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Abstract
Human bone marrow mesenchymal stem cells (hBM-MSCs) have become an attractive source for
the treatment of a number of injuries and diseases due to their unique therapeutic properties.
However, their clinical use has many inherent challenges. Exercise, a non-pharmacological stimulus,
has been reported to promote stem cell actions, though, limited knowledge exists regarding the
mechanisms by which this occurs. One avenue through which exercise can potentially enable the
exploitation of BM-MSC therapeutic properties is through the generation and alteration of a number
of exercise-induced biochemical and metabolic factors present within the peripheral circulation, for
which MSCs also possess receptors. Therefore, this thesis investigated the effect of metabolic and
biochemical factors, generated and altered by acute and regular exercise, that were present within the
serum, on MSC characteristics.
hBM-MSC culture media was supplemented with serum obtained from a recreationally active
(ACTIVE) population at pre- and post-exercise time points following exercise at 85% (ACTIVELT85)
and 115% (ACTIVELT115) of lactate threshold, and an inactive (INACTIVE) population under resting
conditions. Control conditions were represented by hBM-MSCs incubated in commercially available
media, DMEM+10%FBS and MSCBM-CD+SingleQuot.
When compared to the hBM-MSC response to pre-exercise serum, relative to the change in the
housekeeping gene (HKG) expression, hBM-MSC peroxisome proliferator-activated receptor γ
(PPARG) expression was 24% and 11% (p > 0.05) greater, and runt-related transcription factor 2
(RUNX2) expression 24% and 2% greater (p > 0.05) greater in response to serum obtained from
post-exercise time points in ACTIVELT85 and ACTIVELT115 trials, respectively. When compared to
the hBM-MSC response to MSCBM-CD+SingleQuot, relative to the change in the HKG, hBM-MSC
PPARG expression was 57% and 146% greater following incubation with ACTIVE and INACTIVE
serum, respectively (p < 0.05), whereas RUNX2 expression was 53% (p < 0.05) and 5% (p > 0.05)
lower in response to ACTIVE and INACTIVE serum. In response to these culture conditions,
hBM-MSCs displayed a greater degree of proliferation, and also exported more [d5]phenylalanine
labelled protein per hour, following incubation with human serum compared to the control conditions
(p < 0.05).
These findings suggest that metabolic and biochemical changes which occurred in response to acute
exercise did not alter hBM-MSC characteristics, in the variables analysed, but the milieu created by
regular exercise did. For the infusion of MSCs into injured or diseased patients, this may suggest that
their microenvironment might affect the MSC function and treatment outcome.
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Nomenclature
Adipocyte:
Adipogenic:
Adipogenesis:
Ad libitum:
Angiogenesis:
Apoptosis:
A priori:
Antecubital:
Autocrine:
Autologous:

Relating to a fat cell of the adipose tissue.
Referring to the production or formation of fat.
The process of cell differentiation by which preadipocytes become adipocytes.
Without restraint or imposed limit, as much or as often as is wanted.
Formation and differentiation of blood vessels.
A genetically determined process of cell self-destruction that is marked by the
fragmentation of nuclear DNA.
Formed or conceived beforehand.
Of, or relating to, the inner or front surface of the forearm.
Of, relating to, promoted by, or being a substance secreted by a cell and acting
on the surface receptors of the same cell.
Derived from the same individual.

Chemoattractant:

A chemical agent that induces movement of chemotactic cells in the direction
of its highest concentration.

Chemokine:

Any of a group of cytokines that are produced by various cells that stimulate
the migration of cells.

Chemotaxis:

Orientation or movement of an organism or cell in relation to chemical agents.

Chondrocyte:
Chondrogenic:
Clonogenic:

A cartilage cell.
Referring to the formation of cartilage.
Arising from, or consisting of, a clone of a cell.

Cryovial:

A vial designed to store materials at very low temperatures.

Cytokine:

Any of a class of immunoregulatory proteins that are secreted by cells
especially of the immune system.

Diurnal:

Daily; of each day.

Phenylalanine:

An essential amino acid.

[d5]phenylalanine:

Labelled phenylalanine.

Ectoderm:

The outermost of the three primary germ layers of an embryo that is the source
of various tissues and structures.

Endoderm:

The innermost of the three primary germ layers of an embryo.

Endogenous:

Produced or synthesised within the organism or system.

Endothelial:

Of, relating to, or produced from endothelium.

Erythrocytes:

Referring to red blood cells.

Erythrolysis:

Alteration, dissolution, or destruction of red blood cells in such a manner that
haemoglobin is liberated into the medium in which the cells are suspended.
xi

ex vivo:

Experimentation or investigation outside of a natural environment.

Fibroblasts:

A connective tissue cell of mesenchymal origin that secretes proteins and
especially molecular collagen from which the extracellular fibrillar matrix of
connective tissues forms.

Glycolysis:

The enzymatic breakdown of a carbohydrate by way of phosphate derivatives
with the production of pyruvic or lactic acid and energy stored in high-energy
phosphate bonds of ATP.

Haematocrit:
Haematopoietic:
Half-Life:

Hypoperfusion:
Immunocytochemistry:

The ratio of red blood cells to the total volume of blood.
Of, relating to, or involved in the formation of blood cells.
The time required for half the amount of a substance in, or introduced into, a
living system or ecosystem to be eliminated or disintegrated by natural
processes.
Decreased blood flow through an organ.
The range of microscope techniques used in the study of the immune system.
A technique for determining the location of an antigen (or antibody) in tissues
by reaction with an antigen (or antibody) labelled with a fluorescent dye.

Immunomodulation:

A process in which the immune response is altered to a desired level.

Immunophenotypes:

The immunochemical and immunohistological characteristics of a cell or
group of cells.

in vivo:

In the living body of a plant or animal.

in vitro:

Outside the living body and in an artificial environment.

Ischemia:

A deficient supply of blood to a body part due to obstruction in the flow of
arterial blood.

Lactate Threshold:

Exercise intensity that is associated with a substantial increase in blood lactate
accumulation.

Leukocyte:

A colourless blood cell in the immune system including neutrophils,
lymphocytes, monocytes, eosinophils, basophils and their derivatives.

Leukocytosis:
Ligand:

Increase in the number of white blood cells in the circulating blood.
An ion or molecule coordinated to a central metal atom in a complex.

Lipoproteins:

Any of a large class of conjugated proteins composed of a complex of protein
and lipid.

Lymphocyte:

Any of the colourless weakly motile cells that originate from stem cells and
differentiate in lymphoid tissue. Cellular mediators of immunity and constitute
20-30% of white blood cells.

Lymphocytosis:
Lysate:
Lysis:
Monocyte:

Increase in the number of lymphocytes in the blood.
A product of lysis.
The disintegration of a cell by rupture of the cell wall or membrane.
A large white blood cell that is formed in the bone marrow, enters the blood,
and migrates into connective tissue where it differentiates into a macrophage.

xii

Multipotent:
Murine:
Myocyte:
Neutrophil:
Neutrophilia:
Osteoblast:
Osteoblastogenic:
Osteogenic:
Osteoprogenitor:

Potential to become any of several mature cell types.
Of, or relating to, a mouse.
Relating to a muscle cell.
A granulocyte that is the chief phagocytic white blood cell of the blood.
Increase in the number of neutrophils in the blood.
Relating to a bone-forming cell.
Relating to the development of osteoblasts.
Relating to the production of bone.
A mesenchymal stem cell that differentiates into an osteoblast.

Paracrine:

Relating to or denoting a hormone which has effect only in the vicinity of the
gland secreting it.

Pericyte:

A mesenchymal-like cell of the connective tissue found in close association
with the outside wall of capillaries or other small blood vessels.

Perivascular:

Situated, or occurring around, a blood vessel.

Phenotype:

The observable properties of an organism that are produced by the interaction
of the genotype and the environment.

Phlebotomy:

The surgical opening or puncture of a vein in order to withdraw blood or
introduce fluid.

Plethysmography:

The measurement of the change in volume within an organ or the whole body.

Pluripotent:
Preadipocyte:
Progenitor:
Respiratory exchange
ratio:
Satiety:
Secretome:
Senescence:
Supine:

Capable of differentiating into many cell types.
A stem cell that is committed towards differentiating towards an adipocyte.
A cell that originates from a stem cell and differentiates into a more specialized
cell.
Ratio of carbon dioxide expired to oxygen consumed.
The quality or state of being fed or gratified to or beyond capacity.
A collective term for the paracrine soluble factors produced by stem cells and
utilised for their inter-cell communication.
Cell cycle arrest; Loss of cell division and growth.
Lying on the back or with the face upward.

Supernatant:

Overlaying or upper solution produced after centrifugation or settling.

Satellite cell:

A stem cell that lies adjacent to a skeletal muscle fibre and plays a role in
muscle growth, repair and regeneration.

Tetraoma:
Thermogenesis:

A tumour made up of several different types of tissue.
The production of heat, especially in a human or animal body.
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Abbreviations
ACTB:
ACTIVE:

ß-Actin.
Group of recreationally active volunteers who participated in the study.

ACTIVELT85:

Physiological parameters, measured from the ACTIVE group, when exercising
at 85% of their lactate threshold (moderate-intensity domain).

ACTIVELT85PRE:

Physiological parameters, measured from the ACTIVE group, before
exercising at 85% of their lactate threshold.

ACTIVELT85POST:

Physiological parameters, measured from the ACTIVE group, after exercising
at 85% of their lactate threshold.

ACTIVELT115:

Physiological parameters, measured from the ACTIVE group, when exercising
at 115% of their lactate threshold (heavy-intensity domain).

ACTIVELT115PRE:

Physiological parameters, measured from the ACTIVE group, before
exercising at 115% of their lactate threshold.

ACTIVELT115POST:

Physiological parameters, measured from ACTIVE group, after exercising at
115% of their lactate threshold in the study.

ANOVA:
ASC:
AT-MSC:
BA:
BAT:
BASES:
bFGF:
BM-MSC:

Analysis of variance.
Adult stem cell.
Adipose tissue mesenchymal stem cell.
Brown adipocytes.
Brown adipose tissue.
British Association of Sport and Exercise Sciences.
Basic fibroblast growth factor.
Bone marrow mesenchymal stem cell.

BMPs:

Bone morphogenic proteins.

BMPR:

Bone morphogenic protein receptor.

bp:

Base pairs.

BSA:

Bovine serum albumin.

CD:

Cluster differentiation.

cDNA:

Complementary deoxyribonucleic acid.

CLGI:

Chronic low-grade inflammation.

CMFDA:
CP:
CPC:
CV:

5-chloromethylfluorescein diacetate.
Crossing point.
Circulating progenitor cells.
Coefficient of variation.
xiv

CVD:
CXCL12:
CXCR4:
d:
DBP:
DMEM:
DMEM+10%FBS:
DNA:
EDTA:
EPC:
FABP4:

Cardiovascular disease.
C-X-C motif chemokine 12.
C-X-C chemokine receptor type 4.
Day or days.
Diastolic blood pressure.
Dulbecco’s Modified Eagles Medium (1×).
Dulbecco’s Modified Eagle Medium (1×) supplemented with 10% heat
inactivated foetal bovine serum.
Deoxyribonucleic acid.
Ethylenediaminetetraacetic acid.
Endothelial progenitor cell.
Fatty acid binding protein 4.

FBC:

Full blood count.

FBS:

Foetal bovine serum.

FGF-2:
FSR:
GAPDH:
GC-MS:

Fibroblast growth factor-2.
Fractional synthetic rate.
glyceraldehyde 3-phosphate dehydrogenase.
Gas chromatography-mass spectrometry.

gDNA:

Genomic deoxyribonucleic acid.

[Glu] B:

Blood glucose concentration.

GOI:

Gene of interest.

GPR81:

G protein-coupled receptor 81.

GVDH:

Graft versus host disease.

hBM-MSC:
HCAR1:

Human bone marrow mesenchymal stem cell.
Hydroxycarboxylic acid receptor 1.

HLA-DR:

Human leukocyte antigen – DR.

HPC:

Haematopoietic progenitor cell.

HSC:

Haematopoietic stem cell.

HKG:

Housekeeping gene.

hPL:
HR:
Hr or hrs:

Human platelet lysate
Heart rate.
Hour or hours.
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INACTIVE:
IL-6:
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Interleukin 6.

IPAQ:
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International Society for Cellular Therapy.
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Blood lactate concentration.

LT:
MAP:
MAPK
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Mean arterial pressure.
Mitogen-activated protein kinase

MET:
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MI:
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min:
mRNA:
MSC:
MSCBM-CD:
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MSCBM-CD+10%SERUM:

MSCBM-CD supplemented with 10% human serum obtained from ACTIVE
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MSCBMCD+10%SERUMACTIVE:
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MSCBMCD+10%SERUMINACTIVE:
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INACTIVE trials.
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MSCBM-CD+SingleQuot:
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MSCBM-CD-CMFDA:
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MYF5:
MYOD1:
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NCBI:

MSCBM-CD with CMFDA.
N-Tert-Butyldimethylsilyl-N-Methyltrifluoroacetamide.
Myogenic factor 5.
myogenic differentiation 1.
Mass-to-charge ratio.
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Octamer-binding transcription factor 4

OI:
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PPARG ACTIVELT115POST:

PPARG expression when incubated with culture media supplemented with
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PRP:

Platelet rich plasma.

RER:

Respiratory exchange ratio.

RNA:

Ribonucleic acid.

ROS:

Reactive oxygen species

RPE:

Rate of perceived exertion.

rpm:

Revolutions per minute.

RT-qPCR:
RUNX2:

Real-time quantitative polymerase chain reaction.
Runt-related transcription factor 2 (mRNA and gene expression).

RUNX2 ACTIVELT85POST:

RUNX2 expression when incubated with culture media supplemented with
serum obtained from ACTIVELT85POST.

RUNX2 ACTIVELT115POST:

RUNX2 expression when incubated with culture media supplemented with
serum obtained from ACTIVELT115POST.

s:
SBP:
SD:
SDF-1:
SOX9:
tBDMS:
TE:
TEM:
TGF-β:
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Systolic blood pressure.
Standard deviation.
stromal cell derived factor-1.
Transcription factor SOX9.
tert-butyldimethylsily.
Tris-EDTA.
Typical error of the measurement.
Transforming growth factor-β.
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Tm:

Primer melting temperature.

T1DM:

Type 1 Diabetes Mellitus.

T2DM:

Type 2 Diabetes Mellitus.

UCB-MSC:

Umbilical cord blood mesenchymal stem cell.

V̇ CO2 :

Volume of carbon dioxide produced per minute.

VEGF:

Vascular endothelial growth factor.

VEGFA:

Vascular endothelial growth factor A.

VO2:

Volume of oxygen consumption.

V̇ O2

Volume of oxygen consumption per minute.

V̇ O2max :

Maximum volume of oxygen consumption per minute.

V̇ O2peak :

The peak volume of oxygen consumption per minute during the maximal test.

WA:
WAT:
Yr or yrs:

White adipocytes.
White adipose tissue.
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xviii

Perseverance, n. A lowly virtue whereby mediocrity achieves an inglorious
success
Ambrose Bierce
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Chapter 1
1.

Introduction

Introduction
1.1.

Background

Stem cells are a population of unspecialised cells that have the ability to either differentiate into other
cell types with a specialised function for tissue growth and repair, or self-renew to maintain the stem
cell pool. More specialised stem cells exist within adult tissue; these are referred to as somatic, or
adult stem cells (ASCs). A modern description of ASCs refers to these cell as having the ability to
self-renew and differentiate into at least one mature cell type (Da Silva Meirelles et al., 2008). For
example, satellite cells, which are precursors to skeletal muscle cells, will not differentiate into a
bone cell. A specific type of ASC that can be isolated from many tissues throughout the body,
including the bone marrow, is the mesenchymal stem cell (MSC). MSCs are a unique ASC because
they are multipotent and have the ability differentiate into bone, fat and cartilage cells; they also
home to the site of injury and inflammation where they secrete bioactive molecules and perform
immunomodulatory functions to aid regeneration (Sharma et al., 2014). Due to their capability to
promote tissue regeneration through these multiple avenues, MSCs have attracted a great deal of
research interest for their use in the treatment of a number of injures and diseases. These include, but
are not limited to: type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM),
cardiovascular disease (CVD), bone and cartilage injuries and diseases, haematological diseases,
neurological injuries and diseases, and kidney disease (Squillaro et al., 2016).
For clinical application, due to a high number of MSCs required to elicit a therapeutic effect and low
endogenous counts, they are expanded ex vivo and reinfused into the patient, either systemically via
intravenous infusion, or directly into the site of injury. Despite large numbers of MSCs being
administered intravenously, MSCs have been found to become trapped in the lung and do not appear
in any great numbers in other tissues (Lee et al., 2009). Local administration of MSCs alleviates
some of these issues as it has resulted some MSC engraftment (Freyman et al., 2006). Assessing
treatment success through MSC engraftment into the damaged tissue is not the only measure by
which the effectiveness of treatment can, or should be, assessed. Even just a small percent of the
original number of MSCs administered may remain at, or home to, the site of injury and can exert
healing properties either through differentiation into cells that replace the damaged tissue, or through
their paracrine effects and immunomodulation properties whereby they may stimulate other
progenitor and immune cells at the site of injury which in turn repair the damaged tissue. Despite the
apparent simplicity of this treatment whereby MSCs are administered and healing occurs through
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one, or multiple avenues, at the MSC’s disposal, this highlights that MSC treatments are plagued
with difficulty and many practical challenges. Aside from the challenge of obtaining the desired
actions of MSCs once they have been administered, difficulties are also present in their ex vivo
expansion.
To expand cells in vitro, many experimental procedures have supplemented culture media with foetal
bovine serum (FBS). As a result, the cell proliferation response to FBS has become the gold standard
from which to compare the proliferation obtained in response to other media that has been developed.
However, FBS is not a suitable supplement for the expansion of MSCs destined for clinical use and
is not ideal for in vitro MSC research studies. This is because of the potential for contamination with
viruses and bacteria, and the extensive batch-to-batch variation which in turn reduces the
reproducibility, or predictability of results (Gottipamula et al., 2013). Subsequently different types
of media have been developed which use recombinant growth factors or human components such as
serum or plasma derivatives. This can enhance the safety, consistency and efficacy of MSC
expansion, but even then, the risk of immunological reactions and the transmission of human diseases
exists (Gottipamula et al., 2013; Hemeda et al., 2014). This is not the only difficulty surrounding
MSC ex vivo expansion. Differences in donor age, gender and cell source have the ability to generate
huge variability in functional characteristics of MSCs such as proliferation and differentiation
potential (Kern et al., 2006; Hell et al., 2010; Siegel et al., 2013). This, in turn, makes the treatment
process and predictability of treatment success between patients difficult. A further challenge
involves maintaining MSC multipotency throughout MSC passages, as well as reducing the loss of,
or a hindered ability for, MSCs to home to the site of injury following infusion. Furthermore, while
MSCs are regarded as safe with very few side effects reported, the long-term effects are relatively
unknown (Lalu et al., 2012). Collectively, the above illustrates that while MSCs are a strong
candidate for therapeutic medical interventions, many challenges, complications and unknowns exist
when trying to utilise their potentially powerful healing effects.
Exercise is considered a form of medicine since it is known to promote health and alleviate the
symptoms of lifestyle related diseases. One aspect through which this occurs is through the
improvement of the blood lipid profile, glucose homeostasis, as well as the promotion of an
anti-inflammatory microenvironment within the body. Conversely, individuals who do not engage in
physical activity do not benefit from this. They are more susceptible to the development of white
adipose tissue (WAT), at an increased risk of chronic low-grade inflammation (CLGI) and other
adverse metabolic changes. This increases the risk for developing metabolic syndrome and lifestyle
related diseases such as T2DM and CVD. These diseases are associated with impaired healing and,
given that MSCs play an important role in tissue regeneration and wound healing, the ability for
MSCs to conduct their normal function may be impaired in such microenvironments
(Ilich et al., 2014; Kornicka et al., 2018).
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A recent body of research suggests that exercise, a non-pharmacological stimulus, has the potential
to utilise stem cell regenerative properties and promote healing by inducing stem cell proliferation,
movement into the peripheral circulation and migration (Möbius-Winkler et al., 2009; Bonsignore et
al., 2010; Schmidt et al. 2009; Marędziak et al. 2015; Fiuza-Luces et al., 2013). These findings have
the potential to provide another avenue from which to exploit stem cell healing properties. The two
predominant avenues by which exercise has the ability to impact upon MSCs are through mechanical
loading and biochemical stimuli. In vitro studies have largely investigated the isolated effect of
mechanical loading upon MSCs, with murine studies investigating the effect of whole-body exercise
including exercise-induced tissue damage on MSCs. These have demonstrated that exercise has the
ability to promote bone marrow MSC (BM-MSC) osteogenic differentiation and inhibit adipogenic
differentiation, as well as MSC proliferation, and that muscle resident stromal cells, which display
MSC-like characteristics, contribute to adaptations through arteriolar density and myofiber growth.
Studies investigating the MSC response to exercise in humans are more limited and those conducted
have quantified MSC counts within the peripheral circulation before and after an acute bout of
exercise, but these studies have produced varied results.
Exercise is known to generate and alter the composition of a number of metabolites, chemokines,
cytokines and growth factors within the peripheral circulation, such as: interleukin (IL)-6, lactic acid
and vascular endothelial growth factor (VEGF), among others. A number of these same factors,
outside of an exercise environment, have the ability to influence MSC mobilisation, migration,
proliferation and differentiation due to MSCs possessing a range of receptors through which they act.
Therefore, a strong argument can be made that exercise-induced biochemical and metabolic changes
may potentially influence MSC behaviour and characteristics, and through this, enable the
exploitation of their therapeutic properties. While previous studies have assessed the impact of
exercise upon MSCs, currently, limited research has been conducted on the MSC response to such
exercise-induced alteration, or generation, of metabolic and biochemical factors. Investigating what
impact these changes have upon MSCs is an important aspect of research that needs to be conducted
in order to develop a more complete understanding of the effects of acute and regular exercise upon
MSCs in both active and inactive populations.
These exercise-induced biochemical and metabolic changes present within the peripheral circulation
may have the ability to exert a direct effect upon MSCs present within the peripheral circulation, or
potentially either directly, or indirectly through a downstream process, upon the MSCs located within
the bone marrow. Knowledge on the exercise-induced metabolic and biochemical changes upon
MSCs in humans is limited since a paucity of research has been conducted in this area. This is
perhaps, in part, due to the logistical challenge of conducting such analyses in vivo.
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By understanding how exercise-induced alteration and generation of metabolic and biochemical
factors can manipulate MSC characteristics and behaviour in humans, and the underlying
mechanisms of this, will provide vital information for the better exploitation of MSC therapeutic
properties. This may be in the form of generating an exercise stimulus that better enables the
endogenous MSC recruitment into damaged tissue, perhaps without the need for ex vivo expansion,
thus avoiding the inherent issues associated with this process. It is also necessary to determine the
time frame in which the MSC response to exercise will provide the greatest therapeutic potential.
Together, this information will provide a platform from which to develop an approach that utilises
an exercise stimulus for tissue repair. Such an approach for utilising MSC therapeutic properties may
present treatments which can be used either alone, or in combination with other therapies, to provide
improved treatment of injury and disease. Furthermore, where ex vivo expansion may still be
required, information on the specific factors required for MSC recruitment and targeting has the
potential to inform better protocols for their expansion within the laboratory and subsequent
reinfusion for successful treatment outcomes.
To elucidate further the impact that exercise has upon BM-MSCs, the effect of metabolic and
biochemical factors generated and altered by exercise, present within the peripheral circulation, upon
BM-MSC characteristics in vitro was investigated. This research built and improved upon previous
studies by utilising both human trials and in vitro human BM-MSC (hBM-MSC) culture techniques.
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1.2.

