedure was completed

following the protocol provided in the assay kit.

The fluorescence was recorded using Modulus™ Il microplate reader (Turner
BioSystems) at Ex/Em = 490/520 nm. The concentration of GSH and total
glutathione was calculated from the standard curve. GSSG concentration was

calculated as:

Total glutathione — GSH

GSSG =
2

5.2.2 Flow cytometry

Cells grown in 2D cultures were detached from multi-well plates by incubation
with trypsin solution for 5 min at 37°C, transferred to 1.5 ml microcentrifuge
tubes, and centrifuged at 400 g for 5 min. 3D collagen gels were digested by
incubating with 2.5 mg/ml collagenase D (Merck Life Science, #COLLD-RO) at 37°C
for 1.5 h. Once gels were fully liquid, they were filtered and transferred to

microcentrifuge tubes and centrifuged at 400 g for 5 min to form cell pellet. The
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pellets then were resuspended in PBS or 50 uM TBHP (tert-butyl hydroperoxide)
and incubated at 37°C for 30 min. After this incubation, the samples were
centrifuged at 400 g for 5 min and supernatant was removed. The samples were
then resuspended in 50 pl 1X ROS deep red stain solution (Abcam, #ab186029) and
incubated at 37°C for 40 min. After 45 min 10 pl of apoptotic cell staining solution,
containing 3 pl Alexa Fluor™ 488 annexin V and 0.6 pl 100 pg/ml propidium iodide
(Thermo Fisher, #V13245) were added to each sample and samples were incubated
for 15 min at room temperature, protected from light. After 15 min incubation,
200 pl 1X annexin staining buffer (Thermo Fisher, # V13245) was added to each

sample and samples were placed on ice.

Flow cytometry was performed using Attune™ NxT Flow Cytometer (Thermo
Fisher). Compensation was calculated and median fluorescence intensity was

obtained for each sample using FlowJo software (BD).

5.2.3 Alkaline comet assay

Clear glass microscope slides were coated with 1% normal melting point agarose

(Bio-Rad, #1613100) and allowed to dry at room temperature overnight.

Cells pellets from samples cultured in 2D and 3D were collected as detailed in
5.2.2. The pellets were resuspended in PBS or 100 uM hydrogen peroxide (H20?)
and incubated at 37°C for 30 min. After the incubation, the samples were
centrifuged at 400 g for 5 min and the supernatant was removed from sample
tubes. The pellets were then resuspended in 40 pl 1% ultra-low melting point
agarose (Sigma-Aldrich, #A5030), the suspension was spotted onto the agarose-
coated microscope slides and covered with 22 x 22 mm coverslips. The slides were
placed in 4°C for 15 min to allow agarose to harden. After 15 min the coverslips

were gently removed.

The slides with samples were submerged in lysis solution (2.5 M NaCl, 0.1 M EDTA
Na2, 10 mM Tris-HCL, 1% Triton-X) and incubated for 1.5 h at 4°C. After the lysis,
the slides were transferred into evolving solution (0.3 M NaOH, 1mM EDTA) and

incubated for 20 min at 4°C. After the incubation they were placed in Sub-Cell
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Model 96 electrophoresis tank (Bio-Rad) with pre-cooled electrophoresis buffer
(0.03 M NaOH, 10 mM EDTA). The electrophoresis was run at 29 V constant voltage
and approximately 30 mA for 15 min. The slides were washed with water 3 times

and allowed to dry at room temperature.

DNA was stained right before imaging using 20 yl mounting medium with DAPI
(Vector Laboratories, #H-1200-10). Images were taken with EVOS M7000 imaging
system (Thermo Fisher), collecting images of 50 nuclei from each sample. The
images were analysed using CometScore 2.0 (TriTek Corp). The percentage of tail
DNA was used as a measure of DNA damage and the median tail DNA was calculated

for each sample for statistical analysis.

5.3 Results

5.3.1 GSH/GSSG ratio in fibroblasts treated with nanovibration

GSH is a tripeptide with potent antioxidant properties, key to maintaining redox
homeostasis in the cells (Zitka et al., 2012). When GSH reacts with ROS, it is
converted into its oxidised form GSSG (Vairetti et al., 2021). Therefore, GSH to
GSSG ratio is an indicator of oxidative stress in the cells (Vairetti et al., 2021,
Zitka et al., 2012). Results from the metabolomics experiment, presented in
chapter 4, indicated that GSH was highly increased in fibroblasts treated with
nanovibration. To compare the effects of nanovibration on the GSH levels to those
of TGFB1, GSH/GSSG ratio was measured in fibroblasts treated for 7 days, using a
commercially available kit (Thermo Fischer Scientific, #A16046.AE). The results
showed a slightly increased GSH/GSSG ratio in all groups compared to control but

no significant differences (Figure 5.1).
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Figure 5.1 GSH/GSSG ratio in fibroblasts after 7 days of stimulation with TGFf1, nanovibration or
both. Statistical analysis by two-factor ANOVA. Bars indicate SD. Data from two independent
experiments, indicated by colour, each dot represents a single sample. N = 6.