Thesis structure and chapter summaries

Figure 1.1 details the thesis layout and approach taken to address the proposed research questions.
Chapter 1
Introduction

Chapter 2
Literature review

Chapter 3
General methods

Preparatory Study

Chapter 4
Human participant trials

Original Studies

Chapter 5

Chapter 6

Chapter 7

hBM-MSC gene expression, proliferation
and morphology after exposure to human
serum, obtained before and after acute
exercise at two intensities, in vitro

hBM-MSC characteristics in response to
the exposure of human serum, obtained
at rest from active or inactive
participants, in vitro

Protein synthesis in hBM-MSCs, in vitro,
following expansion in a range of
standard culture media and supplements

Chapter 8
General discussion and
conclusion

Figure 1.1: Thesis structure and chapter titles.

Chapter 2
A literature review was conducted which examined two areas; the role that mesenchymal stem cells
play in tissue repair and the importance of exercise in maintaining and promoting health. This was
followed by a critical in-depth analysis of the studies that have investigated the impact of an exercise
stimulus upon BM-MSCs, identifying knowledge gaps and areas where further research is warranted.
The chapter was concluded by detailing the thesis research questions.
Chapter 3
This chapter outlines the thesis research approach, the laboratory methods, measurements and
equipment that were common to all experimental chapters. To address the thesis research questions,
both human participant testing and in vitro tissue culture experiments were conducted; therefore,
details pertaining to these methods were outlined separately. The specific methods for each study
have been detailed in the relevant experimental chapters.
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Chapter 4
This chapter details the protocol used to generate, and the physiological data obtained from, two
acute bouts of exercise at distinctly different relative intensities from a recreationally active
population. Physiological data from a physically inactive population are also presented and statically
compared to that of the resting values obtained from the recreationally active population. Venous
blood samples were obtained from all volunteers at rest and post-exercise. Serum fractioned from
each blood sample was stored for use in experiments detailed in Chapters 5, 6 and 7.
Chapter 5
The study detailed in this chapter investigated the effect of serum, altered by acute exercise at two
different relative intensities, on hBM-MSC morphology, proliferation and gene expression, in vitro.
This was conducted in vitro through the supplementation of hBM-MSC culture media with the serum
that was fractioned from the pre- and post-exercise venous blood samples obtained from the
recreationally active volunteers in Chapter 4. hBM-MSCs were also incubated in commercially
available culture media; the hBM-MSC response to these control conditions was used as a reference
from which to compare the hBM-MSC response to human serum to.
Chapter 6
The study detailed in this chapter investigated the effect of serum, altered by regular exercise, upon
hBM-MSC morphology, proliferation and gene expression, in vitro. This was conducted through the
in vitro supplementation of hBM-MSC culture media with serum that was fractioned from venous
blood samples obtained at rest from the physically inactive volunteers and recreationally active
population detailed in Chapter 4. hBM-MSCs were simultaneously incubated with commercially
available culture media. The hBM-MSC response to these control conditions provided a platform
from which to compare the hBM-MSC response to the recreationally active and inactive human
serum.
Chapter 7
To better understand the differences in the hBM-MSC characteristics which occurred between the
culture conditions utilised in Chapter 5, the study detailed in this chapter investigated the impact of
these culture media and supplements on the rate of hBM-MSC protein synthesis and export. This
was performed using the stable isotope labelled amino acid [d5]phenylalanine tracer technique, and
samples were analysed using gas chromatography-mass spectrometry (GC-MS).
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Chapter 8
This chapter reviewed and discussed the findings of the thesis research relative to the research
questions. The practical implications of the findings as well as research limitations and future work
were reflected upon.
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Chapter 2
2.

Literature review

Literature review
2.1.

Overview

This chapter reviews the characteristics of MSCs, their role in tissue healing and regeneration, and
the potential for exercise to exploit these properties. It addresses the approaches currently employed
to utilise the healing effects of MSCs for the treatment of injuries and diseases, and also outlines the
intrinsic challenges involved. The current physical activity guidelines and the physiological changes
that arise in response to exercise are detailed, followed by the health benefits of exercise and the
potential health problems that can develop as a result of physical inactivity. These two areas are then
analysed concurrently with the impact of exercise upon stem cells discussed with particular reference
to its use as a non-pharmacological stimulus in the exploitation of hBM-MSC healing properties. A
critical review has been conducted of the current literature that has investigated the impact of an
exercise stimulus on MSC characteristics and behaviour in humans, as well as murine and in vitro
models. Finally, the knowledge gaps in this area are outlined, followed by the research hypothesis
and the research questions that this thesis addresses.

2.2.

Stem cells

The origin of stem cells traces back to the latter part of the nineteenth century where the term
‘stammzelle’ or stem cell’ was first used in scientific literature by Ernst Haeckel to describe the
unicellular origin of multicellular organisms, and the fertilized egg that gives rise to all cells of an
organism (Haeckel, 1868). Based on August Weismann’s theory that the germ plasm was separated
early in embryonic development into specialised cells (germ cells) which were distinct from cells in
the rest of the body (somatic cells), Theodor Boveri and Valentin Häcker conducted a series of studies
to identify the earliest germ cells and subsequently used the term ‘stem cell’ to describe what is
referred to now as primordial germ cells and germline stem cells (Ramalho-Santos and Willenbring,
2007; Maehle, 2011). Subsequent research conducted in the 1960s led to the modern definition of
stem cells, which refers to them as clonogenic cells capable of both self-renewal and multi-lineage
differentiation (Weissman, 2000). A study by Till and McCulloch (1961) demonstrated that
haematopoietic bone marrow cells formed colonies in the spleens of irradiated host mice. These
colonies were subsequently found to be derived from a single cell and contained both differentiated
progenitors and colony-forming cells capable of self-renewal, thus demonstrating the existence of
haematopoietic stem cells (HSCs) (Becker et al., 1963; Siminovitch et al., 1963).
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Stem cells can be broadly classified as either embryonic stem cells or ASCs. Embryonic stem cells,
which are derived from embryos, are pluripotent; they therefore have the ability to differentiate into
cells from all three germ layers in the body (Salem and Thiemermann, 2012). This presents an ideal
platform for tissue engineering and regenerative medicine; however, ethical issues surround their use
and there is a poor understanding of how to regulate their differentiation. There is also the potential
for tetraoma formation (Salem and Thiemermann, 2012). Therefore ASCs, which have the capacity
for self-renewal and the ability to differentiate into at least one mature cell type, which is typically
the cell type of the tissue in which they are located, provide a suitable alternative (Da Silva Meirelles
et al., 2008; Rossant, 2001). It could also be considered that induced pluripotent stem cells may
provide a better alternative to embryonic stem cells compared to ASCs. However, further researching
ways in which the properties of endogenous ASCs can be better utilized within the body through
natural stimuli is still of interest. ASCs have been isolated from many tissues throughout the body,
including the bone marrow (Till and McCulloch, 1961). In addition to the well characterised bone
marrow derived HSC, MSCs, a non-haematopoietic stem cell which displays multilineage potential,
also resides within the bone marrow.

2.3.

Mesenchymal stem cells

2.3.1. Background
In the 1960’s and 1970’s Alexander Friedenstein and his colleagues identified a minor subpopulation
of plastic-adherent bone marrow resident stromal cells that developed discrete colony forming
unit-fibroblasts from single cells, and their progeny also displayed a fibroblast-like morphology in
vitro. Studies revealed that these cells were multipotent and had the ability to differentiate into fat,
cartilage, bone and fibrous tissue in vitro and upon transplantation in vivo (Bianco et al., 2008). This
work formed the foundation for further studies, which showed that these stromal cells were
predecessors of mesenchymal tissue, and also had the ability to transdifferentiate into cells from other
germlines; subsequently, these bone marrow stromal cells were termed mesenchymal stem cells
(Uccelli et al., 2008; Caplan, 1991). However, their ability to transdifferentiate into cells of the
endoderm and ectoderm lineages, in vivo, remains questionable. In some cases, data supporting the
‘stemness’ of MSCs has not been sufficient, so this population of cells has also been referred to as
multipotent mesenchymal stromal cells, for which the acronym ‘MSC’ has also been used
(Horwitz et al., 2005). It has therefore been proposed that the unfractioned plastic-adherent cells
isolated from the bone marrow be termed multipotent mesenchymal stromal cells, while those which
have demonstrated stem cell activity be referred to as MSCs, and, that the use of the acronym ‘MSC’
be clearly defined as to which population of cells it refers to (Horwitz et al., 2005).

9

It has been established that MSCs have the ability to differentiate into adipocytes; importantly this
differentiation ability can give rise to both white adipocytes (WA) and brown adipocytes (BA).
However, WA and BA arise from different progenitors, with BA derived from myogenic factor 5
(MYF5)+ progenitor cells while WA are derived from MYF5- cells (Koppen and Kalkhoven, 2010).
WAT which is predominantly composed of WA, is involved with lipid metabolism, insulin
sensitivity and satiety and implicated in potential adverse health effects (Cristancho and Lazar, 2011).
In contrast, brown adipose tissue (BAT), which is predominately comprised of BA, participates in
thermogenesis which has been associated with an increased energy expenditure, reduced adiposity
and lower plasma lipids, and therefore has potential use in combating obesity and metabolic diseases
(Roman et al., 2014; Wang et al., 2015). The differentiation of MSCs into either WA or BA is
controlled by a number of key transcription factors and co-regulators (Koppen and Kalkhoven, 2010;
Roman et al., 2014).
The principle source of MSCs are BM-MSCs and it is estimated that they make up only
0.01 – 0.001% of the total nucleated cells (Salem and Thiemermann, 2010). MSCs, or MSC-like
cells, have also been isolated from many other tissues throughout the body and display similar
characteristics to that of BM-MSCs. These include: adipose tissue, liver, muscle, amniotic fluid,
umbilical cord and dental pulp (Salem and Thiemermann, 2010; Chamberlain et al., 2007). A small
number of MSCs have been identified within the peripheral circulation too (Marycz et al., 2015;
Niemiro et al., 2017; Niemiro et al., 2018), though this is not consistently reported between studies
(Wexler et al., 2003; Da Silva Meirelles et al., 2006). In fact, it has been suggested that cells with
MSC characteristics have been isolated from almost all connective tissue in the body (Chamberlain
et al., 2007; Uccelli et al., 2008), and the varied characteristics displayed by MSCs is suggested to
arise as a result of these different sources (Hass et al., 2011) (Table 2.1). BM-MSCs, adipose tissue
MSCs (AT-MSCs) and umbilical cord blood MSCs (UCB-MSCs) have demonstrated similar
morphologies and immunophenotypes. However, while BM-MSCs and AT-MSCs have
demonstrated a trilineage potential, UCB-MSCs have been shown to be unable to differentiate
towards an adipogenic lineage (Kern et al., 2006). UCB-MSCs demonstrated the lowest colony
forming unit frequency but the greatest proliferation capacity and were able to be cultured for longer,
whereas BM-MSCs showed the lowest proliferation capacity and had the shortest culture time (Kern
et al., 2006). Kern et al. (2006) also reported that AT-MSCs had the highest colony forming unit
frequency, and this was supported by the findings of Burrow et al. (2017) who reported a greater
AT-MSC proliferation compared to BM-MSCs, as well as a greater differentiation capacity in later
cultures. This highlights the need to consider the source of MSCs when used in tissue engineering
applications.
MSCs lack a unique surface marker that enables their identification, therefore a combination of cell
surface markers have to be used. To ensure consistency in MSC identification, and therefore better
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enable study comparisons, the following criteria was set out by the International Society for Cellular
Therapy (ISCT). MSCs have to: adhere to plastic in standard culture conditions, positively (≥ 95%)
express the specific antigens: cluster differentiation (CD) 105, CD73 and CD90, and negatively
(≤ 2%) express: CD45, CD34, CD14 or CD11b, CD79 or CD19, and HLA-DR, as well as have the
ability to differentiate into osteoblasts, adipocytes and chondrocytes under standard in vitro
differentiating conditions (Dominici et al., 2006). While these markers have been used throughout
studies, only a combination of three to four are typically used at any one time and these vary between
studies. Furthermore, within the combination of three to four markers used for MSC identification,
markers not specified by the ISCT have often been applied (Table 2.1). Contributing further to the
variability of markers used for MSC identification, and potentially the varied results reported in
literature, is the slight difference in the expression of surface markers between species, and their
expression may also be affected by the culture conditions and method used for MSC isolation
(Chamberlain et al., 2007).
The MSC niche, or microenvironment in which they reside in vivo is not well understood but it is
suggested that MSCs have a perivascular location (Augello et al., 2010). In the bone marrow MSCs
contribute to the maintenance of homeostasis of the haematopoietic niche. This is achieved through
the direct effect of MSCs, or through their ability to differentiate into osteoblasts, adipocytes,
endothelial cells and myofibroblasts, which when mature, all have functional roles of the HSC niche
that supports haematopoiesis (Uccelli et al., 2008; Nombela-Arrieta et al., 2011). Aside from this,
MSCs play a role in wound healing and this can be achieved through multiple avenues due to their
unique properties. Once stimulated through tissue injury or inflammation, MSCs have the ability to:
home to sites of inflammation following tissue injury; secrete multiple bioactive molecules capable
of stimulating recovery of injured cells and inhibiting inflammation; and perform
immunomodulatory functions (Sharma et al., 2014). Upon tissue damage MSCs home to site of
injury where they exert their therapeutic effects in two ways; either through differentiation and
engraftment into the damaged tissue, or cell empowerment (Wang et al., 2014). Through cell
empowerment, MSCs secrete a number of bioactive factors including cytokines and growth factors
that stimulate tissue resident progenitor cells, and also secrete immunoregulatory factors that control
inflammation at the site of injury (Wang et al., 2014). MSCs are located in tissues throughout the
body and local MSCs contribute to tissue healing. MSCs also possess receptors for a range of growth
factors, chemokines and cytokines (Table 2.2) which are known to be implicated in MSC
mobilisation, transmigration and recruitment into tissues, which suggests that MSCs are capable of
homing to different tissues from which they reside (Fong et al., 2012). However, the relative
contribution of the local source of MSCs and that of MSCs which have migrated from other tissues
to the injured area for tissue healing is unclear (Fong et al., 2012).
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Due to the unique properties of MSCs, they have been widely researched for the treatment of a
number of diseases. These include, but not are limited to: CVD including myocardial infarction (MI),
bone and cartilage diseases such as osteogenesis imperfecta (OI) and cartilage defects, both T1DM
and T2DM, autoimmune diseases such as Crohn’s disease, multiple sclerosis, graft versus host
disease (GVHD), lung disease and kidney disease, as well as haematological diseases
(Wang et al., 2012; Squillaro et al., 2016).
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Table 2.1: Characteristics of mesenchymal stem cells obtained from different tissues.
Reference

Dominici et a1. (2006)

Cell Source
Positive

Negative

CD105
CD73
CD90

BM
AT
UCB

CD13
CD29
CD44
CD273
CD90
CD105
CD166
HLA-ABC

CD45
CD34
CD14 or CD11b
CD79α or CD19
HLA-DR
CD10
CD14
CD24
CD31
CD34
CD36
CD38
CD45
CD49d
CD117
CD133
SSEA4
HLA-DR

BM

CD105

CD34

MSC

Wagner et al. (2005)

Dmitrieva et al. (2012)

Cell Surface Marker

AT

CD90

CD19

CD166
CD73

CD14
CD45

Differences in Marker
Expression

CD146: More abundant in
BM-MSC than AT-MSC at
early passages; CD146
expression in BM-MSC
declined with passage

Differentiation
Adipogenic

Osteogenic

Y
Y
Less obvious

Y
Y
Y

Y

Y. ↑ frequency than
adipogenic
differentiation

Y

Y. ↑ frequency than
adipogenic
differentiation

Y

Y

Population Doubling
Chondrogenic

Secretion profile
Factor

IL-6

VEGF, SDF-1, MCP-1,
TGF-β1

Response

↔ Between AT and BM

↑ in BM than AT

CD146
BM
UCB
AM

Wegmeyer et al. (2013)

CD73
CD105
CD90

CD45

Y. Lower than BM- Y. Lower than BMMSC
MSC

CD19
CD34

Similar expression between
BM, UCB and AM

HGF

↑ secretion in UCB compared
to BM and AM

20 - 52 hr

b-FGF

↔ between all sources

17 - 210 hr

VEGF

↓ in UCB

Y
Y

Y; lower than BM-MSC; mixed differentiation potential into each
of the three lineages between donors.

CD14

MCP-1

HLA-DR

SDF-1

Unstimulated: ↑ from AM
compared to BM
↑ in BM compared to AM and
UCB

Positive expression BM,
UCB and AM: CD49d,
CD349, HER2, MCSP

IL-1ra

↑ in BM compared to AM and
UCB

Positive expression UCB and
AM but not BM: CD142,
CD146, CD166, CD200,
HER1

M-CSF

Stimulated: ↑ from AM
compared to BM and AM

Negative expression/not
detected in BM, UCB and
AM: CD271, CD143,
CD136, CD31
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Table 2.1 continued.
Reference

Cell Source

Cell Surface Marker

Differentiation

Population Doubling

Positive

Negative

Differences in Marker
Expression

BM

CD44

CD14

UCB CD90: ↓ intensity of
expression than BM and AT

Y

Y

Y

AT

CD73

CD34

UCB CD105: ↓ expression
percentage compared to BM
and AT

Y

Y

Y

UCB

CD29

CD45

CD106: ↑ BM and UCB
numbers expressed, and
expression intensity in this
marker compared to AT

N

Y

Y

Highest

Kern et al. (2006)

Adipogenic

Osteogenic

Chondrogenic

Factor

CD90

CD133
HLA-II

BM

CD13

CD3

AT

CD29

CD4

CD44

CD11c

CD58
CD90
CD105
CD166
CD73
STRO-I

CD14
CD15
CD16
CD19
CD31
CD133
CD38
CD45
CD56
CD62P
CD104
CD144

BM

CD29

CD14

Y

Y

Y

~55 hr#; Similar
maximum culture
period to UCB and
PLA

AT

CD44

CD31

Y

Y

Y

~40 hr#; Could
withstand longer
periods of culture

Weakly positive

N

N

~50 hr#; Similar
maximum culture
period to BM and
PLA

Weakly positive

N

N

~30 hr#; Similar
maximum culture
period to BM and
PLA

Heo et al. (2016)
UCB

PLA

CD73

CD34

CD90

CD45

CD105

CD106

Response

Lowest

HLA-I
CD105
CD106

De Ugarte et al. (2003)

Secretion profile

CD49d: Expressed by AT
and not BM
CD106: Expressed by BM
and not AT
CD54: High expression in
AT compared to BM

CD90: Less obvious in PLA
compared to BM, UCB and
AT.
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Table 2.1 continued.
Reference

Differences in Marker
Expression

Adipogenic

Positive

Negative

BM

CD13

CD14

Y. Capability ↔
between BM and
AT

AT

CD105

CD19

Y

CD29

CD34

CD90

CD45

HLA-ABC

HLA-DR

Osteogenic

Factor

Chondrogenic

Y. Capability ↑ in
Y. Capability ↑ in BM
BM compared to
compared to AT
AT

Y

Secretion profile

Population Doubling

Differentiation

Cell Surface Marker

Cell Source

Y

Higher compared to
BM for each passage

Response

SDF-1, HGF

↑ in BM compared to AT

IGF-1, b-FGF, IFN-γ

↑ in AT compared to BM

Li et al. (2015)

BM

CD44

Y

Y

Y. Superior in vitro

AT

CD140a

Y

Y

Y

UCB

CD166

Y

Y

Y

Reinisch et al. (2015)

Burrow et al. (2017)

IL-6, TNF-α, IL-8, VEGF ↔ between BM and AT

CD63
CD49a
CD10
CD29
CD13
CD146
BM

CD73

CD14

Y

Y

Y

AT

CD90

CD20

Y

Y

Y

CD105

CD34
CD45

Higher compared to
BM

MSC: Mesenchymal stem cell; BM: Bone marrow; AT: Adipose tissue; UCB: Umbilical cord blood; PLA: Placenta; AM: Amniotic fluid; Y: Yes; N: No; CD: Cluster differentiation; IL: Interleukin; VEGF: Vascular
endothelial growth factor; SDF-1: Stromal cell-derived factor 1; MCP-1: M onocyte chemoattractant protein 1; TGF-β1: Transforming growth factor beta 1; HGF: Hepatocyte growth factor; b-FGF: basic fibroblast growth
factor; M-CSF: Macrophage colony-stimulating factor; IFN-γ: Interferon-γ; IGF-1: Insulin-like growth factor – 1; TNF-α: Tumor necrosis factor-α; HLA-ABC: Human leukocyte antigen-ABC; HLA-DR: Human
leukocyte antigen – DR isotype; SSEA4: Stage-specific embryonic antigen 4; HLA-I and -II: Human leukocyte antigen; MCSP: Melanoma associated chondroitin sulfate protein; HER1/2: Human epidermal growth
factor receptor ½; #Value estimated from a graph.
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Table 2.2: Expression of receptors and adhesion molecules on mesenchymal stem cells.

Chemokine
Receptors

Cytokine
Receptors

Growth Factor
Receptors

Adhesion Molecules

Extracellular
Matrix

CCR1

IL-1R

PDGF-Rα

VCAM-1

Fibronectin

CCR2

IL-3R

PDGF-Rβ

ICAM-1

vWF

CCR3
CCR4

IL-4R
IL-6R

FGF-R
EGF-R

ICAM-2
Integrins αvβ3 and αvβ5;

Laminin
Proteoglycans

CCR5

IL-7R

Ang-1

Integrin chains: α4, α5, β1

Collagen I

CCR6

IFN-γR

HGF-R

Integrin subunit α1

Collagen III

CCR7
CCR9

SCFR
G-CSFR

IGF1-R
VEGF

Integrinα2
Integrinα3

Collagen IV
Collagen V

CCR10

TGFβRI

Integrinα4

Collagen VI

CXCR1

TGFβRII

Integrinα5

CXCR2

TNF-R1

Integrinαv

CXCR3

TNF-R2

Integrinβ1

CXCR4

Integrinβ3

CXCR5
CXCR6

Integrinβ4

CX3CR1
CCR:C-C motif chemokine receptor; CXCR: C-X-C motif chemokine receptor; vWF: Von-Willebrand factor; ICAM1/2:
Intercellular Adhesion Molecule 1/2; VCAM1: Vascular cell adhesion molecule 1; PDGF-R: Platelet-derived growth factor receptor;
FGF-R: Fibroblast growth factor receptor; EGF-R: Epidermal growth factor receptor; HGF-R: Hepatocyte growth factor receptor;
IGF1-R: Insulin-like growth factor 1 receptor; SCFR: Stem cell factor receptor; G-CSFR: Granulocyte colony-stimulating factor
receptor; TGF-β: Transforming growth factor-β; TNF-R1/2: Tumor necrosis factor receptor 1/2; IL: Interleukin; IFN-γ: Interferon-γ.
Adapted from: Chamberlain et al. (2008); Sordi et al. (2005); Ponte et al. (2007); Cognet and Minguel, (1999); Bernardo and Fibbe,
(2013); Docheva et al. (2008); Ball et al. (2007).
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2.3.2. Expansion and infusion of mesenchymal stem cells
Endogenous BM-MSCs are present in small numbers. To exploit their therapeutic properties for the
treatment of diseases, a larger quantity is needed than what is able to be harvested. As a result,
laboratory protocols have been adopted to enable their expansion ex vivo, followed by infusion, either
systemically through intravenous infusion or through subcutaneous or intra-muscular injections
(Eggenhofer et al., 2014).
An optimal dose of MSCs for achieving therapeutic effects has yet to be determined (Ikebe and
Suzuki, 2014). Murine studies use at least 1 × 106 MSCs in order to achieve a therapeutic effect,
although higher quantities of up to 5 × 106 cells per mouse have also been used (Kean et al., 2013).
In comparison, relative to body weight, the dose of MSCs administered in human trials is much lower
compared to those in murine studies; a dose of 1 × 106 cells/mouse equates to approximately
33 × 106/kg for a human, which is both practically and logistically difficult to achieve
(Kean et al., 2013). For human trials, the dose of MSCs administered has been much lower and
calculated as either an absolute number of cells per injection per person, or, a specific number of
cells per kg of body weight per injection. To treat ischemic stroke patients, Bang et al. (2005)
administered autologous hBM-MSCs at 1 × 108 cells per patient, while other studies treating patients
for breast cancer, OI and GVHD have administered MSCs at 1 - 2.2 × 106cells/kg,
5.7 – 7.5 × 108 cells/kg and 1 - 2 × 106 cells/kg, respectively (Koç et al., 2000; Horwitz et al., 1999;
Le Blanc et al., 2004). Following ex vivo expansion, MSC infusion into the circulation to promote
healing relies on the homing ability of MSCs to reach the site of tissue damage. However, not many
MSCs are reported to reach their intended site with many found to be trapped in the lung
(Lee et al., 2009). However, MSC engraftment has been reported following intravenous infusion
(Saito et al., 2002), with MSCs reported to be taken up at the intended site, though this was lower
compared to other unintended sites, as well as MSCs that had been administered locally (Barbash et
al., 2003). Where no engraftment has been reported, healing effects have still been found which has
been attributed to the paracrine actions of MSCs (Quertainmount et al., 2012). The local
administration of MSCs alleviates the problems associated with the reliance on MSC migration to
reach the site of tissue injury. MSC engraftment has been found to be greater with local
administration compared to intravenous infusion (Freyman et al., 2006), with engraftment and
differentiation also being reported (Nagaya et al., 2005). However, with some treatments, local
administration is logistically challenging. Upon administration, MSCs have a short half-life of ~24
hours (hrs) (Lee et al., 2009), and living MSCs within the recipient have not been detected in the
lungs or any other tissues after this time period (Eggenhofer et al., 2012). The poor engraftment and
low numbers of MSCs found within recipients in studies may therefore be partly attributed to this.
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For MSCs to have any therapeutic effect they must be functionally equipped and properly recruited
to the site of injury (Wang et al., 2014). However, a number of factors that arise from MSC ex vivo
expansion may affect this. The culture conditions in which MSCs are grown in also has the ability to
influence MSC characteristics. Different surface markers have found to be expressed between
cultured MSCs compared to freshly isolated MSCs, following in vitro culture MSC homing ability
is impaired, and, over long-term ex vivo expansion MSCs can undergo spontaneous differentiation
(Chamberlain et al., 2007; Bara et al., 2014). To achieve clinically relevant numbers MSCs need to
be expanded over a number of passages, but with increasing passage number MSCs lose their
multipotency, and in older donors, cell senescence is reached at lower population doublings
(Jung et al., 2012). The composition of the media used for MSC ex vivo expansion may impact upon
MSC surface marker expression and downstream applications (Ho et al., 2011). The supplementation
of culture media with FBS represents the gold standard since it supports the growth of many cell
types, including MSCs, and it is readily available. However, FBS is not a suitable supplement for
MSC ex vivo expansion in which MSCs are destined for clinical use, or for in vitro MSC research
studies. This is because the serum components are not defined and batch-to-batch variation in these
components occurs (Gottipamula et al., 2013). This means that results are unlikely to be consistent
and reproducible between research studies, and where MSCs that are expanded ex vivo and destined
for clinical use are incubated with FBS, this would also create inconsistent responses. There is also
a potential for MSCs to become contaminated with viruses and bacteria, among other concerns
(Gottipamula et al., 2013). As a result, different types of culture media and supplements have been
developed which use recombinant growth factors or human components, such as autologous human
serum or plasma derivatives, including human platelet lysate (hPL) and platelet rich plasma (PRP),
which have also been found to better promote MSC proliferation compared to FBS (Kocaoemer et
al., 2007; Bieback et al., 2009; Azouna et al., 2012; Fernandez-Rebollo et al., 2017), and retain MSC
multipotency (Azouna et al., 2012). These results are likely to have arisen due to the specificity of
the media and serum supplements (Appendix A details some of the factors contained within human
serum and FBS) to human derived cells, and also because the contents of the platelets released during
the formulation of these supplements provides a large number of growth factors, cytokines and
chemokines that have the ability to influence cellular growth, morphology and differentiation (Anitua
et al., 2004). However, variation in serum components between individuals occurs, and the risk of
pathogens also exists with the use of humanized media supplements. Furthermore, these supplements
are also not readily available due of the volume needed for cell expansion and also due to the
processes involved in generating them. As a result, humanized media supplements do not alleviate
all the issues surrounding contamination and inconsistency associated with the use of FBS. Defined
serum-free synthetic media has been developed to alleviate the aforementioned problems with FBS
and human serum or plasma derived media supplements. While these media are more standardized
and the contents known, they have been found to not support the MSC initial isolation and expansion
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stages or adhesion to the culture vessel (Jung et al., 2012; Hemeda et al., 2014). No one culture media
and supplement appears to promote both MSC ex vivo expansion and support homing upon infusion.
Ultimately this may be due to the conditions in which MSCs are exposed to in vitro through the
culture media and supplements which do not represent the environment of the patients into which
they are administered. As a result, in response to the signals MSCs receive from the culture media
microenvironment in vitro, the cytokine composition and paracrine signals may cause improper
trafficking and consequently poor homing and engraftment (Haque et al., 2015).
Another avenue by which culture media may possibly impact upon MSC characteristics prior to
infusion is through MSC metabolism and the proteins they synthesize and secrete. MSC protein
synthesis is required for cell differentiation, proliferation, cell adhesion and binding, apoptosis, as
well as for all the factors secreted for cell signalling (Skalnikova, 2013). Studies have identified and
analysed the array of cytokines, chemokines and growth factors that have been secreted by MSCs in
response to different environmental conditions in vitro (Amable et al., 2014; Maffioli et al., 2017),
as well as the influence of different culture media on MSC proliferation and differentiation. Given
that culture media and supplements can influence these MSC actions, it is therefore possible that they
may also influence MSC metabolism and the rate at which proteins are synthesised and exported.
This may have potential implications for MSCs upon administration because where MSC protein
synthesis and export has been altered by culture conditions, it may have downstream effects upon
MSC actions following reinfusion. However, there is a paucity of information within this area. While
studies have investigated the effect of exercise upon muscle protein synthesis (Tipton et al., 2007;
Wilkinson et al., 2008), only limited studies have investigated cell protein synthesis in vitro. Using
the tracer incorporation technique, Martini et al. (2004) reported fibroblast and myocyte protein
synthesis rates following culture with FBS to be 0.86 %·hr-1 and 1.14 %·hr-1, respectively, using
[d5]phenylalanine.
Collectively, the above illustrates that MSCs are a strong candidate for stem cell therapy but to obtain
their healing effects, their use is faced with many complications, challenges and unknowns. Adding
to this, while MSCs are regarded as safe to use, the long-term effects are relatively unknown (Lalu
et al., 2012).

2.4.

Exercise

2.4.1. Physical activity guidelines
Numerous research studies have highlighted the importance of regular physical activity for
promoting health, both physically and mentally, which subsequently leads to an improved quality of
life. A dose response relationship is also observed, with higher activity levels associated with a longer
life expectancy (Fiuza-Luces et al., 2013). Physical activity recommendations have been established
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based around the minimum level of physical activity required to prevent chronic disease development
and premature mortality (Haskell et al., 2007). UK government guidelines advise that for 19 - 64 yr
olds to benefit from physical activity they need to be active on a daily basis and minimise the amount
of time spent sitting. It has been advised that 150 minutes (min) of moderate-intensity physical
activity should be performed a week, in bouts of 10 min or more (UK Government, 2018a). It has
been suggested that this can be achieved through 30 min sessions on 5 days (d)/week (UK
Government, 2018a). Alternatively, comparable health benefits can be achieved through 75 min of
vigorous-intensity exercise each week, or a combination of both moderate- and vigorous-intensity
exercise (UK Government, 2018a). Moderate-intensity activity should cause a rise in body
temperature and breathing frequency, but a conversation should still be able to be maintained while
exercising. Vigorous-intensity activity should cause similar responses to those obtained with
moderate-intensity activity but include a further elevation in breathing frequency and heart rate (HR).
These physical activity targets can be achieved through aerobic exercise, with the health benefits
associated with such exercise dependent upon the frequency, duration and intensity of the exercise
stimulus.

2.4.2. Physiological response to exercise
Exercise intensity domains have been developed based on the respiratory and metabolic responses to
exercise. Exercise in the moderate-intensity domain, which represents an exercise intensity below
lactate threshold (LT), is characterised by a transient rise on blood lactate concentration ([La] B) at
the start of exercise which then returns to resting concentrations as exercise progresses at the same
intensity, and the volume of oxygen consumption (VO2 ) increases and reaches a steady state within
2 - 3 min (Whipp, 1996; Smith and Jones, 2001). Exercise above LT but below critical power, in the
heavy-intensity domain, is characterised by a rise in [La]B above resting levels that reaches a new
steady state above resting levels as exercise progresses (Poole and Jones, 2012; Jones and Carter,
2000). In this intensity the VO2 steady state is delayed and this value is higher than what would be
predicted due to the presence of the VO2 slow-component (Jones and Carter, 2000) (Figure 2.1).
Exercise at, or above LT, is known to elicit a training response and improvements endurance
performance. This translates to the ability to exercise longer at a given absolute intensity, or to
exercise at a higher intensity for a given duration (Jones and Carter, 2000). Exercise within the
moderate-intensity domain also has the ability to generate adaptations, however due to the lower
stimulus, these are not as great (McNicol et al., 2009).
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Figure 2.1: Schematic diagram of the V̇ O2 (green) and [La]B (blue) response to a constant-work-rate in a moderate and
heavy domain. Hatched area: V̇ O2 slow component (adapted from Poole and Jones, 2012).

Prescribing exercise intensity in research studies can be done in a number of ways in both absolute
and relative terms. One way is through the prescription of exercise relative to an individuals’ V̇ O2max
(maximum volume of oxygen consumption per minute) value. In studies where similar physiological
responses are required between individuals, prescribing exercise relative to an individuals’ V̇ O2max
can be problematic unless the population is homogenous. This is because LT, which represents a
transition between moderate and heavy exercise intensities, can lie anywhere between 50 - 80% of
V̇ O2max (Jones and Carter, 2000). This means that in a non-homogenous population where exercise
is prescribed at 70% of V̇ O2max, for example, it has the potential to elicit different metabolic and
cardiovascular responses because it may cause participants to exercise within different intensity
domains (Edge et al., 2005).

2.4.3. Exercise-induced metabolic and biochemical changes
Perturbations in the concentration of a number growth factors and hormones within the peripheral
circulation occur in response to exercise (Cappon et al., 1994; Suzuki et al., 1999; Gleeson, 2007;
Czarkowska-Pazek et al., 2006), as well as metabolic changes as demonstrated through [La]B,
potassium, ammonia, and various amino acids. Exercise can also generate changes in the circulating
leukocyte and subpopulation counts (Simpson, 2013), and influence the concentration of cytokines
and chemokines within the peripheral circulation implicated with immune function and the
inflammatory response to exercise (Suzuki et al., 2002; Gleeson, 2013; Bishop, 2013). Importantly,
this inflammatory response is different to what occurs with sepsis, trauma and surgery
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(Pedersen, 2000). Discussed below are some factors that demonstrate exercise-induced changes
which may impact upon MSCs.

2.4.3.1.

Cytokines

Interleukin-6
In response to exercise that elicits no or minimal injury, IL-6 demonstrates a prominent increase
within the peripheral circulation. IL-6 is typically secreted by monocytes, but, in response to exercise,
the increase in IL-6 concentration can also be attributed to secretion by skeletal muscle (Gleeson,
2007). This exercise-induced increase in IL-6 is related to exercise intensity, but more so the duration
of exercise. With exercise of longer duration there is a depletion of blood glucose and the rise in IL-6
acts a mechanism to prevent a fall in blood glucose though the stimulation of the liver to increase the
release of glucose into the circulation (Steensberg et al., 2001). The exercise-induced IL-6 response
has a transient peak at the cessation of exercise before lowering during recovery. However, this
exercise-induced increase in IL-6 elicits a series of downstream metabolic and hormonal actions
(Gleeson, 2007; Fischer, 2006).
IL-6 within the peripheral circulation varies greatly and is dependent on a number of factors. At rest
in healthy individuals, concentrations are ~1 pg·mL-1 or lower within plasma (Fischer, 2006) but,
following exercise, concentrations have been shown to vary. In athletic individuals, resting IL-6
concentration

has

been

recorded

at

18.8 ± 25.5 pg·mL-1

and

25.05 ± 54.74

pg·mL-1

(range 0 – 180 pg·mL-1) (Suzuki et al., 1999; Gokhale et al., 2007), with systemic concentrations
obtained after strenuous exercise increasing over 100-fold (Ostrowski et al., 1999). However, an IL-6
value of this increase represents an extreme response with, in some cases, smaller fold increases or
no increases in IL-6 concentration found due to insufficient muscle mass movement. The higher
resting IL-6 concentration in an active population may be explained by elevated levels resulting from
exercise on consecutive days (Suzuki et al., 1999). This may also explain the higher resting values
reported by Gokhale et al. (2007) in an athletic population (18.8 ± 25.5 pg·mL-1) compared to a
non-athletic population (7.05 ± 7.06 pg·mL-1) (range 0 – 20 pg·mL-1). Conversely, the presence of
chronic low-level plasma IL-6 at a concentration of < 10 pg·mL-1, as recorded by Gokhale et al.
(2007) in the non-athletic population, has also been reported to be associated with low physical
activity, obesity, CVD and T2DM (Fischer, 2006).
MSCs also secrete IL-6 which, through autocrine and paracrine mechanisms, has immunoregulatory
functions and anti-apoptotic effects (Xu et al., 2007; Bernardo and Fibbe, 2013). MSCs also reside
in an IL-6 rich environment which may be higher than the concentration detected within the
peripheral circulation. Subsequently, it is uncertain whether the exercise-induced changes in IL-6
impact upon MSCs located within the bone marrow or those mobilised into the circulation. However,
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it is possible that IL-6 secreted from another source other than MSCs may have an effect on MSC
migration. It has been reported that IL-6 secreted by breast cancer cells promoted MSC migration
towards the affected area (Dethlefsen et al., 2013), and in an in vitro environment, MSC migration
was dependent on IL-6 (Ke et al., 2014). Therefore, it is possible that IL-6 secreted into the
circulation in response to exercise may influence MSC migration. Furthermore, an in vitro study
conducted by Pricola et al. (2009) found that an IL-6 concentration of 10 ng·mL-1 enhanced the MSC
proliferation of undifferentiated MSCs, maintained their stemness and inhibited adipogenic
differentiation. Conversely, Gharibi and Hughes (2012) were unable to replicate these findings with
the same concentration of IL-6 and reported that it had no significant effect on cell population
doubling time and it did not affect MSC adipogenic or osteogenic differentiation. The use of a much
greater IL-6 concentration in these studies compared to what is present within the peripheral
circulation is not physiologically relevant which limits the inferences that can be made regarding the
MSC response to IL-6 in vivo.