5.3.2 Measurement of ROS levels in fibroblasts by flow cytometry

To determine if nanovibration or TGFB1 influence the levels of ROS in fibroblasts,
these treatments were applied for 7 days in 2D and 3D cultures and the amount
of ROS was measured by flow cytometry using a fluorescent ROS indicator. An
oxidising agent tert-butyl hydroperoxide (TBHP) was added to samples to
upregulate ROS and determine if any of the treatments altered fibroblast
sensitivity to oxidative stress. In the 2D samples, both nanovibration and TGFB1
slightly reduced ROS levels but these results were not statistically significant
(Figure 5.2 a). However, a combination of the two treatments caused a significant
reduction in intracellular ROS (Figure 5.2 a). In addition, TGFB1-treated groups
showed higher average ROS levels in response to TBHP, compared to those
untreated or stimulated with nanovibration only, however not to a statistically
significant degree (Figure 5.2 a). In 3D, nanovibration or TGFB1 did not affect ROS
levels in fibroblasts, neither on their own nor in combination (Figure 5.2 b). TBHP

also induced similar levels of ROS in all groups.
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Strangely, even though transcription of NOX4 was upregulated and ROS scavengers
SOD1 and GLRX were downregulated after 7 days of TGFB1 treatment (Chapter 4
Figure 4.11 d, e and f), the same treatment group did not show higher intracellular
ROS levels than the untreated controls. Perhaps during this treatment period, the
TGFB1-stimulated fibroblasts employed other ROS scavenging mechanisms to
prevent oxidative damage (Schworer et al., 2020). To determine if TGFB1 or
nanovibration could induce short term changes in the cellular ROS levels, a trial
experiment was carried out. Treatments were applied to one sample from each
test group for only 2 h before measuring ROS with flow cytometry. It was observed
that the TGFB1-treated sample showed higher levels of ROS compared to the
untreated but not as high as the TBHP-treated sample (Figure 5.3).
Nanovibrational stimulation reduced the levels of ROS both on its own and when
applied in combination with TGFB1 (Figure 5.3). TBHP also induced less ROS

generation in the sample which received both TGFB1 and nanovibration for 2 h
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(Figure 5.3). This could suggest that nanovibrational stimulation upregulates
antioxidant activities and potentially prevents TGFB1-induced ROS upregulation
early in the treatment period. However, further analysis on a larger set of samples

is required to validate this observation.
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Figure 5.3. Density plot showing distribution of fluorescence intensity values in samples treated with
nanovibration, TGFB1 or both for 2h. ROS accumulation was induced by incubating samples with 50uM
TBHP for 30 min. Fluorescence values were recorded for 10 000 cells from each sample. Dashed line
indicates the maximum fluorescence intensity detected in unstained controls. Vertical lines on the
distribution curves show the median.

5.3.3 Apoptosis in fibroblasts

Overwhelming the ROS scavenging systems can lead to cell death by apoptosis
(Dong et al., 2022). To investigate if fibroblasts are more susceptible to apoptosis
after nanovibration or TGFB1 treatment, the samples were stained with annexin
V and propidium iodide (Pl) and analysed by flow cytometry (Figure 5.4). Annexin
V is a protein that specifically binds phosphatidylserine molecules, which are
components of the inner cell membrane (Vermes et al., 1995). In early apoptosis
some of these molecules are exposed to the cell exterior allowing annexin V
binding. As apoptosis progresses, membrane integrity is lost, causing Pl to enter

the cells and become highly fluorescent upon interaction with the DNA (Vermes et
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al., 1995). This allows detection and quantification of cells that are in early or

late apoptosis by measuring fluorescence.
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Figure 5.4 Percentage of cells in early and late apoptosis: 2D a) early apoptotic cells, b) late apoptotic
cells and 3D c) early apoptotic cells, d) late apoptotic cells. Samples were treated with nanovibration,
TGFB1 or both for 7 days in 2D monolayers and 3D collagen gels. TBHP (50uM for 30min) was added to
induce ROS generation. Fibroblasts were stained with annexin V and propidium iodide (Pl) and
fluorescence was measured using flow cytometry. Statistical analysis by two-factor ANOVA, followed
by Tukey post-hoc test. Data from three independent experiments represented by different colour, each
dot representing a single sample . Bars indicate SD. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, *** =p <
0.0001. N =9 in every group.

In the 2D samples, none of the treatments significantly increased the numbers of
apoptotic cells. There was a small increase in the percentage of both early and
late apoptotic cells in the groups, which received both TGFB1 and TBHP, but it was
not statistically significant (Figure 5.4 a and b). In 3D however, every TGFB1
treated group showed a significantly higher percentage of early apoptotic cells
(Figure 5.4 c). This was not reflected in the percentage of late apoptotic cells, as
there were no statistically significant changes between the groups (Figure 5.4 d).

Fibroblasts stimulated with TGFB1 have been shown to undergo apoptosis when
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mechanical tension is lost in 3D collagen matrices (Kobayashi et al., 2005).
Therefore, collagen digestion during the sample processing may be the factor

underlying the increase in apoptosis observed in TGFB1-treated groups.

5.3.4 DNA damage in fibroblasts treated with nanovibration or TGFf31

Another outcome of increased oxidative stress is DNA damage (Fang et al., 2015,
Svegliati et al., 2014). DNA strand breaks can be detected using alkaline comet
assay, in which DNA fragments are separated using electrophoresis (Fang et al.,
2015). Intact DNA molecules are bulky and do not migrate easily, forming the head
of the ‘comet’, while smaller fragments migrate further and form a ‘tail’. When
stained with fluorescent DNA dye, brightness of the head and tail represent

relative amounts of intact and fragmented DNA respectively.

To determine if any of the treatments increased DNA damage in fibroblasts, they
were treated with nanovibration or TGFB1 for 7 days and alkaline comet assay was
performed. H,0; was used to induce oxidative stress and to determine if any of
the groups were more resistant or sensitive to DNA damage caused by H;0,. In 2D,
none of the groups showed significant changes in the percentage of tail DNA,
except when treated with H,0; (Figure 5.5 a). When applied to the group, which
received both TGFB1 and nanovibration, H20: led to less DNA damage than in other
groups, as in these samples the average percentage of tail DNA was not

significantly higher than in the untreated controls.

Similar results were observed in 3D, where H;02 but not nanovibration or TGFB1
increased DNA breaks on their own (Figure 5.5 b). However, in the samples which
received both treatments, percentage of tail DNA was on average 12% higher than
in the untreated controls (Figure 5.5 b). These samples did not show increased
ROS levels when assessed by flow cytometry, indicating that the observed increase

in DNA damage may not be due to oxidative stress but other unknown factors.
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Figure 5.5 DNA damage in
fibroblasts after 7 days of
stimulation with
nanovibration, TGFB1 or
both in a) 2D monolayrers
and b) 3D collagen gels.

To induce DNA damage,
samples were incubated
with 100uM H20: for 30 min
and DNA damage was
assessed by alkaline comet
assay.

Data collected from three
independent experiments,
indicated by colour, each
dot represents median tail
DNA percentage in a single
sample. Statistical analysis
by two-factor ANOVA
followed by Tukey post-hoc
test. Bars indicate SD.

* — p < 0.05, ** = p < 0.01, ***
=p <0.001, ****=p < 0.0001.
N =9in every group.

5.4 Discussion

This chapter investigated the levels of ROS and the outcomes of increased
oxidative stress, such as apoptosis and DNA damage, in fibroblasts following TGFB1

and nanovibrational stimulation.

In the previous chapter, it was shown that more GSH was detected in fibroblasts
after nanovibrational treatment (chapter 4 Figure 4.2 b), as well as higher
transcript levels of GSH binding antioxidant enzyme GLRX (chapter 4 Figure 4.11
e). However, GSH/GSSG ratio was found unchanged in the samples stimulated with

nanovibration. GSH is required to prevent oxidative damage from ROS generated
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during aerobic respiration (Franco and Cidlowski, 2009). Nanovibration
upregulated the transcription of several proteins involved in oxidative
phosphorylation, therefore it is possible more GSH is required to neutralise
mitochondrial ROS in these cells rate and therefore GSH/GSSG ratio is unchanged.
GSH is also sensitive to pH changes and undergoes oxidation when pH exceeds 6.5
(Gnaiger et al., 1999). Since the sample processing protocol involved adjusting
the pH, perhaps GSH in the samples was partially oxidised. Future experiments
could be performed employing a more gentle processing protocol or focusing on

other factors, such as glutathione reductase activity.