2.4.3.2.

Chemokines

Stromal Cell Derived Factor-1
MSCs have the ability to home to site of tissue injury which involves migration across the endothelial
cell layer, however, this is not well understood. It is thought that it occurs in a similar way to that of
the recruitment of leukocytes at the site of injury through the expression of receptors and ligands that
aid cell trafficking and adhesion (Chamberlain et al., 2007). Chemokines are important factors
involved in cell migration and have been implicated in the migration of other progenitor cells. MSCs
have been found to express an array of chemokine receptors which suggest that they have the ability
to home to tissue in response to a variety of signals

(Docheva et al., 2008;

Da Silva Meirelles et al., 2008; Chamberlain et al., 2007). It could be possible that the factors
induced by exercise may aid MSC migration and homing, therefore the chemokines which are altered
by exercise, and for which BM-MSCs possess receptors, are of particular interest; one such
chemokine is stromal cell derived factor-1 (SDF-1; also referred to as CXCL12). BM-MSCs highly
express CXCR4, the receptor for SDF-1, but upon in vitro expansion of MSCs this receptor
expression is reduced and is thought to contribute to their impaired homing upon reinfusion.
However, upon culturing with cytokines such as IL-6, the CXCR4 expression is re-established
(Sohni and Verfaillie, 2013). With exercise having the ability to raise IL-6 concentrations and also
increase SDF-1 within the peripheral circulation (Niemiro et al., 2017; Niemiro et al., 2018) it has
the potential to influence the endogenous BM-MSC response.

2.4.3.3.

Growth factors

A number of growth factors are altered within the peripheral circulation in response to exercise, and
studies show that some of these also have the ability to influence BM-MSC proliferation and
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differentiation. In response to a range of endurance exercise stimuli VEGF, platelet-derived growth
factor (PDGF), basic fibroblast growth factor (bFGF; also referred to as FGF-2) and transforming
growth factor-β (TGF-β) have all been reported to increase within the circulation (Bonsignore et al.,
2010; Czarkowska-Paczek et al., 2006; Landers-Ramos et al., 2014; Hering et al., 2002). VEGF has
been implicated in MSC proliferation and migration, and the promotion of MSC differentiation into
endothelial cells (Liu et al., 2009; Wahl et al., 2008; Freytes et al., 2013). It exerts these effects
through its own receptor as well as the PDGF receptor (Ball et al., 2007). Both PDGF and bFGF
have been found to promote MSC proliferation with greater population doubling times of 21.2 d and
25.5 d, respectively, compared to the MSC population doubling time of 10 d in normal culture media
(Gharibi and Hughes, 2012). Both of these factors have also been reported to affect MSC
differentiation.

PDGF

maintains

MSC

multipotency

while

promoting

proliferation

(Sotocoa et al., 2013), and bFGF has a dual role and found to promote both MSC osteoblastogenesis
and adipogenesis, with the mode of signalling, nature of the ligand and the presence of other
extracellular factors influencing which lineage MSCs are driven towards (Muruganandan et al.,
2009). TGF-β has been reported to also induce MSC osteoblast differentiation, and bone
morphogenic proteins (BMPs), which belong to the superfamily of TGF-β growth factors, are
regulatory proteins that are implicated in cell growth, proliferation and differentiation and migration.
Like bFGF, BMPs have been found to promote both MSC osteogenic and adipogenic differentiation
(James, 2013). Specifically, BMP-2, BMP-4, BMP-6, BMP-7 and BMP-9 have all been implicated
in promoting both MSC osteogenic and adipogenic differentiation. This differentiation is dependent
on the type of BMP receptor (BMPR) involved, as well as the BMP concentration. The binding of
these ligands to specific BMPRs influence the downstream specificity of intracellular signals for
adipogenic and osteogenic differentiation; BMPR-1A and low concentrations of BMPs is considered
adipogenic while and BMPR-1B and a high concentration of BMP is considered osteoblastogenic,
but this is not exclusive (Muruganandan et al., 2009). Lineage commitment induced by these factors
is also modulated by the presence of other signalling molecules and supplementary co-factors
(Muruganandan et al., 2009; Kang et al., 2008). Interestingly, adipogenesis induced by BMP-7 has
the ability to influence whether BA or WA are generated. It is unclear how BMP concentration within
the peripheral circulation responds to an exercise stimulus, but platelets are a source of BMPs
(Kalen et al., 2008) and, where MSCs are cultured in the presence of plasma or serum in vitro, BMPs
may influence MSC characteristics.

2.4.3.4.

Lactic acid

The increased production of lactic acid with exercise is well documented, as is its role as a metabolic
fuel for glycolysis rather than a fatigue-inducing waste product (Philp et al., 2005;
Ferguson et al., 2018). It is unknown whether BM-MSCs possess the L-Lactate receptor G-protein
coupled receptor-81 (GPR81) (also referred to as HCAR1) and therefore whether L-Lactate acts upon
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BM-MSCs. However, given that MSCs possess other G-protein couples receptors, it could be
speculated that they may possess GPR81. He et al. (2013) reported that L-lactate only affected MSC
viability as a result of a decrease in pH, with 20 mmol·L-1 being the critical concentration, and that
L-Lactate did not affect MSC osteogenic differentiation. Recent research indicated that pericyte-like
cells situated along intracerebral microvessels possessed GPR81, and the activation of this receptor
through the exercise-induced increase in L-Lactate, vascular endothelial growth factor A (VEGFA)
concentration was enhanced along with cerebral angiogenesis (Morland et al., 2017). Although
speculative, were BM-MSCs found to have the GPR81 receptor, it is possible that exercise may exert
its effect upon BM-MSC characteristics through the production of lactic acid.
It is clear that a great number of interacting factors influence the behaviour of MSCs, whether that is
through their differentiation, proliferation or migration, and exercise-induced changes that are
present within the peripheral circulation may well have the ability to influence this. This may be in
the form of better promotion of MSC endogenous recruitment, or the survival, migration or
differentiation of MSCs upon infusion.

2.4.4. Health benefits of exercise, the effect of physical inactivity and
development of disease
Regular exercise creates a beneficial environment within the body which has numerous
well-documented health benefits. These include: a lowering of high blood pressure, increased energy
expenditure, skeletal muscle glucose uptake and sensitivity towards insulin, as well as a reduction in
the accumulation of WAT, body mass and plasma triglycerides. Exercise can also reduce low-density
lipoproteins while increasing high-density lipoproteins, thus improving the blood lipid profile, and
can also create an anti-inflammatory environment within the body (Wood et al., 1991; Goodyear,
1998; Short et al., 2003; Shah et al., 2009; Gleeson et al., 2011). Through these actions exercise
reduces the risk of developing chronic lifestyle related diseases, such as CVD, T2DM and types of
cancer, such as colon and breast cancer (Friedenreich and Orenstein, 2002; Bassuk and Manson,
2005; McNally et al., 2015). In this regard, exercise could therefore be classed as a form of medicine.
Conversely, physical inactivity can greatly contribute to the development of these diseases. Physical
inactivity can lead to increased development of WAT and in turn adverse metabolic events. Adipose
tissue is a source of pro-inflammatory mediators which in turn aids the development of CLGI. With
CLGI there is a loss of control of the tightly regulated inflammatory process associated with normal
healing. Normal wound healing is characterised by a tightly orchestrated series of biological and
molecular events, and is comprised of four linear overlapping phases of coagulation, inflammation,
migration-proliferation and remodelling (Falanga, 2005). With CLGI there is a consistent 2- to 4-fold
elevation in levels of pro-inflammatory molecules within the systemic circulation compared to that
of healthy individuals (Appendix B) (Calder et al., 2011; Nimmo et al., 2013). The
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microenvironment created by this pathological inflammation is associated with an increased risk of
T2DM, obesity, metabolic syndrome and CVD development (Calder et al., 2011; Nimmo et al.,
2013). Furthermore, this altered inflammatory milieu associated with obesity and T2DM, and
subsequently CLGI, has the potential to negatively disrupt the strict inflammatory process required
for normal wound healing which can lead to further complications associated with these diseases
(Pence and Woods, 2014; De Heredia et al., 2012).
For example, patients with T2DM can develop chronic non-healing diabetic foot ulcers, among other
associated health problems due to an impaired healing process. These chronic non-healing wounds
do not follow the linear progression of events that normal acute wound healing does; it is instead
characterised by impaired neutrophil and macrophage debridement and growth factor secretion, and
defects in leukocyte chemotaxis, among other events (Falanga, 2005; Guo and DiPietro, 2010).
Obese individuals also face chronic wound and ulcer complications due to hypoperfusion and
ischemia. These chronic wounds occur in part due to the dysregulated cellular functions associated
with CLGI (Guo and DiPietro, 2010). Due the role that MSCs play in tissue repair, either through
differentiation, immunomodulation or paracrine activities, and their interaction with the immune
system during the healing process, the cellular dysfunction arising from these diseases also has the
ability to impair MSC function. Research suggests that CLGI may deregulate MSC lineage
commitment by forcing MSCs down an adipocyte lineage (Ilich et al., 2014), while in obese mice
mesenchymal precursors have been found to preferentially migrate to adipose tissue, either from
other tissues such as skeletal muscle or following systemic administration, whereby they then
underwent adipogenic differentiation (Gálvez et al., 2009). There is the possibility that the higher
pro-inflammatory cytokine release, as a result of T2DM, causes a constant mobilization of
BM-MSCs thereby depleting the pool of MSCs and contributing to impaired tissue regeneration
(Kornicka et al., 2018). Further supporting the dysfunction of T2DM are the findings of Ribot et al.
(2017). In diabetic fatty rats, they reported that pro-angiogenic genes were overexpressed while
anti-angiogenic genes were downregulated compared to controls. However, these changes were not
reflected in the released protein levels in the conditioned media. Furthermore, endothelial progenitor
cell (EPC) function has been found to be impaired due to systemic inflammation (Lin et al., 2013),
and given the combined action of both EPCs and MSCs in cutaneous healing, it could be inferred
that MSC function may also be affected in this process. While not a direct effect of CLGI, MI which
arises from CVD, causes the loss of cardiac tissue and subsequently heart failure due to
cardiomyocytes not being able to regenerate (Li et al., 2009). These reports suggest that the
microenvironment arising from these diseases, of which physical inactivity is major contributing
factor in their development, may contribute to the development of MSC dysfunction and alter their
characteristics which in turn has the potential to contribute to the impaired healing associated with
these diseases.
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Despite these health benefits of exercise and its action as a primary prevention mechanism against
the development of chronic diseases, as well as a secondary prevention mechanism through its ability
to alleviate and reverse symptoms of developed diseases (Warburton et al., 2006), many of the UK
population do not meet the recommended physical activity levels. The UK current physical activity
statistics indicate adherence to these guidelines is varied (Table 2.3) and this declines further with
increasing age (British Heart Foundation, 2015). The trends identified by such statistics present
significant concern since physical activity is low cost and has the ability to provide many health
benefits, lessening the need for costly medical interventions.
Table 2.3: Adult physical activity levels in England and Scotland.

England*
(2017) (%)

Scotland#
(2016) (%)

Men

Women

Men

Women

Meeting PA Guidelines

66

58

69

59

Inactive
Very Low PA

21

25
21

23

PA: physical activity; *19+ yrs, (UK Government, 2018b); #16+ yr, (Scottish Government, 2018).

2.4.5. Exercise and stem cells
A body of research suggests that exercise, a non-pharmacological stimulus, has the potential to utilise
stem cell regenerative properties and potentially aid healing by inducing stem cell proliferation,
movement into the peripheral circulation and migration (Möbius-Winkler et al., 2009; Bonsignore et
al., 2010; Schmidt et al. 2009; Marędziak et al. 2015; Fiuza-Luces et al., 2013).
Circulating progenitor cells
The majority of the research that has been conducted in this area has investigated the response of
circulating progenitor cells (CPC) and their subsets, including haematopoietic progenitor cells
(HPC), HSC and EPC in response to an exercise stimulus (Rehman et al., 2004; Thijssen et al., 2006;
Möbius-Winkler et al., 2009; Bonsignore et al., 2010; Niemiro et al., 2017; Niemiro et al., 2018;
Ribeiro et al., 2017; Baker et al., 2017; Agha et al., 2018) (Table 2.4). Collectively, both human and
murine studies demonstrate that CPC (Möbius-Winkler et al., 2009; Niemiro et al., 2017; Niemiro
et al., 2018), HSC (Thijssen et al., 2006; Agha et al., 2018; Baker et al., 2017; Niemiro et al., 2017)
and EPC (Rehman et al., 2004; Möbius-Winkler et al., 2009; Bonsignore et al., 2010; Ribeiro et al.,
2017) populations are mobilised into the circulation following exercise, but this is not universal. HSC
(Niemiro et al., 2018), HPC (Bonsignore et al., 2010) and EPC (Thijssen et al., 2006; Niemiro et al.,
2017; Niemiro et al., 2018) counts have been reported to not be altered following a bout of exercise.
These varied responses are thought to relate to the exercise intensity and mode, with high intensity
aerobic exercise and resistance exercise found to better mobilise cell populations compared to
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moderate intensity exercise. The mobilisation of these cells has been correlated with chemokines and
growth factors present within the peripheral circulation that are known to be involved in cell
mobilisation (Mobius-Winkler et al., 2009; Ribeiro et al., 2017), however results rarely demonstrate
a correlation between the two parameters (Thijssen et al., 2006; Möbius-Winkler et al., 2009;
Niemiro et al., 2017; Niemiro et al., 2018). Moreover, where these results do complement each other,
it does not imply a direct cause and effect relationship since the mechanisms for their mobilisation
have yet to be identified. Recently, Emmons et al. (2016), reported that haematopoietic stem and
progenitor cells were not mobilised by such factors within the peripheral circulation, this was
performed by the MSC secretome within the bone marrow niche. In comparison to this knowledge
obtained regarding the effect of exercise on these stem and progenitor cell populations, the body of
research into the MSC response to exercise is more limited.
Muscle resident stromal cells
Studies have been conducted into the response of mesenchymal-like stem cells, which are
predominantly pericytes, to exercise and their contribution to fibre repair following injury. These
cells accumulate in the skeletal muscle following eccentric1 exercise, assisted by α7-integrin, which
indirectly stimulated the of formation of new fibres (Valero et al., 2012), as well as supported an
increase in CD31+ vessel quantity (Huntsman et al., 2013). Zou et al. (2015) further developed this
line of research and showed that muscle resident stromal cells isolated from α7-integrin transgenic
mouse muscle had the ability to augment adaptations in response to an eccentric exercise training
stimulus through changes in satellite cell quantity, myofiber growth and function (Table 2.5).
Mesenchymal stem cell response to exercise in human participants
BM-MSCs are widely used for tissue engineering and therapeutic applications; therefore, the impact
of an exercise stimulus on their behaviour and characteristics warrants attention. However,
conducting this research in a human population is difficult, and subsequently, limited information is
available within this area of research. MSCs within the peripheral circulation are derived from the
bone marrow and adipose tissue (Niemiro et al., 2018) and subsequently provide a source from which
to investigate the MSC response to exercise in humans. They are more accessible than those present
within the bone marrow and adipose tissue, and studies investigating the MSC response to an exercise
stimulus in humans using this MSC population have conducted this research through the
quantification of MSC counts within the peripheral circulation at rest and after exercise. However,
this method only provides MSC quantification; it does not enable information to be obtained