In fibroblasts cultured in 2D, nanovibration led to a small, not significant reduction
in ROS. TBHP treatment also induced lower levels of ROS in nanovibration-treated
group compared to others, but not significantly. This could be an indication that
nanovibration potentially increased fibroblast antioxidant capacity, but the effect
was too small and inconsistent to be significant. Further experiments, perhaps
with a more optimised dose of TBHP, are needed to clarify this result. Surprisingly,
TGFB1 did not upregulate ROS in fibroblasts, despite increased NOX4
transcription, observed previously (chapter 4 Figure 4.11 f). A number of studies
documented the positive effect of TGFB1 on ROS generation, through
downregulation of antioxidants and induction of NOX4 (Richter and Kietzmann,
2016, Michaeloudes et al., 2011). However, Schworer et al. (2020) reported that
TGFB1 increased intracellular ROS in lung fibroblasts early after treatment, but
this effect was no longer present after 48 h, even after further stimulation with
TGFB1. They suggested that the cells adapted their metabolism to prevent
oxidative damage by rerouting respiration metabolites into the proline
biosynthesis pathway. This could explain why ROS was not upregulated after 7 days
of TGFB1 treatment. In addition, combination of TGFB1 and nanovibration
significantly reduced levels of ROS compared to the untreated controls. The
reason for this is unclear but perhaps there is a synergistic effect between
different oxidative stress defence mechanisms induced by TGFB1 and

nanovibration.

To determine if nanovibration or TGFB1 influenced ROS levels after a short

treatment period, a preliminary experiment was conducted, where ROS was
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investigated after 2 h of stimulation. During this period, TGFB1 upregulated ROS
and nanovibration suppressed it. Acombination of treatments also downregulated
ROS, to a level comparable to the group which received nanovibration only. This
could suggest that the effects of nanovibrational stimulation on ROS scavenging
appear as early as 2 h after stimulation and are strong enough to prevent TGFB1
induced ROS generation during this time. However, further experiments with this

treatment duration are needed to determine if these effects are consistent.

When ROS generation exceeds the antioxidant capacity in the cells, it can lead to
DNA damage and apoptosis (Kreger and Zhang, 2007). While these effects were
not statistically significant, TBHP seemed to induce slightly more ROS in the
sample groups that were treated with TGFB1 in 2D cultures, and these samples
also showed higher percentage of both early and late apoptotic cells. This could
suggest that TGFB1 reduced the fibroblast ability to defend against TBHP-induced
oxidative stress and that nanovibration does not substantially influence this
effect. However, TGFB1 did not increase fibroblast sensitivity to H,0,, at least in
terms of DNA damage. Interestingly, the group which received both TGFB1 and
nanovibration showed lower levels of DNA damage than others after application
of H202. While TBHP and H,0, both cause oxidative stress, they do so through
different mechanisms. TBHP depletes glutathione by regulating the activity of
glutathione peroxidase-1 and increases lipid peroxidation but has little direct
effect on DNA damage or mitochondrial dynamics (Spector et al., 2005). H.02 on
the other hand, has broader effects, and has been shown to impair mitochondrial
membrane transport, mitochondrial viability and interact with DNA repair
enzymes, leading to increased DNA damage (Spector et al., 2005). Combination of
nanovibration and TGFB1 reduced basal levels of ROS and potentially improved
fibroblast defence against H;0;-induced DNA damage but did not affect ROS
upregulated by TBHP or apoptosis. This suggests that if there is a synergistic
activity between ROS defence mechanisms induced by nanovibration and TGFB1,
they are specific to certain sources of ROS, perhaps protecting against
mitochondrial stress but not lipid peroxidation. In addition, H202 but not TBHP can
be broken down by antioxidant enzyme CAT (Spector et al., 2005), so the
protective effect against H202-induced DNA damage might be associated with the

activity of this enzyme.
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In 3D, the percentage of apoptotic cells was higher across all groups compared to
2D, which could indicate that fibroblasts were undergoing apoptosis at a higher
rate when cultured in 3D. Sample groups which were stimulated with TGFB1, on
its own or in combination with other treatments, showed a significantly higher
number of cells in early apoptosis than the untreated controls. It has been shown
that fibroblasts activated with TGFB1 undergo apoptosis when mechanical tension
in the matrix is reduced (Kobayashi et al., 2005) or cell contact with collagen |
through integrins is lost (Agarwal et al., 2020). Considering that no increase in ROS
levels was observed in TGFB1-treated groups, it is unlikely that cell death
observed in this experiment was associated with oxidative stress. Perhaps methods
which do not involve collagen digestion should be used to study fibroblast

apoptosis in 3D cultures if TGFB1 is used as a treatment.

TGFB1 did not increase the levels of DNA damage in fibroblasts in 3D gels and
neither did nanovibration. However, in samples which received both treatments
simultaneously, more DNA strand breaks were present when assessed with the
alkaline comet assay. Since ROS was not found upregulated in this group and even
slightly reduced, it is unclear what might have caused this result. In the chapter
3, it was observed that TGFB1 and nanovibration in concert increased transcript
levels of inflammatory cytokines osteopontin (OPN) and interleukin-6 (IL-6),
thought the later result was not significant (chapter 3 figure 3.8 b). Expression of
OPN has been associated with mitochondrial DNA damage in cardiac fibroblasts
(Du et al., 2022). However, both OPN and IL-6 were also shown to be upregulated
in response to DNA damage (Kato et al., 2014, Squarzoni et al., 2021). It would be
interesting to investigate if increased inflammatory signalling is the cause or the
consequence of DNA damage in fibroblasts treated with TGFB1 and nanovibration
in 3D cultures. It is also worth noting that with the current experimental procedure
only DNA strand breaks could be detected. ROS also causes DNA damage by
oxidising DNA bases (Collins 2014). Modified DNA bases can be cleaved using
bacterial endonucleases, allowing this type of damage to be detected with the
comet assay (Collins, 2014). Including endonuclease digestion step in future
experiments would help to more accurately assess DNA damage caused specifically
by ROS.
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5.5 Conclusions

In this chapter, the effects of nanovibration and TGFB1 on ROS balance, apoptosis
and DNA damage were investigated. While previous experiments showed that
nanovibration increased the amount of GSH in fibroblasts, GSH/GSSG ratio was not
significantly altered, suggesting that nanovibration does not increase the ROS
scavenging capacity through GSH. ROS levels were found slightly but not
significantly downregulated in nanovibration-treated fibroblasts and similar was
observed in TGFB1-treated fibroblasts. This could indicate that both treatments
can slightly decrease the accumulation of ROS in fibroblasts when applied for 7
days, with nanovibration potentially upregulating expression of antioxidant
enzymes, and TGFB1 perhaps altering the metabolic pathways. However, further
studies are needed to confirm these claims. Combination of TGFB1 and
nanovibration also caused a significant downregulation of ROS in 2D, which
suggests that there might be a degree of synergy between ROS defence
mechanisms induced by these treatments. TGFB1 and nanovibration applied
simultaneously did not improve the fibroblast resistance to ROS induced by TBHP,
but potentially had a protective effect against H,0,-induced DNA damage in 2D
cultures. Interestingly, the opposite was observed in 3D, where combination of
TGFB1 and nanovibration resulted in a significant increase in DNA damage. This
suggests that increased levels of OPN mRNA, previously observed in this treatment

group, might be due to DNA damage response in fibroblasts.

Together, these results indicate that nanovibration or TGFB1 did not significantly
alter the intracellular levels of ROS after 7 days of treatment and it is unclear if
differential regulation of gene expression by these two treatments could be
associated with modulation of ROS levels. There were indications that they might
influence ROS levels in the cells at earlier time points, but this requires further
investigation. When applied together to 2D monolayers, these treatments
significantly reduced ROS levels in fibroblasts and potentially had a protective
effect against DNA damage. However, in 3D this combination of treatments
upregulated DNA damage through currently unclear mechanisms, which is another
indication that nanovibrational mechanotherapy may not be appropriate to

patients with fibrotic diseases or healing wounds.
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Chapter 6: General discussion and conclusions
6.1 Discussion

Nanovibrational stimulation was demonstrated to be a potent inducer of
osteogenic phenotype in MSCs (Tsimbouri et al., 2017) and therefore shows
promise for therapeutic in vivo applications. However, it is a novel type of
treatment, with largely unknown effects on cell types other than MSCs. Fibroblasts
are the key mediators of wound healing and tissue repair, and their activation is
regulated by a myriad of biochemical and biomechanical factors. Upsetting the
balance among these factors with an external stimulus can potentially lead to
undesirable outcomes, such as aberrant wound healing and tissue fibrosis. On the
other hand, a moderate effect on fibroblast features associated with the activated
phenotype might indicate therapeutic potential of nanovibration in improving

wound healing or treating fibrotic conditions.