1

An eccentric muscle contraction arises when the muscle lengthens while contracting. Examples of such
movements include running downhill and the lowering of the arm during a bicep curl.
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regarding the impact of exercise upon their characteristics or fate. Murine studies circumvent this
limitation in human studies, but these have their own inherent limitations.
In contrast to CPCs and their subpopulation mobilisation into the circulation following a bout of
exercise, in human studies MSCs have exhibited a more varied response and were either not altered
(Lucia et al., 2009; Niemiro et al., 2017; Niemiro et al., 2018), numerically decreased (Marycz et
al., 2015) or increased (Ramirez et al., 2006; Lucia et al., 2009) in the peripheral circulation as a
result of exercise (Table 2.4). This highlights that the MSC response to exercise, when determined
through the quantification of MSCs in the peripheral circulation, differs to that of CPC
subpopulations. These varied MSC results may be attributed to a number of factors, including: the
absence of control over the exercise stimulus, the exercise intensity prescription, the timing of
post-exercise venous blood samples, MSC surface markers used, and the population studied.
The prescription of exercise has varied between an endurance competition over 21 km and 25 km
(Ramirez et al., 2006; and Niemiro et al., 2018, respectively), a training session (Lucia et al., 2009;
Marycz et al., 2015), a percentage of the individuals’ V̇ O2max (Niemiro et al., 2017), or a maximal
exercise test (Lucia et al., 2009). Exercise intensity is thought to be one of the factors dictating
whether CPCs are mobilised into the peripheral circulation following an exercise stimulus, with a
higher intensity more likely to mobilise CPCs compared a moderate intensity stimulus
(Bonsignore et al., 2010). Furthermore, CPC subsets display different time courses following
exercise, demonstrating that the post-exercise venous blood sample timing can influence the data
obtained. The exercise intensity and post-exercise venous blood sample collection timing may greatly
influence the MSC response found; it is therefore important to tightly control this stimulus and aspect
of the study design. Control over the exercise stimulus was not possible during endurance races or
training sessions, which could explain the varied results obtained in these studies. Although exercise
was prescribed at a percentage of participants’ individual V̇ O2max , participants may not have
exercised at similar intensities, with some potentially in the moderate and some in the heavy intensity
domain due to the variability of where each individuals’ LT lies as a percentage of their V̇ O2max .
Further adding to this variation, the time course for MSC mobilisation into the circulation following
an exercise stimulus has not been investigated and, in reported studies, post-exercise venous samples
have only been taken at a maximum of 2 hrs post-exercise (Marycz et al., 2015; Niemiro et al., 2018;
Ramirez et al., 2006; Lucia et al., 2009; Niemiro et al., 2017), therefore these blood sample collection
times may not reflect the time points at which MSCs respond to the exercise stimulus. Future studies
investigating the MSC counts in the peripheral circulation following a controlled exercise stimulus
which ensured that participants were exposed to a similar physiological stress, as well as obtaining
venous blood samples at regular intervals in the 24 hrs following exercise, would further the
knowledge within this area.
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The influence of exercise intensity on the MSC response is further highlighted in the study by Lucia
et al. (2009) who reported that MSCs were mobilised in response to a maximal exercise test and not
in response to training. However, this was a population of cardiac patients so the maximal exercise
test would not have achieved the same intensity as that of a healthy population. This is supported by
the greater MSC mobilisation in response to chronic skeletal muscle injury in patients with
McArdle’s disease compared to an acute injury induced by exercise (Ramirez et al., 2006). In
contrast, MSC mobilisation which did not generate any difference post-exercise, or even decreased
post-exercise, was found in healthy populations (Marycz et al., 2015, Niemiro et al., 2017, Niemiro
et al., 2018). The mechanisms involved in the MSC mobilisation are not well understood but this
suggests that unless a degree of tissue damage occurs, whether it is pathological or exercise-induced,
the MSC response to exercise may be different and occur within a different time frame post-exercise.
Other factors that may potentially affect MSC mobilisation, which requires further research, include
exercise-induced inflammation and chemoattractant factors.
An important consideration for the results of these studies is related to the markers used for MSC
identification. Niemiro et al. (2017) and Niemiro et al. (2018) used markers defined by the ISCT, as
well as CD31+ to eliminate endothelial cells. However, Marycz et al. (2015) applied CD51+, which
is an adhesion marker; this may have contributed to the reported decrease in MSCs within the
circulation since adhesion markers are likely to be downregulated with mobilisation into the
circulation. Ramirez et al. (2006) and Lucia et al. (2009) applied three markers of which only one,
CD45-, was defined by the ISCT; the other two markers used were CD13+ and CD29+, which do not
identify MSCs according to the ISCT (Dominici et al., 2006). The use of these markers would have
greatly influenced the results reported in these studies. Consequently, analysing such counts using
this variety of surface markers may continue to produce varied results until techniques improve, or
until concerted research efforts are made to co-ordinate which MSC markers are used between
studies to enable conclusions to be drawn from a larger cohort of data.
Mesenchymal stem cell response to exercise in murine and in vitro models
To further elucidate the MSC response to exercise, murine and in vitro studies enable a more in-depth
analysis to be performed (Table 2.5). These models have demonstrated that the osteogenic potential
was greater in BM-MSCs than AT-MSCs, and adipogenic potential was greater in AT-MSCs than
BM-MSCs, which highlights the influence of the MSC source on their differentiation capacity (Liu et
al., 2017). Furthermore, Liu et al. (2017) reported that BM-MSC osteogenic potential was greater in
response to exercise compared to sedentary controls, while adipogenic differentiation ability in
AT-MSCs was reduced by exercise. These findings of exercise promoting BM-MSC osteogenic
differentiation compared to sedentary counterparts are reported elsewhere in literature (Ocarino et
al., 2008; Hell et al., 2012; Marędziak et al. 2015). These studies provide important data on MSC
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differentiation potential following exercise. However, MSCs are isolated and subjected to
differentiation media; they do not demonstrate the direct effect of exercise upon MSC differentiation.
The results obtained from Marędziak et al. (2015) provide some information in this area. Having
analysed BM-MSCs directly from the bone cavity, they found larger fat droplet deposits and 55%
more adipocytes in the sedentary group compared to the exercise group. This was supported by a
lower adipogenic potential of BM-MSCs and a thicker bone wall within the exercising group.
Supporting this concept of exercise promoting BM-MSC osteogenic differentiation, hind limb
unloading, a non-exercise stimulus, of rats has been found to decrease osteogenic potential while
promoting adipogenic potential (Pan et al., 2008). MSCs also have the ability to differentiate down
a chondrogenic lineage, and when exercise was combined with MSC therapy at the correct time
point, it too promoted better healing than just MSC administration alone (Song et al., 2014).
As well as MSC differentiation, MSC proliferation is also essential for therapeutic treatments, and
exercise has also been found to better promote the proliferative capacity of MSCs compared to
sedentary counterparts (Marędziak et al., 2015; Liu et al., 2017). Emmons et al. (2016) found that a
higher percentage of MSCs within the bone marrow positively expressed markers for proliferation,
but the total number of MSCs post-exercise was not altered, which could perhaps be attributed to
measurements being taken only 48 hrs post-exercise. The data obtained from these murine studies
supports the use of exercise in promoting MSC proliferation and osteogenic differentiation, however,
the inconsistent use of surface markers for MSC identification between studies has to be taken into
account.
Although an in vitro model, Schmidt et al. (2009) investigated the proliferation and migration of
MSCs in response to human serum obtained before and after exercise. No difference in MSC
proliferation was found but MSC migration following exposure to post-exercise serum was
increased, which was attributed to a significant increase in cytokines present within the serum, and
in particular IL-6. However, no correlation was performed between MSC migration and cytokine
concentration. Furthermore, little information was provided regarding the control of the exercise
stimulus, no information was reported regarding the markers used for MSC identification and MSCs
were expanded in FBS prior to initiating the experiment.
Non-exercise in vitro models may provide some insight into the MSC response to factors generated
by exercise. Gharibi and Hughes (2012) and Pricola et al. (2009) supplemented MSCs in vitro with
a number of cytokines and growth factors; most notably with 10 ng·mL-1 of PDGF-BB, FGF-2 and
IL-6. Both PDGF-BB and FGF-2 were found to promote MSC proliferation compared to control
cultures. Compared to the control conditions, the supplementation of undifferentiated MSCs with
FGF-2 promoted the expression of both runt-related transcription factor 2 (RUNX2) and peroxisome
proliferator-activated receptor γ (PPARγ), but the expression of alkaline phosphatase was reduced,
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while PDGF-BB had little osteogenic effect but promoted the expression of PPARγ (Gharibi and
Hughes, 2012). Gharibi and Hughes (2012) found that IL-6 had no impact upon MSC proliferation,
or osteogenic and adipogenic differentiation, which was in stark contrast to the data obtained by
Pricola et al. (2009) who administered IL-6 at the same concentration but reported that it enhanced
MSC proliferation and inhibited adipogenic differentiation. Given that these three factors are altered
by exercise, their change in concentration as a result of an exercise stimulus has the potential to
impact upon MSCs. These findings by Pricola et al. (2009) and Gharibi and Hughes (2012), while
informative, cannot be extrapolated to an in vivo environment because the concentrations that were
used does not reflect those present within the human body (Khan, 2012). Furthermore, within the
body, a cocktail of growth factors and chemokines are present so the isolation and analysis of MSCs
towards one does not provide a genuine in vivo representation of the MSC response.
Combined exercise and MSC administration treatment
Due to the known health benefits of exercise and the adaptations it can generate, exercise has been
combined with MSC administration to ascertain whether it better promotes healing and can be used
as an adjuvant therapy alongside MSCs. Despite the premise that combined effects of exercise and
MSC administration may be beneficial, it has not been found to promote healing above the individual
effects of exercise and MSC administration in treating a transected nerve (Wang et al., 2010), or MI
(Lavorato et al., 2016). In a different study design where cardiomyocytes were cultured with
conditioned media obtained from MSCs exposed to plasma, obtained post-exercise or from a
sedentary murine population, the factors secreted by the MSCs did not improve the cardiomyocyte
survival (Arisi et al., 2017). In contrast to these studies, exercise was found to enhance the
therapeutic effects of MSCs through improved neurological function and inhibition of apoptosis
(Zhang et al., 2015), as well as an improved functional outcome in a rat model of cerebral artery
occlusion (Sasaki et al., 2016) and cartilage defects (Song et al., 2014).
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Table 2.4: A summary of literature that has investigated the response of circulating progenitor cells and mesenchymal stem cells to an exercise stimulus in human participants.
Stem Cell
Reference

Population

Stem Cell
Source

Exercise Protocol and Sample
Collection

Population
HPC
EPC

9 healthy male
amateur runners

Venous blood

Marathon. Pre-exercise sample: 2-3 d
before exercise. Post-exercise sample: 8
min and 18-20 hrs
CAC

Bonsignore et al.
(2010)

HPC
EPC
8 healthy male
amateur runners

Venous blood

1500m. Pre-exercise sample: 20 min before
exercise. Post-exercise sample: 3-5 min
CAC

Cell Surface Markers
CD34+
CD133+
CD34+/KDR+
CD133+/VE-Cadherin+
Adherent cells postivie for Ulex
Europaeus agglutinin-I and DiIaetylated LDL
CD34+
CD133+
CD34+/KDR+
CD133+/VE-Cadherin+
Adherent cells postivie for Ulex
Europaeus agglutinin-I and DiIaetylated LDL

CD34+

Plasma/Serum Growth Factors, Cytokines and Chemokines
Response
↔
↔
2-fold ↑
2-fold ↑

Wöbius-Winkler et
al. (2009)

Eighteen healthy
male non-smokers
who exercised
reguarly

Venous blood

4hr cycle at 70% IAT. Pre-exercise sample:
CD34+/KDR+
EPC
just before; During exercise sample: 5, 10,
CD133+/KDR+
15, 30, 60, 90, 120, 150, 180, 210, 240 min;
Post-exercise sample: 30, 60 120, 1440 min
Mature Endothelial
CD146+
Cells
EPC
HPC

Rehman et al.
(2004)

Baker et al. (2017)

Twenty-two
patients

Eleven healthy
young men

Venous blood

Venous blood

Symtpom-limited treadmill or bicycle
exercise test. Pre-exercise sample: just
before exercise. Post-exercise sample: 5 -10
CAC
min

Cycle at 70% of WRpeak until volitional
fatigue, and at 30% of WRpeak that was
work matched to the 70% WRpeak bout.
Pre-exercise sample: just before exercise.
Post-exercise sample: immediately, 10, 30
and 60 min

HSC

CD133+/VE-Cadherin+
CD133/VE-CadherinAdherent cells postivie for Ulex
Europaeus agglutinin-I and DiIaetylated LDL

CD34+

Primitive and
undifferentiated
CD34+/CD38CD34+ population

VEGF-C

Response

IL-6, HGF, SCF,
Ang-1, Ang-2

↑

↑
↑
3-fold ↑
3-fold ↑

VEGF-C
VEGF-A, VEGFD

↔

IL-6, HGF, SCF,
Ang-2

↑

↑

1.9-fold ↑ at 10 min.
Not detectable after 15
min

IL-6

16.5-fold ↑ at 30 min
post-exercise

2.5-fold ↑
5.5-fold ↑ at 240 min
3.5-fold ↑ at 210 min

↑

VEGF

3.1-fold ↑

Correlation

↓
↔
↑ 18 - 20 hr postexercise

↑

CPC
CD133+

Factor
VEGF-A
VEGF-D

Postivie correlation with
CD133+/KDR+. No correlation
between ΔVEGF and
ΔCD34+/KDR+, or, ΔIL-6 and
ΔCD34+/KDR+

↑ at 120 min during exercise
to 120 min post-exercise; at
210 min 5.4-fold ↑ above
baseline
Nearly 4-fold ↑
40% ↑

↑

VEGF
HGF

G-CSF, GM-CSF

3.3% ↑
8.8% ↑

Not detected.

↑ in 70% WRpeak; ↔ in
30% WRpeak; 70%
WRpeak post was 170% ↑
than 30% WRpeak post
88% ↑ in 70% WRpeak; ↔
in 30% WRpeak; 70%
WRpeak post was 106% ↑
than 30% WRpeak post
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Table 2.4 continued.
Stem Cell
Reference

Population

Stem Cell
Source

Exercise Protocol and Sample
Collection

Population

HSC Young Men

Thijssen et al.
(2006)

Twenty-four male
non-smokers, free
from
cardiovascular
disease. 8 were
young and
sedentary with 8
age-matched
endurance trained
controls, and, 8
wrre old and
sedentary

HSC Old Men

Venous blood

Cell Surface Markers

EPC Old Men

Response

CD45+Low/CD34+

Effect of age: Baseline: ↑
compared to old men; Single
exercise bout: ↑ in sedentary
young men. Effect of
training in young men:
Baseline: ↔ between
sedentary and trained; Single
bout of exercise: ↔ between
sedentary and trained

CD45+Low/CD34+

Effect of age: Single
exercise bout: ↑ in sedentary
old men. Effect of training
in old men: Baseline: ↔
following endurance training;
Single exercise bout: ↑
independent of physical
fitness

Young men: A single graded exercise test to
exhaustion. Old men: A graded exercise
test to exhaustion before and after 8 weeks
of endurance training. Pre-exercise sample:
just before the graded exercise test. Postexercise sample: 10 min after graded
exercise test
EPC Young Men

Plasma/Serum Growth Factors, Cytokines and Chemokines

CD34+/VEGF-R2+

Effect of age: Baseline: ↑
compared to old men; Single
exercise bout: ↔ in young
men. Effect of training in
young men: Baseline: ↔
between sedentary and
trained. Single bout of
exercise: ↔ between
sedentary and trained

CD34+/VEGF-R2+

Effect of age: Single
exercise bout: ↔ in old men.
Effect of training in old
men: Baseline: ↓ following
endurance training; Single
exercise bout: ↔ following
endurance training

Factor

Response

Correlation

VEGF

Effect of age: Baseline:
↓ in young men
compared to old men;
Single exercise bout: ↑
young men and ↔ old
men. Effect of training
in young men:
Baseline: ↔ between
sedentary and trained;
Single bout of exercise:
↔ between sedentary
and trained. Effect of
training in old men:
Baseline: ↓ following
endurance training;
Single exercise bout: ↔
following endurance
training

No correlation between VEGF
and execise-indcued increase in
HSC and EPC in young and old
men.
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Table 2.4 continued.
Stem Cell
Reference

Population

38 healthy, premenopausal
women, who did
not participate in
Ribeiro et al. (2017)
regular exercise
and had no histroy
of resistance
training

Lucia et al. (2009)

Eleven male
patients with stable
coronary artery
disease who were
participating in a
cardiac
rehabilitation
programme

Stem Cell
Source

Venous blood

Venous blood

Exercise Protocol and Sample
Collection

Population

Resistance exercise session at 60%, 70%
and 80% of 1 RM. Pre-exercise sample: just
EPC
before exercise. Post-exercise sample:
immediately, 6 hrs, and 24 hrs

Graded stress test (10 W + 10W/min) until
exhaustion, and, training session of acute
exercise bout of 40 - 50 min at 55-90% peak MSC
HR. Pre-exercise sample: just before
exercise; Post-exercise sample: 2 hrs

Cell Surface Markers

CD45dim/CD309+/CD34+

CD45-/CD13+/CD29+

Plasma/Serum Growth Factors, Cytokines and Chemokines
Response

80% 1RM: ↑ circulating
EPCs post-exercise
compared to pre-exercise
and peaked 6hr postexercise. 60% 1RM: ↑
circulating EPCs postexercise compared to preexercise, then declined to
baseline values. 70% 1RM:
↑ circulating EPCs postexercise compared to preexercise, then declined to
baseline values.

Factor

Response

SDF-1α

↔ between any groups,
or over time.

VEGF

80% 1RM and 70%
1RM: ↑ immediately,
6hr and 24hr postexercise compared to
pre-exercise. 60%
1RM: ↑ immediately
post-exercise
compared to preexercise

HIF-1α

Pre-exercise to postexercise changes: ↑
80% 1RM compared to
70% and 60% 1RM

Erythropoietin

Post-exercise: ↑ 80%
1RM and 70% 1RM
immediately, 6hr and
24hr post-exercise
compared to preexercise; 60% 1RM ↑
immediately postexercise compared to
pre-exercise

Correlation

↑ Stress test; ↔ training
session
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Table 2.4 continued.
Stem Cells
Reference

Population

Ramirez et al.
(2006)

Eleven patients (3
female, 8 male
with McArdles
disease, and, 19
healthy volunteers
of which 11
participated in a 21
km running race

Twelve heathy
volunteers, divided
into two groups. 6
sedentary who
were not engaged
Marycz et al. (2015)
in physical
acitivity, and, 6
phyically active
who trained
regularly

8 (5 males, 3
females) elite
Niemiro et al. (2018)
wheelchair racing
athletes

Stem Cell
Source

Venous blood

Venous blood

Venous blood

Exercise Protocol and Sample
Collection

Patients with McArdles disease: resting
venous blood sample collected. 21km
running race: venous blood sample before
and after exercise.

Population

Cell Surface Markers

Plasma/Serum Growth Factors, Cytokines and Chemokines
Response

Factor

Response

Correlation

McArdles disease : ↑
compared to healthy controls.
Post- running race : ↑
compared to pre-race values.

MSC

CD45-/CD13+/D29+

VSELs

Training group: ↑ of both cell
CD45-/Lin-/CD133+ and CD45populations compared to
/Lin-/CD34+
sedentary control.

CD45+/Lin-/CD133+ and
CD45+/Lin-/CD34+

Training group: ↑ of both cell
populations compared to
sedentary control.

CD34+/CD133+/KDR+

Training group: ↑ compared
to sedentary control

MSCs

CD45-/Lin-/CD31-/CD51+

Training group: ↓ compared
to sedentary control

CPC

CD34+

Post-exercise: 5.9-fold ↑
compared to pre-exercise

G-CSF

Only reliably detected in
two participants

HSPC

CD34+/CD45dim

Post-exercise: ↔ compared
to pre-exercise

CXCL12

Post-exercise: 1.36-fold
↑ compared to preexercise

Not correlated to changes in
CPC content

CD34+/CD45dim/CD38-

Post-exercise: ↔ compared
to pre-exercise

Endothelial cell
content

Post-exercise: ↔
compared to preexercise

Not correlated to changes in
CPC content

CD45-/CD34+/CD31-/CD105+

Post-exercise: ↔ compared
to pre-exercise

BM-MSC

CD45-/CD34-/CD31-/CD105+

Post-exercise: ↔ compared
to pre-exercise

EPC

CD45dim/CD34+/VEGFR2+

Post-exercise: ↔ compared
to pre-exercise

HSPCs
Sedentary group: no exercise. Active
group: typical training session running 9 - 10
km at ∼65% of VO2max for 90-120 min.
Blood sample collected 30 min post-exercise
EPCs

Wheelchair 25km road time trial (mean time: HSC
51 min). Pre-exercise sample: 20 min before
exercise; Post-exercise sample: 2 min
AT-MSC
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Table 2.4 continued.
Stem Cells
Reference

Niemiro et al. (2017)

Population

7 physically active
males

Stem Cell
Source

Venous blood

Exercise Protocol and Sample
Collection

Population

Cell Surface Markers

Plasma/Serum Growth Factors, Cytokines and Chemokines
Response

CPC

CD34+

During exercise: 2.7-fold ↑ at
20 min and 2.4-fold ↑ 40 min
compared to pre-exercise
values; ↑ at 20 min compared
to 60 min and 120 min postexercise; ↑ at 40 min
compared to 60 min min postexercise

HSPC

CD34+/CD45dim

During exercise: 2.7-fold ↑ at
20 min compared to 60 min
post-exercise

CD34+/CD45dim/CD38-

During exercise: 2.8-fold ↑ at
20 min compared to 60 min
post-exercise

Run at 70% VO2peak for 60 min on a
motorised treamill. Pre-exercise sample: just HSC
before exercise; During exercise: 20, 40 60
min; Post-exercise sample: 15, 60 and 120
min
AT-MSC

↔ at any time point during or
CD45-/CD34+/CD31-/CD105+ after exercise (rare in
circulation)

BM-MSC

↔ at any time point during or
CD45-/CD34-/CD31-/CD105+ after exercise (rare in
circulation)

EC

CD45-/CD31+ (marker of
vascular damage)

↔ at any time point during or
after exercise. Increase in
EC was positively correlated
with the increase in CPC and
CPC subpopulations

EPC

CD45-/CD34+/CD31+

↔ at any time point during or
after exercise

Factor

Response

SCF

1.3-fold ↑ after 40 min
of exercise and
remained elevated until
60 min post-exercise

CXCL12, SCF

1.5-fold ↑ after 40 min
of exercise and
remained elevated until
15 min post-exercise

Correlation

Peak change in all cell
populations analysed was not
significantly correlated to
changes in CXCL12
concentration at the same time
point during exercise
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Table 2.4 continued.
Stem Cells
Reference

Agha et al. (2018)

Population

Fifteen males and
females who
regularly engaged
with physical
acitivity

Stem Cell
Source

Venous blood

Exercise Protocol and Sample
Collection
30 min steady-state run at +15% of VT
(vigorous). Pre-exercise sample: at rest;
During exercise: 15 min; Post-exercise:
immediately, 1hr, 2hr and 3hr post. 90 min
steady-state run at -5% of VT (moderate).
Pre-exercise sample: at rest; During
exercise: 15 and 60 min; Post-exercise:
immediately, 1hr, 2hr and 3hr

Population

HSC

HSC

Cell Surface Markers

Plasma/Serum Growth Factors, Cytokines and Chemokines
Response

CD34+

Vigorous: ↑ during and
immediately post-exercise
compared to moderate

CD133+

Vigorous: ↑ post-exercise;
Moderate: ↔ postexercise. During exercise: ↔
between vigorous and
moderate

Factor

G-CSF

Response

Vigorous: ↔;
Moderate: ↑ 1hr
during exercise, 1hr,
2hr, 3hr post-exercise
compared to preexercise