To gain insights into the potential effects of nanovibrational treatment on the soft
connective tissues, this work examined fibroblast responses to nanovibration in
regular and pro-fibrotic conditions, simulated by addition of TGFB1. The
treatment was applied to 2D fibroblast monolayers and 3D collagen hydrogel
cultures, to determine whether the culture conditions influence the effects of the
stimulation. It was observed that nanovibration did not dramatically alter the
fibroblast phenotype under basal conditions, especially in 3D, where the only
significant effect observed was a slight reduction in proliferation. It is well
documented that fibroblasts proliferate less in 3D collagen hydrogels compared to
2D monolayer cultures (Woodley et al., 2022). This is thought to be associated
with altered activity of ERK signalling pathway, influenced by the mechanical
environment, as well as specific interactions between fibroblast cells and collagen
(Woodley et al., 2022). While the ERK pathway activation in 3D was not examined
in this work, it was found to be affected by nanovibrational stimulation in MSCs
cultured in soft collagen hydrogels, suggesting that mechanotransduction
pathways stimulated by nanovibration can modulate ERK signalling in 3D
(Tsimbouri et al., 2017). However, in MSCs, nanovibration promoted ERK

activation, which is usually associated with increased proliferation. It would be
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interesting to investigate if the reduced proliferation rate observed in the 3D
fibroblast culture in response to nanovibrational treatment was associated with
cell type specific effects on the ERK pathway. However, this effect was subtle and
perhaps unlikely to have negative consequences in vivo, where fibroblast

proliferation rate is low under homeostatic conditions (Kirk et al., 2021).

In contrast to 3D, nanovibration applied to 2D monolayer cultures had a positive
effect on fibroblast proliferation and showed increased levels of active ERK1/2.
Previous studies demonstrated that vibrational stimulation can both promote and
reduce fibroblast proliferation depending on the vibration parameters (Judex and
Pongkitwitoon, 2018, Jiang et al., 2015, Kutty and Webb, 2010). Interestingly,
positive effects were observed when vibration displacements were under 300 pm,
with 12 pm inducing the strongest proliferative response (Jiang et al., 2015), while
higher displacements lead to reduction (Judex and Pongkitwitoon, 2018, Kutty and
Webb, 2010). Considering that there was an overlap between the frequency and
acceleration ranges used in the different experiments, this could indicate that
lower displacements, including those on the nanoscale, are favourable to
fibroblast proliferation in 2D. However, studies investigating the influence of
topography on cell behaviour suggest that nano- and microscale features may lead
to the same functional outcomes but through different mechanisms. For example,
both nano- and microtopographies can enhance cell adhesion, but nanoscale
features promote integrin clustering, while microscale features influence
orientation and arrangement of focal adhesions (Nguyen et al., 2016). Therefore,
until more is known about the mechanisms through which different vibration
parameters affect cell proliferation, direct parallels between treatments

employing largely different parameters should not be drawn.

Except for a short-term upregulation in a-SMA production and a modest increase
in proliferation observed in 2D, there were no indications that nanovibration may
promote fibroblast activation in the absence of other factors. On the contrary,
transcriptome changes in nanovibration-treated 2D cultures indicated
downregulation in genes associated with wound healing and upregulation in genes
involved in oxidative phosphorylation and ROS scavenging. Fibroblast activation

involves increased ROS generation and a metabolic shift towards glycolysis (Janda
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et al., 2016, Ung et al., 2021). This suggests that by opposing these activities,
nanovibration could have an anti-fibrotic effect but also potentially slow down
wound healing. However, nanovibration did not influence basal or TGFB1-
stimulated expression of collagens | and lll. It also downregulated the expression
of OPN, which is associated with increased inflammation and impaired wound
healing (Mori et al., 2008). Maintenance of the ECM protein synthesis indicates
that nanovibrational stimulation is unlikely to impair wound healing and the
effects on OPN suggests that it may even benefit it, by suppresing OPN-mediated
inflammatory signalling (Mori et al., 2008).

However, when applied to fibroblasts in the presence of pro-fibrotic factor TGFB1,
nanovibration did not reduce the expression of inflammatory factors and even
increased it. In 2D, IL-6 production was found to be upregulated after
nanovibrational treatment under pro-fibrotic conditions. And while in 2D TGFB1-
induced OPN expression was partially abrogated by nanovibration, in 3D it was
significantly higher than after TGFB1 treatment alone. While inflammation is a
necessary part of wound healing process, amplified inflammatory signalling is
associated with slower wound closure and increased scarring (Moretti et al., 2022).
In addition, fibroblasts treated with TGFB1 and nanovibration in 3D showed higher
levels of DNA damage but not increased apoptosis, compared to those treated with
TGFB1 alone. When not accompanied by cell death, accumulation of DNA damage
can result in altered epigenetic states and gene mutations, leading to the
development of fibrotic disorders (Zhu et al., 2022, Vlachogiannis et al., 2020).
Therefore, the effects of nanovibration in a pro-fibrotic 3D environment are
concerning and may indicate that nanovibrational treatment should not be applied

to patients with fibrotic diseases or to the tissues with healing wounds.

Interestingly, in 2D nanovibration and TGFB1 applied together did not induce DNA
damage and appeared to have a protective effect on DNA when H,0; was applied.
In addition, the combination of these treatments significantly reduced ROS levels.
Since nanovibration promoted the expression of the antioxidant enzymes SOD1
and GLRX in basal conditions, perhaps it could increase ROS scavenging
capabilities in TGFB1-stimulated fibroblasts as well, but further studies are

needed to clarify this. Downregulation of ROS accumulation could have
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therapeutic benefit, as the positive feedback loop between ROS and TGFB1 has
been implicated in the development of fibrotic diseases (Liu and Desai, 2015).
Unfortunately, these effects were not observed in the 3D cultures, which more
accurately represent cell microenvironment in vivo (Woodley et al., 2022). A
better understanding of how exactly the culture conditions influence the
fibroblast response to nanovibration could perhaps help to develop treatment
strategies which harness the positives, while avoiding the negative outcomes of

nanovibrational treatment.

The major difference between 2D tissue culture plastic and 3D collagen hydrogel
cultures is the substrate stiffness, which itself is a mechanical stimulus regulating
fibroblast behaviour (Woodley et al., 2022). Fibroblasts cultured on plastic
proliferate faster and show a-SMA positive stress fibres, indicative of activated
phenotype (Woodley et al., 2022). In 3D collagen gels, not only their proliferation
but also sensitivity to growth factor stimulation is reduced (Woodley et al., 2022).
These differences are associated with the activity of mechanotransduction
pathways, such as ERK activation through FAK signalling or YAP/TAZ nuclear
localisation due to increased cytoskeleton tension in 2D (Woodley et al., 2022,
Smithmyer et al., 2019). In nanovibrational stimulation experiments presented in
this work, it was observed that fibroblasts cultured in 2D were more sensitive to
the treatment in the absence of TGFB1 that those in 3D, showing increased
proliferation, ERK1/2 activation, changes in metabolic pathways and gene
transcription, while 3D responses were limited to slight reduction in proliferation.
This might indicate that nanovibration interacts with mechanotransduction
pathways activated by a stiff substrate but does not strongly induce their
activation on a softer matrix, such as collagen. On the other hand, in 3D,
nanovibration sensitised fibroblasts to TGFB1, significantly increasing endogenous
TGFB1 and OPN gene expression, and showing a trend, although insignificant, in
IL-6, a-SMA and COL1A mRNA upregulation while most of these responses were not
observed in 2D. This suggests that there might be an interplay between the
substrate stiffness, TGFB1 and nanovibrational stimuli. However, differences in
the cell morphology between 2D and 3D as well as the bioactive properties of
collagen may also contribute to the inconsistent fibroblast response to

nanovibration between the two types of cultures.
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6.2 Summary of the key findings

This thesis presents the first investigation of the effects of nanovibrational
stimulation on human dermal fibroblasts. While further studies are needed to gain
a comprehensive understanding of fibroblast response to nanovibration in health

and disease, several key observations were made:

e Fibroblasts are sensitive to nanovibrational stimulation, however their
sensitivity is affected by the culture conditions, with 2D cultures showing a
stronger response.

e Nanovibration does not strongly affect collagen synthesis, neither in
presence nor in absence of TGFB1.

e Nanovibration can regulate the expression of inflammatory factors and
endogenous TGFB1 with specific effects dependent on culture conditions
and TGFB1 presence.

e Nanovibration affects metabolic pathways and gene transcription in
fibroblasts cultured in 2D. Its effects on gene expression appear to be the
opposite of those induced by TGFB1.

e In 2D, nanovibration and TGFB1 synergistically downregulate ROS
accumulation and have a protective effect against ROS-induced DNA
damage. In contrast, application of the two treatments simultaneously in

3D collagen gels can lead to increased DNA damage.