Correlation

Mobilisation of CD34+ and
CD133+ was independent of GCSF

VEGF: Vascular endothelial growth factor; IL-6: Interleukin-6; HGF: Hepatocyte growth factor; SCF: Stem cell factor; Ang-1: Angiopoietin 1; Ang-2: Angiopoietin 2; G-CSF: Granulocyte-colony stimulating factor;
GM-CSF: Granulocyte-macrophage colony-stimulating factor; CD: Cluster differentiation; HIF-1α: Hypoxia-inducible factor-1α; SDF-1α: Stromal-cell derived factor-1α; CXCL12: C-X-C motif chemokine 12; VSEL:
Very small embryonic like stem cells; HSPC: Haematopoietic stem and progenitor cell; HPC: Haematopoietic progenitor cell; EPC: Endothelial progenitor cell; CPC: Circulating progenitor cell: HSC: Haematopoietic
stem cell; MSC: Mesenchymal stem cell; AT-MSC: Adipose derived MSC; BM-MSC: Bone marrow MSC; CAC: Circulating angiogenic cells; IAT: Individual anaerobic threshold; RM: Repetition maximum; VT:
Ventilatory threshold; WRpeak: Peak work rate.
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Table 2.5: A summary of literature that has investigated the response of circulating progenitor cells and mesenchymal stem cells to an exercise stimulus in murine and in vitro models.
Stem Cell
Reference

Population

Schmidt et al. (2009) 5 athletes

Maredziack et al.
(2015)

Sedentary and
exercise-trained
4-week-old
C57BL/6 mice

Stem Cell Source

Exercise Protocol and Sample
Collection

Bone marrow

Exercise to exhaustion with a
maximum time of 8 min. Preexercise sample: just before
exercise. Post-exercise sample:
immediately and 1 hr. Serum
fractioned and used to supplement
MSC in vitro

Bone marrow

Sedentary group: no exercise;
Exercise-trained group: 3 d/wk
for 5 wk

Population

MSC

MSC

BM-MSC

Liu et al. (2017)

Twelve 13 - 14
wk old Wistar
rats,
randomised into
a control and
exercise group

Bone marrow and
inguinal fat pad

Cell Surface Markers

No markers provided

Response
Proliferation / Mobilization

Migration

Other

Migration: ↑ postexercise, and, ↑ 1 hr
post-exercise
compared to preexercise

Proliferation ↔

Endurance-trained: ↑ number
of colonies formed by MSC
progenitors, ↑ number of
MSCs isolated after
endurance exercise compared
to the sedentary group

Osteogenic differentiation
endurance-trained: ↑ level of ALP,
OCN, OPN was detected and a
higher percentage of Alizrin Red was
absorbed compared to the sedentary
group. Adipogenic differentiation
sedentary group: Larger deposits of
fat droplets, 55% ↑ number of
adipocytes, ↑ adiopogenesis, and, ↓
bone wall thickness compared to
endurance-trained group

Endurance trained: ↑ in
intensive reaction in CD105+
cell staining compared to the
sedentary group. Sedentary
group: 42% ↑ in calcium and
phosphorous in the bone wall
compared to endurance-trained
group

CD45-/CD11b-/CD79+/CD90+

Exercise-group: ↑ colony
number compared to the
control group at passage 3

Osteogenic differentiation
exercise group: ↑ ALP at passage
3 and 6, and, ↑ OCN at passage 3
compared to the control group;
Osteogenic differentiation
BMSC: ↑ collagenase type 1, OCN,
ALP compared to AT-MSC at either
passage. Adipogenic
differentiation exercise group: ↓
compared to control group at
passsage 3 and 6

Apoptosis: ↔ between BMMSC and AT-MSC in both
exercise and control groups

CD45-/CD11b-/CD79+/CD90+

AT-MSC ↑ CFU-F number
compared to BM-MSCs on
passage 3 and 6. Exercisegroup: ↑ colony number
compared to the control group
at passage 3 and 6

Osteogenic differentiation
exercise group: ↔ for osteogenic
differentiation at either passage
compared to control group.
Adipogenic differentiation ATMSC ↑ ability compared to BMMSCs. Adipogenic differentiation
exercise group: ↓ compared to
control group at passsage 3 and 6

Sca-1+/Lin-/CD45-/CD31CD51+

Control group: No exercise.
Exercise group: 60 min/d running
on a treadmill at a constant speed
of 19.3 m/min and inclination of 5°
for 8 wk

AT-MSC

Differentation
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Table 2.5 continued.
Stem Cell
Reference

Emmons et al.
(2016)

Population

Male and
female
C57BL/6, 14-18
wk old mice
were equally
and randomally
divided into an
exercise and
control group

Stem Cell Source

Venous blood, bone
marrow, spleen

Exercise Protocol and Sample
Collection

Exercise group: Intense acute
exercise previously shown to
induce stress on the bone marrow
compartment, 16 m/min for 30 min
and then 18 m/min for 20 min.
Control group: No exercise.
Venous blood analysed at 15 and
60 min post-exercise. Bone
marrow analysed 48 hr postexercise

Population

Cell Surface Markers

Response
Proliferation / Mobilization

HSPC (venous
blood)

Lin-/Sca-1+/c-Kit+ (LSK)

Exercise: ↑ mobilized 15 min
post-exercise compared to
control group; ↔ between
exercise and control group at
60 min post-exercise

HSPC (spleen)

Lin-/Sca-1+/c-Kit+ (LSK)

Exercise group: ↑ numbers in
spleen 48hr post-exercise
compared to control

HSPC (bone
marrow)

Lin-/Sca-1+/c-Kit-

Exercise group: ↑ proliferation,
and, ↔ percentage total
compared to the control group
48 hr post-exercise

LT-HSC (bone
marrow)

Lin-/Sca-1+/c-Kit/CD150+/CD48-

Exercise group: ↑ proliferation,
and, ↔ percentage total
compared to the control group
48 hr post-exercise

ST-HSC (bone
marrow)

Lin-/Sca-1+/c-Kit-/CD150/CD48-

Exercise group: ↑ proliferation,
and, ↔ percentage total
compared to the control group
48 hr post-exercise

MPPs (bone
marrow)

Lin-/Sca-1+/c-Kit-/CD150/CD48+

Exercise group: ↑ proliferation,
and, ↔ percentage total
compared to the control group
48 hr post-exercise

MSC (bone
marrow)

Lin-/CD45-

MSC (bone
marrow)

Lin-/PDGFRα+

Differentation

Migration

Other

Exercise group skeletal
muscle expression: 35fold ↑ SCF, 28-fold ↑
CXCL12, 17-fold ↑
VEGFa, 31-fold ↑
ANG1 15 min postexercise compared to
control group; ↔
SCF, CXCL12,
VEGFa and ANG1 48
hrs post-exercise
compared to control
group

Exercise group paracrine
secretion:1.89-fold ↑ G-CSF,
1.63-fold ↑ SCF, 1.52-fold ↑ IL2, 1.56-fold ↑ IL-17, 1.35-fold ↑
sTNFRI, 1.26-fold ↑ IL-3, 0.73fold ↑ THPO, 0.73-fold IL-5 ↓,
0.80-fold ↓ INF-γ compared to
control.
Exercise group: ↔ total
number; ↑ proliferation
compared to the control group
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Table 2.5 continued.
Stem Cell
Reference

Hell et al. (2012)

Population

Eighteen female
Wistar rats

Forty, 2-monthold, female
Wistar rats,
ramdomized
Ocarino et al. (2008) into either sham
(control) or
ovariectomized
(to induce
osteopenia)

Stem Cell Source

Exercise Protocol and Sample
Collection

Population

Bone marrow

Differentiated BM-MSC from
young (1 month old) rats;
differentiated BM-MSCs from
sedentary adult rats (6 months
old), and, differentiated BM-MSCs MSC
from active adult rats (6 months
old). Physical activity was
performed on a motor-driven
treadmill 5 d/wk for 3 months

Bone marrow

3 months after ovariectomy, rats
were divided into different
treatments: sham-operated
(control), sedentary osteopenic,
active osteopenic; sham operated
with L-NAME, sedentary
MSC
osteopenic with L-NAME, active
osteopenic with L-NAME.
Physical activity was performed
on a motor-driven treadmill 5 d/wk
for 3 months

VSELs

Cell Surface Markers

CD45-/CD90+/CD73+/CD54+

Proliferation / Mobilization

Age: ↑ proliferation in young
rats at days 14 and 21 in
culture compared to old rats,
independent of physical
acitivity

Differentation

Migration

Other

Age osteogenic differentiation: ↑
number of mineralized nodules, and, ↑
OCN in young donors compared to
adult donors, ALP ↓ in young
compared to old rats; ↓ OCN in adult
compared to young rats. Physical
activity osteogenic differentiation:
↑ number of mineralized nodules and
↑ ALP in active compared to
sedentary adult rats (ALP expression
of active adults was similar to
sedentary young); ↑ OCN in active
adult (this became similar to that of
young donors) compared to
sedentary rats

Osteopenic rats: ↓ osteogenic
differentiation; physical activity ↑
osteogenic differentiation.
Nitric Oxide: Inhibition of nitric
oxide synthase in vivo had a
negative effect upon the osteogenic
potential of MSCs from normal rats
and from osteopenic rats subjected to
physical activity

CD45-/CD90+/CD73+/CD54+

Lin-/Sca-1+/CD45-

Exercise on rotating wheel:
2 × ↑ in numbers compared to
sedentary contol. Endurance
training: ↑ numbers in bone
marrow and peripheral blood

Lin-/Sca-1+CD45+

Exercise on rotating wheel:
↑ compared to sedentary
contol. Endurance training:
↑ in bone marrow and
peripheral blood

Animal exercise trained 3 d/wk for
5 wk corresponding to 70-75%
Ninety 4-weekVenous blood and bone VO2max, or on a controlled
Marycz et al. (2015) old C57BL/6
marrow
rotating wheel for 45 min.
mice
Sedentary mice did not undergo
physical activity
HSPC

Response

↑ in MAC, analysed using C5bC9, a marker for actication of
the complement cascade.
Exercise on rotating wheel:
Increase in VSELs and HSPCs
correlated with MAC.
Endurance training: Increase
in VSELs correlated with
MAC. VSELS and HSPCs did
not correlate with plasma levels
of SDF-1 or VEGF
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Table 2.5 continued.
Response

Stem Cell
Reference

Population

Stem Cell Source

Female, 5 wk
old: wild type,
Gastrocnemius-soleus
α7Tg (MCKValero et al. (2012)
complex
a7BX2), and α7/- (a7-bgal)
mice

Zou et al. (2015)

5 wk old
C57BL6
transgenic mice
SJ6/C57BL6;
MCK:α7BX2;
α7Tg

Gastrocnemius-soleus
complex

Exercise Protocol and Sample
Collection

Population

Cell Surface Markers

Proliferation / Mobilization

Muscle resident
stem cell

Sca-1+/CD45-

Post-exericse: 2.2-fold ↑ in
wild type muscle compared to
wild type mice that did not
exercise; α7 integrin regulated
the presence of Sca-1+, with
those overexpressing α7
integrin (α7Tg) showing a
greater accumulation for Sca1+.

Muscle-derived
MSCs (mMSC),
predominently
pericytes

α7Tg Sca-1+/CD45- fraction in
muscle 24 hr post-exercise: Coexpressed MSC markers CD29,
CD73, CD105, CD90; ↑ than
50% expressed pericyte
markers: CD140b, NG2, CD146,
and CD90.2; ↓ 1% expressed
CD31 or CD34.

24 hr post-exercise: ↑ NG2
expression increased in α7Tg
skeletal muscle compared to
all other groups.

Sca-1+/CD45-

2 wk of eccentric exercise:
2-fold ↑ satellite cell number in
mice transplanted with
mMSCs compared to controls.
4 wk of eccentric exercise :
↑ myofiber cross sectional
area in mice transplanted with
mMSCs compared to
sedentary controls

Single bout of downhill running (20°, 17m/min, 30 min). Bone
marrow analysed 24 hr postexercise

Single exercise bout: Samples
collected 1, 2 and 7 d postexercise. Multiple exercise
bouts: Sample collected 1 d after
the last exercise session.
Sedentary: Samples collected at 5
wk and 4 d. 1 downhill running
bout of -20°, 17m/min, 30 min 1 hr Muscle-derived
before injection of either saline or MSCs (mMSC)
mMSCs. Mice then remained
either sedentary or completed
multiple bouts of eccentric
exercise. Multiple exercise bouts:
3 times/wk for 2 or 4 wk (-20°,
17m/min, 30 min). 24 hr postexercse samples were collected

Differentation

Migration

Other

Differentiated into adipocytes,
chondrocytes and osteogenic cells.

No fusion of mMSCs with
fibres.
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Table 2.5 continued.
Stem Cell
Reference

Huntsman et al.
(2013)

Population

Fifty-five
female, 5 wk
old wild type
and α7Tg mice
(SJL/C57BL6:
MCK-7BX2).

Stem Cell Source

Gastrocnemius-soleus
complex

Exercise Protocol and Sample
Collection

Population

Sedentary: wild type and α7Tg
mice; Single exercise : wild type
and α7Tg mice completed 1
downhill running bout of -20°,
Muscle-derived
17m/min, 60 min; Multiple
MSCs (mMSC)
exercise: wild type and α7Tg
mice completed downhill running 3
times/wk for 4 wk (-20°, 17m/min,
30 min)

Cell Surface Markers

Sca-1+/CD45-

Response
Proliferation / Mobilization

Single exercise : ↑ Sca-1+
cells (proliferation) in α7Tg
muscle compared to wild type
sedentary; Injected mMSC ↑
CD31+ vessels and ↑ NG2+
vessels in muscle that had
previosuly been exposed to
eccentric exercise compared
to controls.

Differentation

Migration

Other

Single and multiple exercise :
↓ capillary density 1 and 7 d
post-exercise in wild type and
α7Tg compared to sedentary
controls; ↑ CD31+ vessels in
α7Tg muscle 7 d post-exercise
compared to sedentary and wild
type muscle. Multiple
exercise: 2.1-fold ↑ CD31+
vessels in wild type and 2.7-fold
↑ CD31+ vessels in α7Tg
muscle compared to sedentary.

OCN: Osteocalcin; OPN: Osteopontin; ALP: Alkaline phosphatase; CD: Cluster differentiation; MSC: Mesenchymal stem cell: BM-MSC: Bone marrow MSC; AT-MSCs: Adipose tissue MSC: HSPC: Haematopoietic
stem and progenitor cell; LT-HSC: Long term haematopoietic stem cell; ST-HSC: Short-term haematopoietic stem cell; MPP: Multipotent progenitor cells; SCF: Stem cell factor; CXCL12: C-X-C motif chemokine 12;
VEGF: Vascular endothelial growth factor; ANG1: Angiopoietin 1; G-CSF: Granulocyte-colony stimulating factor; IL: Interleukin; VSEL: Very small embryonic like stem cells; SDF-1: Stromal-cell derived factor-1;
IFN-γ: Interferon-γ; THPO: thrombopoietin; MAC: Membrane attack complex; mMSC: Muscle derived MSC; α7Tg: α7 integrin transgenic mice; CFU-F: Colony forming units-fibroblast; L-NAME: Nomega-Nitro-Larginine methyl ester; α7Tg: α7 integrin transgenic; Wk: week; d: Day.
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2.5. Summary of knowledge on the impact of an exercise stimulus on
mesenchymal stem cells, and the identification of gaps in knowledge
requiring further research
Exercise clearly has the ability to act upon stem cells, whether this is through promoting their
mobilisation into the peripheral circulation or influencing proliferation or differentiation. The
majority of the research conducted in this area in a human population has focused on the impact of
exercise upon HPCs or EPCs, with limited research focused upon how exercise impacts upon MSCs.
The research that has been conducted on MSCs presents inconsistent and mixed findings but suggests
that MSCs do respond in some capacity to an exercise stimulus. Given that the therapeutic properties
of MSCs can be exploited for tissue engineering and the treatment of injury and disease, furthering
our understanding of the impact of exercise upon MSCs in humans is of great importance.
The research conducted which has quantified MSCs within the peripheral circulation in response to
an exercise stimulus has demonstrated that they are present in extremely low numbers and are
affected by exercise, but in some cases, they are not vastly altered by an exercise stimulus. This
research had to be conducted to generate a foundation of knowledge in this area. However, because
little was known about the MSC response to exercise and the exercise-induced factors associated
with their response, these studies have confounding variables and have not been designed and
conducted in a way that establishes a clear causal relationship. Aside from previous studies exerting
poor control over the exercise stimulus and the MSC surface markers used not fully conforming to
the markers defined by the ISCT, other factors may have contributed to the differences in MSC
response in a human population in some studies. Where MSCs may be mobilised into the circulation
in response to exercise, since the time course of their mobilisation into the circulation is unknown,
post-exercise venous blood samples may not have been taken at an optimal time to detect changes.
Furthermore, the mechanisms, an optimal exercise intensity, duration, and mode for eliciting a MSC
response have not been defined. Beyond this, the fate of MSCs following an exercise stimulus is
unknown; where they may be mobilised into the circulation, it is unknown whether they are recruited
by other tissues and whether exercise influences their function, whether they return to where they
were generated, or undergo apoptosis.
With this large range of factors that have the power to influence the MSC response to exercise, and
their specific influence upon the MSC response to exercise yet to be elucidated, whether it is MSCs
within the peripheral circulation or other locations throughout the body, further in vivo studies may
not yet generate a beneficial body of information. Utilising the control of in vitro techniques to
elucidate the MSC response to exercise may enable a better understanding of their response which
can then be used to guide future in vivo investigations. The avenue through which the MSC response
to exercise is generated can be largely attributed to a combination of exercise-induced mechanical
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loading and biochemical changes. While these do not work in isolation in vivo, analysing the MSC
response to them separately in vitro provides a good understanding of their individual impact upon
MSCs. A body of in vitro and murine studies have been conducted which has investigated the impact
of mechanical loading and whole-body exercise upon MSCs. Conversely, little research has been
conducted on the exercise-induced biochemical and metabolic changes upon MSCs in vitro or
in vivo. Given that exercise generates and alters the composition of a number of metabolites,
chemokines, cytokines and growth factors within the peripheral circulation for which MSCs possess
receptors, and these factors are known to affect MSC characteristics and behaviour, a strong rationale
can be made for these exercise-induced biochemical and metabolic changes to potentially influence
MSCs. Investigating what impact these changes have upon MSCs is an important aspect of research
that needs to be conducted in order to develop a more complete understanding of what impact the
effects of acute and regular exercise have upon MSCs.
BM-MSCs have been well studied and are widely used for tissue engineering and therapeutic
strategies. Due to their multipotency, MSCs have been used to treat bone and cartilage defects such
as osteoarthritis, OI and bone fractures. Approaches for using MSCs to treat these injuries and defects
include the use of scaffolds which act as MSC carriers and templates for bone and cartilage
regeneration (Meng et al., 2015; Frasca et al., 2017). The ability for MSCs to modulate cells of the
immune system has also led to research of their use in the treatment of diseases such as Crohn’s
disease and GVHD (Forbes et al., 2014; Le Blanc et al., 2004). By better understanding how exercise,
and in particular the associated metabolic and biochemical exercise-induced changes, can manipulate
BM-MSC characteristics and behaviour in humans, it may provide vital information for the better
exploitation of BM-MSC therapeutic properties and alleviate some of the issues associated with
current MSC therapy. These may be in the form of the generation of an exercise stimulus that better
enables the endogenous recruitment of MSC into damaged tissue that may not require the need for
ex vivo expansion, thus avoiding the inherent issues associated with this process. Furthermore, by
identifying the time frame in which the MSC response to exercise enables the greatest therapeutic
potential, together this information will enable the development of an approach that utilises an
exercise stimulus for tissue repair and regeneration. This approach for exploiting MSC therapeutic
capabilities may enable the development of treatments that can be used either alone, or in
combination with other therapies, to provide better treatment for injuries and diseases. Furthermore,
where MSC ex vivo expansion is necessary, information on the specific factors required for MSC
recruitment and targeting has the potential to inform better protocols for their ex vivo expansion and
subsequent reinfusion for successful treatment outcomes. Therefore, the impact of metabolic and
biochemical factors present within the peripheral circulation, which are generated and altered by
exercise, upon BM-MSC characteristics was investigated. This was achieved through the
supplementation of hBM-MSC culture media with serum fractioned from human participants.
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2.6.

Hypothesis

The supplementation of standard culture media with human serum, modified by exercise, alters
human bone marrow mesenchymal stem cell characteristics, in vitro. This information can be used
to better inform methods to exploit the therapeutic properties of MSCs.

2.7.