6.3 Recommendations for future work

Regulation of fibroblast behaviour is complex and involves integration of
mechanical and biochemical stimuli. Results presented in this thesis indicate that
nanovibrational stimulation differentially affects fibroblast proliferation,
inflammatory factor synthesis and DNA susceptibility to damage when applied to
2D tissue culture plastic and 3D collagen cultures. The 2D and 3D cultures utilised
throughout this work present vastly different mechanical environments, which
makes it difficult to infer the reasons between the observed differences in the
fibroblast responses to nanovibration. While some of the observed outcomes of

nanovibrational treatment, such as downregulation of OPN or ROS, may suggest a
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therapeutic benefit of nanovibration in fibrotic diseases, others, such as increased
DNA damage, indicate that it may be detrimental in vivo. Therefore, a better
understanding of how exactly the mechanical properties of the matrix influence
the sensation and the response to nanovibrational stimulation is highly desirable.
This could be achieved by employing hydrogels with tunable stiffness for 3D
fibroblast cultures in the future studies. Poly(ethylene glycol) (PEG)-based
hydrogels functionalised with MMP degradable peptides can be prepared in a
stiffness range which can mimic both healthy and fibrotic tissues (Marby et al.,
2015). Growth factors can also be incorporated into PEG hydrogel formulations for
more accurate modelling of wound microenvironment in 3D (Sokic and

Papavasiliou, 2012).

Previous studies demonstrated that vibration could affect fibroblast migration,
which is another characteristic of the activated phenotype, important for
successful wound repair (Mohammed et al., 2016, Enomoto et al., 2020).
Mohammed et al. (2016) reported that application of vibration with 1600 Hz and
sub-micrometer displacement reduced fibroblast migration. This is the only study
to date that employed vibration parameters in a similar range to nanovibration,
suggesting that nanovibration may influence fibroblast motility as well. Fibroblast
gap closure assay would allow to determine if and how fibroblast migration is

affected by nanovibrational stimulation.

While collagens are the major ECM proteins synthesised by fibroblasts, they also
produce fibronectin, laminin, elastin and other ECM components (Pfisterer et al.,
2021). ECM composition can affect the course of wound healing and the quality of
repair (Pfisterer et al., 2021). Therefore, future studies should investigate the
effects of nanovibration on a wider range of ECM component synthesis. Similarly,
studies of inflammatory and growth factor production in response to nanovibration
could be expanded to include PDGF, CTGF, FGF, VEGF, IL-11, IL-4 and other factors
involved in the regulation of fibroblast phenotype during wound healing and
fibrosis. Current data suggests that nanovibration modulates IL-6, OPN and TGFB1
gene expression but the full extent of the effects on the signalling factor synthesis

remains unclear. Furthermore, secretion of these signalling molecules could be

97



investigated using ELISA, to determine if the observed changes in gene expression

are reflected in secretory activity of nanovibrationally stimulated fibroblasts.

Finally, the high-throughput experiments investigating metabolomic and
transcriptomic changes in response to nanovibrational stimulation yielded some
interesting results in 2D cultures, suggesting that it could have an anti-fibrotic
effect. However, nanovibration-induced transcriptomic and metabolomic
alterations were not examined in the presence of TGFB1, therefore it is unclear
how pro-fibrotic environment might influence these effects. Future ‘omics’
studies should incorporate a sample group simultaneously stimulated with both
treatments to better understand the interaction between nanovibration-induced
effects and TGFB1 signalling. In addition, the effects of nanovibration on the
fibroblast transcriptome in 3D were not investigated in this work. Perhaps this
experiment could provide insights into the reasons underlying different fibroblast

responses to nanovibration in 2D and 3D.

6.4 Conclusion

Overall, this work demonstrates that dermal fibroblasts are sensitive to
nanovibrational stimulation. The specific responses vary based on the culture
conditions and the presence of biochemical signalling factors, such as TGFB1. In
the absence of biochemical stimulation, the effects are subtle, indicating that
nanovibrational stimulation can be safely applied as mechanotherapy for bone
regeneration to patients without soft tissue injuries or fibrotic diseases. However,
it is less clear how it influences the fibroblast phenotype under pro-fibrotic
conditions, with different effects observed in 2D and 3D cultures. Future studies
exploring the interactions between matrix mechanics, signalling factors and
nanovibration could help to determine if nanovibrational stimulation may offer

therapeutic benefits in treatment of fibrotic diseases or aberrant wound healing.
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