Research questions

Q1. Does serum, containing factors generated and altered by acute exercise at two relative and
distinctly different intensities, affect hBM-MSC characteristics, in vitro, differently compared to
serum obtained at rest?
The exposure of hBM-MSCs to serum obtained from a recreationally active population at pre- and
post-exercise time points can enable hBM-MSC characteristics in response to exercise-induced
metabolic and biochemical changes in the systemic environment to be assessed. Fractioning serum
from human participants’ venous blood sample maintains the physiological relevance of any factors
generated and altered by an exercise stimulus within the peripheral circulation, and the
supplementation of the hBM-MSC culture media with this serum provides a controlled environment
in which to analyse the hBM-MSC response.

Q2. Does serum obtained at rest, containing factors generated and altered through regular
exercise (active individuals) or physical inactivity (more sedentary), affect hBM-MSC
characteristics, in vitro?

Different microenvironments within the peripheral circulation are generated by regular exercise and
physical inactivity. These different microenvironments have the potential to influence hBM-MSC
characteristics. Therefore, exposing hBM-MSCs to culture media supplemented with serum obtained
from these two populations, in vitro, can provide a controlled environment in which to analyse their
response.
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Q3. Does a difference in hBM-MSC rate of protein synthesis and protein export occur following
exposure to commercially available standard culture media and supplements, and standard culture
media supplemented with human serum?
The rate of stem cell protein synthesis varies and remains low when the cell is in a quiescent state
but is increased upon proliferation or differentiation. Analysing the rate of hBM-MSC protein
synthesis in response to commercially available culture media and supplements, and human serum,
can provide information about how these culture conditions alter hBM-MSC behaviour.
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Chapter 3
3.

General methods

General methods
3.1. Overview
This chapter outlines the thesis research approach, the laboratory methods, measurements and
equipment that were common to all experimental chapters. To address the thesis research questions,
both human participant testing and in vitro tissue culture experiments have been conducted;
therefore, details pertaining to these methods are outlined in separate sections within this chapter.
Specific methods for each study are detailed in the relevant experimental chapter.

3.2. Experimental design
Exclusively conducting either in vivo or in vitro experiments to address the outlined research
questions limits the inferences that can be made regarding the impact of an exercise stimulus upon
hBM-MSC characteristics. Due to the low number of hBM-MSCs present within the bone marrow
(Salem and Thiemermann, 2010), and their location, measuring the direct impact which
exercise-induced signals have upon hBM-MSC behaviour in vivo is logistically challenging.
Moreover, other variables influencing hBM-MSC behaviour, that cannot be controlled, are also
present which would confound the results obtained. Conversely, while sole in vitro experiments
enable the direct influence, and the manipulation, of independent variables on hBM-MSC
characteristics in a controlled environment, this approach does not allow hBM-MSCs to be exposed
to physiologically relevant exercise-induced signals. Therefore, to address the research questions, a
combination of in vivo and in vitro studies were performed.
Two human participant trials were conducted with two separate participant populations;
recreationally active and inactive volunteers. To investigate the impact of an acute exercise stimulus
on hBM-MSC characteristics, recreationally active volunteers participated in exercise trials
(ACTIVE) where physiological parameters were measured at rest, and at two exercise intensities of
85% (ACTIVELT85) and 115% (ACTIVELT115) of their predetermined LT, which represented a
moderate and heavy exercise intensity, respectively. To investigate the impact of regular exercise on
hBM-MSC characteristics, physiological measures were obtained from a group of inactive volunteers
who participated in a resting laboratory trial (INACTIVE), and these were compared to the
pre-exercise data obtained from ACTIVE volunteers. Venous blood samples were obtained at
pre-and post-exercise time points from both ACTIVELT115 and ACTIVELT85 trials, and resting venous
blood samples were obtained from INACTIVE volunteers. All whole blood samples were
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subsequently fractioned into serum and then stored. Purchased hBM-MSCs were subsequently grown
in vitro with culture media that was supplemented with ACTIVE and INACTIVE participants’
serum, and hBM-MSC characteristics subsequently analysed (Figure 3.1). Following this, a related,
but not dependant, in vitro hBM-MSC experiment was conducted. hBM-MSC rate of protein
synthesis and export in the presence of culture media with supplements, and serum obtained from a
pre-exercise ACTIVE trial participant was measured (Figure 3.1).
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Blood
Sample

Cycle
85% of Lactate
Threshold

Cycle
115% of Lactate
Threshold

Pre- and Post-Exercise

Recreationally
Active

N/A

First Trial
Pre-Exercise

hBM-MSCs Grown in DMEM+10%FBS until 80% Confluent

Inactive

N/A

-24 hrs

Recreationally Active

3. hBM-MSC Protein Synthesis in vitro

2. Regular Exercise

MSCBM-CD
+SingleQuot

DMEM+
10%FBS

MSCBM-CD

MSCBM-CD+
10%SERUM

0 hr

Exercise

Population

1. Acute Exercise

MSCBM-CD
+SingleQuot

DMEM+
10%FBS

MSCBM-CD

MSCBM-CD+
10%SERUM

in vitro

+[d5]-Phenylalanine

Resting
0 hr

in vitro culture of hBM-MSC with MSCBM-CD+10%SERUM

in vivo

Stop experiment. Precipitate protein and
analyse

+1 hr
+2 hrs

Figure 3.1: Thesis experimental studies. MSCBM-CD: Mesenchymal stem cell basal medium – chemically defined; MSCBM-CD+10%SERUM: MSCBM-CD supplemented with 10% human
serum from ACTIVE and INACTIVE trials; MSCBM-CD+SingleQuot; MSCBM-CD with associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×)
supplemented with 10% heat inactivated foetal bovine serum.
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3.3. Human participant testing
3.3.1. Ethics, health and safety
Tier two ethical approval (application reference number: FREGC/25/14) was obtained from the
University of Brighton Ethics Committee. All laboratory testing was conducted in accordance with
the University of Brighton laboratory standard operating procedures.

3.3.2. Data protection
In accordance with the Data Protection Act 1998, all physiological data and blood samples obtained
during ACTIVE and INACTIVE trials were anonymised and kept confidential. This was achieved
by allocating a unique number to each participant that was then used during the data collection. All
relevant biological material obtained from all investigations reported in this document were stored
in accordance with the Human Tissue Act (2004). Documents that enabled participant identification
were filed separately in a locked cabinet. Used blood samples and their serum fractions were disposed
of as normal clinical waste as per the standard operating procedure.

3.3.3. Participant Recruitment and Criteria
The ACTIVE and INACTIVE trials were advertised widely across the University of Brighton and
the local area through posters, local events, social media, peer acquaintances, email and on the
University department blog. For the ACTIVE and INACTIVE trials, 38 and eight individuals,
respectively, expressed an interest in participating.
Having been informed of the general requirements of either the ACTIVE or INACTIVE trial,
individuals who expressed an interest in volunteering contacted the primary investigator. Prospective
volunteers received further in-depth information about the trial and the risks involved with
participation, as well as an informed consent form (Appendix C-1), a medical health questionnaire
(Appendix C-2), and an International Physical Activity Questionnaire (IPAQ) (IPAQ, 2002)
(Appendix C-3), which they would be asked to complete and sign if they were to participate. For the
INACTIVE trials, where possible, the principal investigator met with the potential volunteer to
outline the INACTIVE study and its requirements in more detail, and answer any questions they had.
This was performed due to this participant population being less familiar with the laboratory tests
compared to the recreationally active population. Once potential volunteers had fully understood the
requirements of the study, their eligibility for the ACTIVE and INACTIVE trials was verified against
the criteria detailed in Table 3.1.
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Table 3.1: ACTIVE and INACTIVE trial participant eligibility criteria.

ACTIVE

INACTIVE

Male

Male

20 - 40

20 - 40

Non-Smoker

Yes

Yes

Injury-free

Yes

Yes

Gender
Age (yrs)

Mode of Exercise

Participated regularly in
cycling or triathlon activities.

Exercise Habit

Met, or completed more than,
the recommended amount of
physical activity per week*.
Obtained a V̇ O2max value
categorised as ‘good’, or above
for their age group#.

N/A
Did not meet physical activity
guidelines*.
Did not purposely engage in
physical activity.

*

UK Government, 2018a; #American College of Sports Medicine, 2008.

It was important that individuals eligible to volunteer for the ACTIVE trial participated regularly in
cycling activities due to this being the mode of exercise utilised, and performed for 60 min, in the
ACTIVE trial. Cycling activities outlined to volunteers to establish whether they were eligible,
included, but were not limited to: regular leisure cycling, participation in cycling or triathlon club
training sessions and/or competitions. It was also required that volunteers either met, or exceeded,
the recommended amount of physical activity outlined by the UK Government (UK Government,
2018a) and had a V̇ O2max value that was categorised as ‘good’ or above for their age group according
to the American College of Sports Medicine (American College of Sports Medicine, 2008)
(Appendix D). Individuals who achieved these criteria were referred to in this thesis as ‘recreationally
active’.

Volunteers eligible to participate in the INACTIVE trials were individuals who did not meet the
recommended amount of physical activity per week as outlined by the UK Government (UK
Government, 2018a). These guidelines had to have not been met for a minimum period of three
months prior to the trial. This timescale was selected because a period of inactivity for three months
or more has been reported to reverse adaptations incurred through training back to pre-training levels
in a sedentary population (Wang et al., 1997; Fatouros et al., 2004; Andersen et al., 2005). A further
eligibility requirement for INACTIVE trial volunteers was that they did not purposefully engage in
physical activity, such as, but not limited to: running, swimming, cycling and game or gym activities.
This stipulation was required because although individuals may have been classed as meeting the
physical activity guidelines through their daily routine and at work, for example through walking,
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this was not regarded as being ‘recreationally active’ since it represented baseline activity in
day-to-day routine rather than purposefully engaging in exercise.
At the first laboratory trial, the trial requirements were reiterated to each participant and the
aforementioned informed consent form, medical health questionnaire and IPAQ were completed and
signed.

3.3.4. Trial standardisation
Six procedures were employed to ensure consistency within, and between, each participant testing
session to eliminate potential confounding variables.
1. To minimise diurnal variation all venous blood samples were obtained at the same time of day.
All venous blood samples from in ACTIVE and INACTIVE trials were obtained between 0915
and 0945 hr.
2. On occasions where more than one laboratory visit was required, where possible each visit was
separated by at least 1 week.
3. Prior to ACTIVE and INACTIVE trials, participants were required to not perform any exercise
in the preceding 24 hrs, or consume any alcohol or caffeine.
4. ACTIVE and INACTIVE volunteers were asked to consume their standard breakfast and this
had to be consumed a minimum of 2 hrs prior to obtaining the venous blood samples.
5. The participant’s diet was not controlled, however, for the ACTIVE trials, participants were
asked to keep a food diary documenting the food and fluid that was consumed 24 hrs before each
blood sample was obtained. This was for their own record so that the diet could be repeated as
close as possible between the two main trials. They were reminded regularly to ensure the diary
was completed.
6. The same items of laboratory equipment were used throughout all investigations, within and
between, participant trials.

3.4. Physiology measurements and laboratory equipment
3.4.1. Phlebotomy and capillary blood samples
3.4.1.1. Venepuncture
Participants adopted a supine position for the venous blood sample collection. A 20 mL sample of
venous blood was collected using a 21G hypodermic needle (BD Microlance, BD, USA) and syringe
(BD Plastipak, BD, USA). For the generation of a full blood count (FBC), 5 mL of whole blood was
dispensed into a 5 mL K3EDTA collection tube (Sarstedt Ltd, UK) and mixed thoroughly by
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inversion. The remaining 15 mL was dispensed into a 15 mL centrifuge tube containing no
anticoagulant for the generation of serum.

3.4.1.2. Whole blood cell count
An automated haematology analyser (XT200i, Sysmex, Japan) was used to generate FBCs for all
venous blood samples. For each use the analyser was left to stabilise for 30 min then a quality control
was performed with specific quality control material (e-CHECK XE, Sysmex, Japan). Upon the
presentation of the 5 mL K3EDTA tube containing a whole blood sample to the needle, approximately
200 µL was aspirated to generate a FBC.
The typical error of the measurement (TEM) for each FBC value generated from the automated
haematology analyser was determined (Table 3.2). Ten male volunteers participated (34 ± 8 yrs;
180.9 ± 4.5 cm; 83.8 ± 16 kg); nine provided one venous blood sample, and one provided two samples
on two separate occasions (n = 11). A 5 mL sample of whole blood was collected and dispensed into
a K3EDTA collection tube. Two consecutive measurements were taken for each sample, as detailed
above. TEM was calculated and expressed as absolute values, and as a coefficient of variation (CV)
through a percentage of the mean, according to Equation 3.1 and Equation 3.2, respectively (Hopkins,
2000).

TEM =

SDdiff
√2

Equation 3.1

Where:
SDdiff

= standard deviation of the difference between measure 1 and measure 2.

√2

= square root of 2.

TEM (%) =

TEM
× 100
Mean

Equation 3.2

Where:
TEM

= calculated absolute typical error of measurement from Equation 3.1.

Mean

= grand mean of all the samples.
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Table 3.2: Typical error of measurement for FBC values obtained from the automated haematology analyser.

Haematological Parameter

TEM

TEM (%)

0.124

2

0.0848

2

Haemoglobin (g·dL )

0.54

3

Haematocrit (%)

0.79

2

4.92

2

0.125

4

0.0607

3

0.0487

10

9

-1

Leukocyte (10 ·L )
12

-1

Red Blood Cell (10 ·L )
-1

9

-1

Platelet (10 ·L )
9

-1

Neutrophils (10 ·L )
9

-1

Lymphocytes (10 ·L )
9

-1

Monocytes (10 ·L )

TEM: Typical error of measurement; FBC: Full blood count.

Due to the length of time between each ACTIVE participants’ two exercise trials, the CV for FBC
values was determined (Table 3.3). On three separate occasions, four male participants (182 ± 7 cm,
75.2 ± 14.1 kg, 29 ± 9 yrs) provided three resting venous blood samples at least one week apart
within a five-week period, with each participants’ sample taken at the same time of day between
samples. Briefly, 5 mL of whole blood was dispensed into a K3EDTA collection tube and FBCs were
generated as detailed above. CV was calculated according to Equation 3.3.

CV =

SD
× 100
Mean

Equation 3.3

Where:
SD

= standard deviation of the measurement.

Mean

= mean value of the data obtained.

Table 3.3: Coefficient of variation for FBC values.

Haematological Parameter

CV (%)

Leukocyte

10

Red Blood Cell

2

Haemoglobin

3

Haematocrit

2

Platelet

5

Neutrophils

15

Lymphocytes

9

Monocytes

12

CV: Coefficient of variation; FBC: Full blood count.
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3.4.1.3. Serum
For the generation of serum, 15 mL of whole blood was aliquoted into a 15 mL soda lime glass
centrifuge tube (ThermoFisher Scientific, USA) and left to clot at room temperature for ~40 min,
then centrifuged at 4°C, 2000g for 15 min (Bieback et al., 2008). The serum was aspirated and stored
at -80°C until further analysis.

3.4.1.4. Blood lactate and blood glucose concentration
[La]B and blood glucose concentration ([Glu]B) was determined through arterialised capillary blood
samples. The fingertip was cleaned using an alcohol wipe, air dried and then punctured using a lancet
(Accu-Chek Safe-T-Pro Plus Single use Lancet, Roche Diabetes Care Inc., USA). The first drop of
blood was discarded to prevent sample contamination or erythrolysis. Approximately 30 μL of
capillary blood was collected into a heparin fluoride microvette (Sarstedt Ltd., UK). Samples were
analysed using an automated glucose and lactate analyser (YSI 2300 Stat Plus, YSI Inc., USA) for
[La]B and [Glu]B values throughout the ACTIVELT115 and ACTIVELT85 trials. The system performed
an automatic calibration prior to each testing session, and 25 min thereafter, until the session was
completed.
The TEM for [La]B and [Glu]B values obtained from the automated glucose and lactate analyser were
calculated according to Equation 3.1 and Equation 3.2 (Table 3.4). Briefly, resting capillary blood
samples were obtained from eight participants (4 male and 4 female; 26.5 ± 3.3 yrs; 171.2 ± 8.8 cm;
66.7 ± 9.4 kg), with two consecutive measurements performed for each sample, as detailed above.
Table 3.4: Typical error of measurement values for [La]B and [Glu]B measurements.

Metabolite

TEM

TEM %

[La]B (mmol·L )

0.10

12

-1

0.36

9

-1

[Glu]B (mmol·L )

TEM: Typical error of measurement.

3.4.2. Anthropometric measurements
Height was determined using Physician Scales (Detecto Scale, USA) and rounded to the nearest
0.5 cm. Body composition was determined using air displacement plethysmography (BodPod
2000A, COSMED, Italy; software version 2.30), and body mass determined using the associated
BodPod electronic scales (Model BWB-627-A [modified by Life Measurement Instruments], Tanita
Corporation, Japan). Prior to use, equipment was left to stabilise for 30 min, after which both systems
underwent a two-point calibration according to the manufacturer’s instructions. Prior to conducting
each body composition measurement, the procedure was fully explained to the participant. They
emptied their bladder, changed into swimwear, removed jewellery and wore a swim cap. Lung
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volume was predicted by the software based on the participant characteristics entered. Body fat
percentage and lean weight were determined using the Siri 2-comparment model formula.

3.4.3. Cardiovascular measurements
3.4.3.1. Heart rate
HR was recorded continuously using a well-fitted chest strap and wrist watch (Polar F1, Polar Electro
Oy, Finland) through short-range telemetry.

3.4.3.2. Resting blood pressure
Having rested for 10 min, an automated sphygmomanometer (Omron M6, Omron Corporation,
Japan) was fitted and aligned along the brachial artery of the upper left arm, which was supported at
chest height, and the inflation pressure set to 180 mmHg. The automated sphygmomanometer
inflated the cuff and the systolic blood pressure (SBP) and diastolic blood pressure (DBP) recorded.
Mean arterial pressure (MAP) was calculated according to Equation 3.4.

MAP =

SBP + (2 × DBP)
3

Equation 3.4

Where:
SBP

= systolic blood pressure.

DBP

= diastolic blood pressure.

3.4.3.3. Metabolic gas analysis
Expired metabolic gas was measured via breath-by-breath analysis using an online system (Quark
CPET, COSMED, Italy) in all preliminary exercise, ACTIVELT115 and ACTIVELT85 testing
procedures. Online equipment was left to stabilise for 30 min prior to calibration at every use. A
three-point calibration was performed; the online system was corrected for ambient air and a gas of
known concentration (15.98% O2 and 5.02% CO2, respectively), barometric pressure and
temperature, and volume using a 3 L syringe (Hans Rudolph Inc., USA). Face masks were sized for
comfort and the quality of seal prior to use to minimise mixing with ambient air. Expired metabolic
gas and software outputs of interest included: volume of oxygen consumption per minute (V̇ O2 ),
volume of carbon dioxide produced per minute (V̇ CO2 ) and the respiratory exchange ratio (RER).
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3.4.4. Perceptual scales and questionnaires
3.4.4.1. Rating of perceived exertion
The Borg scale (Borg, 1998) was used to assess the rate of perceived exertion (RPE) during
ACTIVELT115 and ACTIVELT85 trials to qualify subjective exertion and fatigue. ‘No exertion at all’
was represented by the lowest score of ‘6’ and the highest value of ‘20’ represented ‘maximal
exertion’.

3.4.4.2. International physical activity questionnaire
The IPAQ was used to obtain a self-reported measure of physical activity. This subjective measure
was used to provide further data about ACTIVE and INACTIVE participant characteristics and was
not used to categorise volunteers for ACTIVE or INACTIVE trials. Data processing, analysis and
categorization (Table 3.5) was performed according to the recommended instructions (IPAQ, 2002).
Table 3.5: IPAQ score categorization.

Score

Criteria

Low

Individuals who do not meet the criteria for the ‘Moderate’ or ‘High’ categories.

Moderate

A: Either 3 or more days of vigorous-intensity activity of at least 20 min per day.
B: Or, 5 or more days of moderate-intensity activity and/or walking of at least 30
min per day.
C: Or, 5 or more days of any combination of walking, moderate-intensity or
vigorous intensity activities achieving a minimum total amount of physical
activity of at least 600 MET- min·week-1.

High

A: Either vigorous-intensity activity on at least 3 days achieving a minimum
total physical activity of at least 1500 MET-min·week-1.
B: Or 7 or more days of any combination of walking, moderate-intensity or
vigorous-intensity activities achieving a minimum total physical activity of at
least 3000 MET- min·week-1.

3.4.5. Calculations
The work done for each exercise trial was calculated according to Equation 3.5.

Work Done (KJ) =

Power (W) × Time (s)
1000

Equation 3.5

Where:
Power = Mean power obtained from electromagnetically braked cycle ergometer.
Time

= 60 min exercise trial.
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3.4.6. Environmental conditions
Ambient laboratory temperature, humidity and barometric pressure were all recorded using internal
sensors of the expired metabolic gas online system detailed in §3.4.3.3.

3.5. In vitro procedures, measurements and laboratory equipment
All in vitro tissue culture protocols were conducted in a sterile environment using an aseptic
technique. All media and solutions were stored at 4ºC and warmed to room temperature prior to use.

3.5.1. Cell culture
3.5.1.1. Cell thawing
hBM-MSCs2 (Lonza, Switzerland) were thawed according to manufacturer’s instructions. Briefly
the cell cryovial was sterilised with 70% industrial methylated spirit and thawed at room temperature.
Once thawed the cell suspension was gently removed, added to 5 mL of mesenchymal stem cell basal
medium – chemically defined with glutamine, without phenol red and without antibiotics
(MSCBM-CD) (TheraPEAKTM, Lonza, Switzerland) and centrifuged at 500g for 5 min at room
temperature. Following centrifugation, MSCBM-CD was removed and hBM-MSCs were gently
resuspended using the pipette in 1 mL MSCBM-CD.

3.5.1.2. Cell counting cell viability and seeding
Cell counts were performed to determine the correct volume of cell suspension to seed. A 20 µL
volume of the 1 mL cell suspension (§3.5.1.1) was diluted (1:2) with 20 µL of filtered 0.4% Trypan
Blue (Gibco®, ThermoFisher Scientific, USA) and thoroughly mixed. A 10 µL volume of this 1:2
dilution was loaded onto one counting grid of the haemocytometer (Superior Marienfeld, Germany)
through capillary action. Using a microscope (CETI, Medline Scientific, UK), cells within the four
outer corner counting areas of one grid were counted (Figure 3.2). Cells touching the top and
left-hand-side line of each square within the four counting areas were counted. Any hBM-MSCs
touching the bottom and right-hand-side line of each square within the four counting areas were not
included within that square’s cell count. Nonviable hBM-MSCs were identified as cells where
Trypan Blue had not been expelled from the cell and were excluded from the cell count. The number
of cells counted in the four counting areas were averaged, then multiplied by the dilution factor and
multiplied by ×104 to obtain the number of cells per millilitre.

The use of the term ‘mesenchymal stem cell’, or ‘MSC’, has been used throughout the thesis for this
population of cells used in experiments because their stem cell activity was verified by the commercial supplier
prior to purchasing.
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Equation 3.6 was subsequently used to calculate what volume of the cell suspension was required to
seed the desired cell density.

Volume of Cell Suspension (μL) =

Number of Cells to Seed (104 cells/mL)
Number of Cells in 1 mL Suspension (104 cells/mL)

× 1000

Equation 3.6

The calculated volume of cell suspension was seeded into the desired vessel, along with the volume
of relevant media according to the vessels dimensions, and placed in the incubator (Heraeus
Multifuge 3s, ThermoFisher Scientific, USA) at 37ºC, 5% CO2.
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Transverse Plane

Figure 3.2: Haemocytometer (frontal and transverse planes) counting grid and four counting areas. A: Cover slip mounting support; B: Counting chamber; C: Counting grid; D: Cover slip;
E: 0.1 mm sample depth.
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3.5.1.3. Media change
Where detailed, a media change was performed to replenish nutrients and maintain a correct pH.
Briefly, half of the volume of media present within the vessel was removed and replaced with the
same volume of pre-warmed fresh media. The vessel was then returned to the incubator.

3.5.1.4. Culture media
hBM-MSCs were cultured in different types of media, which have been specified in the relevant
chapters. Briefly, for control culture conditions, two types of media were used: Dulbecco’s Modified
Eagle Medium (1×) (DMEM) containing pyruvate and 4.5g/L D-Glucose, L-Glutamine (Gibco®,
ThermoFisher Scientific, USA) +10% heat inactivated FBS (Gibco®, ThermoFisher Scientific,
USA) (DMEM+10%FBS), and xeno-free serum-free chemically defined media MSCBM-CD with
its associated growth supplement added (MSCBM-CD+SingleQuot). Where hBM-MSCs have been
cultured with human serum, MSCBM-CD basal media was supplemented with 10% human serum
(MSCBM-CD+10%SERUM). Specific variants of MSCBM-CD+10%SERUM and their acronym
are detailed in the relevant chapters.
hBM-MSCs incubated in DMEM+10%FBS and MSCBM-CD+SingleQuot represented the control
culture conditions against which hBM-MSCs cultured in variants of MSCBM-CD+10%SERUM
were compared. DMEM+10%FBS was selected as a control condition because it is commonly used
throughout literature for cell growth in vitro, and FBS represents the gold standard from which to
compare the cellular response to other media supplements (Gottipamula et al., 2013; Hemeda et al.,
2014). Incubating hBM-MSCs in DMEM+10%FBS therefore enabled the hBM-MSC response to be
compared

to

studies

reported

in

literature,

and

also

the

hBM-MSC

response

to

MSCBM-CD+10%SERUM to be compared to a supplement that is regarded as the gold standard.
However, hBM-MSCs incubated in DMEM+10%FBS have the potential to undergo spontaneous
differentiation. Therefore, using this culture condition as the only control from which to compare the
hBM-MSC response to MSCBM-CD+10%SERUM was not sufficient. MSCBM-CD and its
associated SingleQuot growth supplement was therefore also selected. It is a specifically formulated
serum-free and xeno-free media for hBM-MSC in vitro proliferation that maintains BM-MSCs in an
undifferentiated state. hBM-MSCs cultured in this media therefore represented hBM-MSCs that were
in a ‘stem’ state to which the response of hBM-MSCs expanded in MSCBM-CD+10%SERUM could
be compared.

3.5.2. Real-time quantitative polymerase chain reaction (RT-qPCR)
3.5.2.1. Total RNA extraction, concentration and purity
Total ribonucleic acid (RNA) was extracted using the RNeasy® Mini Kit according to the
manufacturer’s protocol (Qiagen, Germany). Briefly, culture media was removed and stored at -80°C
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for further analysis. hBM-MSCs were washed with 0.5 mL phosphate buffered saline (PBS) and
harvested using 0.25% Trypsin EDTA (1×) (Gibco®, ThermoFisher Scientific, USA) then
transferred into a RNase-free 1.5 mL polypropylene centrifuge tube (StarLab International GmbH,
Germany) and centrifuged at 300g for 5 min at room temperature. Pelleted hBM-MSCs were
resuspended in 350 µL of RLT buffer and vortexed for 1 min to lyse, then were mixed with 70%
ethanol at a 1:1 ratio. The lysate was transferred to an RNeasy spin column and centrifuged for 15
seconds (s) at 8100g. 700 µL of buffer RW1 was subsequently added to the spin column and
centrifuged, then 2 × centrifugations with 500 µL RPE buffer were performed. A new collection
tube was used following each centrifugation. RNA was eluted into 30 μL of RNase free H2O and
total RNA concentration and purity quantified spectrophotometrically (NanoDrop™ 2000,
ThermoFisher Scientific, USA). RNA purity was determined according to the 260/280 ratio; RNA
values < 1.8 and > 2.0 (Qiagen, 2018) were not used for RT-qPCR assays.

3.5.2.2. Reverse transcription
First strand complementary deoxyribonucleic acid (cDNA) synthesis was performed using the
QuantiTect® Reverse Transcription Kit (Qiagen, Germany) according to the manufacturer’s
instructions. Briefly, genomic deoxyribonucleic acid (gDNA) was removed from the RNA template
by incubating RNA template with 2 µL of gDNA wipeout buffer (Table 3.6) for 2 min at 42°C
(3Prime Thermal Cycler, Techne, Cole-Parmer, UK).
Table 3.6: Genomic DNA elimination reaction components.

Component
gDNA Wipeout Buffer (7×)
Template RNA

Volume (µL)/Reaction
2
Variable (up to 1 µg)

RNase Free H2O

Variable

Total

14

gDNA: genomic DNA; RNA: ribonucleic acid.

14 µL from this gDNA reaction was subsequently combined with 6 µL of mastermix containing:
Quantiscript® Reverse Transcriptase, Quantiscript RT buffer (5×), and RT primer mix, and
incubated for 15 min at 42°C, then incubated immediately at 95°C for 3 min. cDNA was stored
at -80°C until further analysis. A 1:1 ratio of total RNA converted to cDNA was assumed, therefore
the reported concentration of cDNA template loaded into the RT-qPCR reactions was calculated
from the measured amount of total RNA.

3.5.2.3. Primer design, volume efficiency and linearity
The housekeeping genes (HKGs) selected were glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and β-actin (ACTB), and the selected target genes of interest (GOI) were peroxisome
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proliferator-activated receptor γ (PPARG) and RUNX2. Many other GOI could have been analysed
to generate a greater understanding of the hBM-MSC response. These include: further downstream
adipogenic and osteogenic markers such as FABP4 and osteocalcin, respectively, chondrogenic
differentiation marker SOX9, genes like Nanog and Oct4 which are associated with MSC ‘stemness’,
or those associated with senescence such as P16 and P21 (Gharibi and Hughes, 2012; Köllmer et al.,
2013; Drengk et al., 2008). Additionally, analysis for the positive expression of MSC surface markers
such as CD105 and CD73, and the negative expression of CD45, CD43 and CD14 would have also
provided information regarding the MSC phenotype expression within each culture condition.
Homo sapien RT-qPCR primer sequences spanning exon-exon boundaries for the chosen HKG and
GOI were designed using Ensembl and National Centre for Biology Information (NCBI)
Primer-BLAST according to established criteria (ThermoFisher Scientific, 2018a) (Table 3.7). The
primer pair sequence that was selected for each HKG and GOI was not present on unintended
templates except for variants of the same gene, or if they were, the product length exceeded 1000
base pairs (bp). Primers were purchased from Eurofins Genomics (Eurofins Genomics, Germany).
Table 3.7: Genes and primer sequences for housekeeping genes and genes of interest.

Gene

Gro
up

GAPDH
ID: 2597

HKG

ACTB
ID: 60

HKG

PPARG
ID: 5468

GOI

RUNX2
ID: 860

GOI

Sequence 5’ – 3’

Tm
(°C)

Forward

TGGGTGTGAACCATGAGAAGT

57.9

Reverse

GAGTCCTTCCACGATACCAAAG

60.3

Forward

AAGAGCTACGAGCTGCCTGAC

61.8

Reverse

TAGTTTCGTGGATGCCACAGG

59.8

Forward

TTCTCCAGCATTTCTACTCCACA

58.9

Reverse

GCAGGCTCCACTTTGATTGC

59.4

Forward

AGATTTGTGGGCCGGAGTG

58.8

Reverse

GTTCCCGAGGTCCATCTACTG

61.8

Product
Length (bp)
125
121
125
124

HKG: Housekeeping gene; GOI: Gene of interest; Tm: Primer melting temperature; GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase; ACTB: β-actin; PPARG: Peroxisome proliferator-activated receptor γ; RUNX2: Runt-related transcription factor 2; bp:
base pairs.

Lyophilized forward and reverse primers were briefly centrifuged at 8000g at room temperature and
reconstituted with 10 mM Tris-EDTA (TE) buffer, pH 7.56 (Cold Spring Harbor) to a stock
concentration of 100 µM. A 10 µM working primer stock, containing both the forward and reverse
primer sequences, was subsequently made with TE buffer.
The volume of primer from the 10 µM working stock concentration to be used per reaction was
determined, and RT-qPCR assay efficiency and linearity determined to ensure that the assays were
accurate and reproducible (Taylor et al., 2010). Briefly, total RNA was extracted (§3.5.2.1) from
hBM-MSCs cultured in DMEM+10%FBS. First strand cDNA synthesis was performed with reaction
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volumes scaled up linearly for a maximum concentration of 2 µg (§3.5.2.2). To establish the primer
volume used for each reaction, RT-qPCR reactions were performed in duplicate using 16 ng/µL RNA
and primer volumes of: 0.5 µL, 0.75 µL and 1 µL, per reaction, each with and without (no template
control [NTC]) the presence of cDNA template. These primer volumes were subsequently used to
determine primer efficiency and linearity values. Briefly, using an initial top RNA concentration
43.7 ng/µL, a series of three 1:10 serial dilutions with RNase free H2O was performed. RT-qPCR
reactions were performed in triplicate and primer efficiency was calculated according to Equation
3.7 (Adams, 2007) (Table 3.8). The amplification plot and melt curve peak for each HKG and GOI
primer pair was analysed to provide an indication that a single product had been generated in both
primer concentration determination and primer efficiency reactions.

Efficiency = [10(-1/slope) -1]

Equation 3.7

Table 3.8: RT-qPCR reaction primer volumes.

Primer Volume
(µL)/Reaction

Efficiency (%)

r

r2

GAPDH
ACTB

0.75
1

92
94

0.999
0.999

0.997
0.999

PPARG

1

101

0.995

0.991

RUNX2

0.5

98

0.998

0.996

Gene

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; ACTB: β-actin; PPARG: Peroxisome proliferator-activated
receptor γ; RUNX2: Runt-related transcription factor 2.

To further confirm that a single amplicon had been generated, gel electrophoresis was performed on
GAPDH, ACTB and PPARG primer pairs. A single band was visible for each and these were all
greater than 100 bp. The specificity of the RUNX2 primer was tested using human Saso-2 cells
(osteogenic sarcoma) where a single amplicon was generated.

3.5.2.4. RT-qPCR
Gene expression was determined using the Rotor Gene® SYBR Green® PCR Kit according to the
manufacturer’s instructions (Qiagen, Germany). Briefly, a mastermix containing SYBR Green,
forward and reverse primer mix and RNase free H2O was made according to Table 3.9 for the total
number of reactions to be processed; 24 µL of this was then added to each reaction tube, and 1 µL
of sample template cDNA added to generate a final reaction volume of 25 µL. A NTC negative
control mastermix for each GOI and HKG primer pairs was performed where the cDNA volume was
replaced with 1 µL of RNase free H2O (Table 3.9). Each reaction was performed in triplicate.
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Table 3.9: RT-qPCR reaction components.

Component
SYBR Green
Forward and Reverse Primer
Mix
cDNA
RNase free H2O
Total

Template

NTC

Volume (µL)/Reaction

Volume (µL)/Reaction

12.5
Variable

12.5
Variable

1

0

Variable

Variable

25

25

cDNA: Complementary deoxyribonucleic acid; NTC: No template control. Template: Reaction volume containing sample
cDNA.

Reactions were run and analysed using the Rotor-Gene Q thermocycler and associated software
(Qiagen, Germany; Rotor-Gene Q Series Software v. 7.3.18) according to the following two-step
protocol: initial activation at 95°C for 5 min, denaturation for 5 s at 95°C, then combined annealing
and extension for 10 s at 60°C for 40 cycles. Upon termination of the protocol, a melt curve analysis
was immediately performed. The amplification plot and melt curve peak for each HKG and GOI in
each reaction was analysed to provide an indication that a single product had been generated.
Relative quantification of GOI were determined according to the Pfaffl method (Equation 3.8)
(Pfaffl, 2001). The mean crossing point (CP) from the reactions that were performed in triplicate for
each sample, was calculated. Then, the relative expression ratio of the GOI was calculated based on
the primer efficiency and the mean CP value of the experimental versus the control condition and
expressed in comparison to the HKG. CP refers to instances where the fluorescence rises appreciably
above the background fluorescence for each transcript.
The following terms are used interchangeably throughout this document: HKG or reference gene
both refer to the expression of a gene that does not change in response to the experiment, GOI, target,
or target gene all refer to the gene being investigated for changes in response to the experiment. With
reference to gene expression data, for clarification, the term ‘control’ refers to the control condition
where hBM-MSCs were exposed to either DMEM+10%FBS or MSCBM-CD+SingleQuot in the
experiment, and ‘sample’ refers to the experimental condition where hBM-MSCs were exposed
MSCBM-CD+10%SERUM.
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Ratio =

(Etarget )ΔCPtarget (control - sample)
(Eref )ΔCPref (control - sample)

Equation 3.8

Where:
Etarget

= RT-qPCR efficiency of the target gene transcript.

Eref

= RT-qPCR efficiency of the reference gene transcript.

ΔCPtarget = CP deviation of control – sample of the target gene transcript.
ΔCPref

= CP deviation of control – sample of the reference gene transcript.

Control = Control condition.
Sample = Experimental condition.
CP

= Crossing point.

Since two HKGs were used, the denominator value in Equation 3.8 was calculated separately for
each HKG, then the geometric mean of these two HKG values were calculated. This was then used
as the denominator for Equation 3.8 when calculating the relative expression ratio of the GOI.

3.5.3. Immunocytochemistry
hBM-MSCs were stained with CellTrackerTM Green 5-chloromethylfluorescein diacetate (CMFDA)
(Molecular Probes, ThermoFisher Scientific, USA) and fixed. Briefly CMFDA was thawed to room
temperature and reconstituted in dimethyl sulfoxide to a stock concentration of 1 mM and diluted in
MSCBM-CD to a working concentration of 10 µM (MSCBM-CD+CMFDA). 300 µL of
MSCBM-CD+CMFDA was added to each well and incubated for 25 - 30 min at 37ºC, 5% CO2.
MSCBM-CD+CMFDA was discarded and hBM-MSCs fixed with 3.7% formaldehyde for 2 hrs in
the dark, then washed and stored in 0.5 mL of PBS in the dark at 4°C.
On a separate occasion, hBM-MSCs were permeabilised with 0.5% Tween-20 in PBS for 10 min in
the dark at room temperature and washed 3 × 0.5 mL PBS. Following the blocking of non-specific
binding sites with 1% bovine serum albumin (BSA) for 1 hr at room temperature in the dark,
hBM-MSCs were incubated with PPARγ rabbit monoclonal (1:250) and RUNX2 mouse monoclonal
(10 µg/mL) primary antibodies (Abcam, UK) in 1% BSA for 2 hrs in the dark at room temperature.
The negative control was incubated in 1% BSA for 2 hrs in the dark at room temperature with no
primary antibody. All hBM-MSCs were washed 3 × 0.5 mL PBS and incubated with goat anti-rabbit
PPARγ secondary antibody (1:200) conjugated to Alexa Fluor 647 and goat anti-mouse RUNX2
secondary antibody (1:200) conjugated to Alexa Fluor 555 (Abcam, UK) for 1 hr in the dark at room
temperature. hBM-MSCs were washed in PBS and stored in 0.5 mL of PBS in the dark at 4°C.
hBM-MSC were imaged using confocal laser microscopy (Leica, TCS SP5, Leica Camera AG,
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Germany; software LAS AF 2.7.3.9723) to assess morphology, viability and PPARγ and RUNX2
expression.

3.5.4. hBM-MSC Proliferation
hBM-MSC proliferation was determined through deoxyribonucleic acid (DNA) content. During
RNA extraction, after hBM-MSCs were harvested and transferred into a RNase free 1.5mL
polypropylene centrifuge tube, 12 µL was removed and stored at -80°C. DNA content of hBM-MSCs
from each culture condition was determined using the Quant-iT™ dsDNA high sensitivity assay kit
according to the manufacturer’s instructions (ThermoFisher Scientific, USA). Briefly, Quant-iT™
dsDNA HS reagent was diluted 1:200 with Quant-iT™ dsDNA HS buffer to create a working
solution. In duplicate, known λ DNA standards and samples were added to a black-walled
clear-bottomed 96-well plate and mixed with 200 μL of working solution. Fluorescence was
measured (Synergy™ HT, BioTek, USA) using excitation and emission wavelengths of 485/20 and
528/20, respectively, and a gain value of 75. DNA content was determined from the standard curve
with known concentrations according to the line equation y = mx + c and sample concentrations
corrected for dilutions.

3.6.

Statistical analysis

All data were statistically analysed using IBM® SPSS® Statistics (Version 22 and 24, SPSS Inc.,
USA). Statistical tests pertinent to each dataset are detailed in relevant chapters.

3.6.1. Level of statistical significance
For all statistical tests an α level of statistical significance was set at α = 0.05, providing confidence
that, assuming the null hypothesis was true, it would be rejected incorrectly only 5% of the time;
therefore, controlling for Type 1 error rate.
This statistical level of significance (α = 0.05) was used to describe the probability (p) of getting the
observed data, or more extreme data, assuming the null hypothesis was true. Therefore, when
p ≤ 0.05, it provided 95% confidence that a difference between control or baseline and experimental
conditions occurred and this was unlikely to have arisen by chance, which enabled the null hypothesis
to be rejected. All p values are presented as two-tailed significance values.

3.6.2. Normality of data
Prior to statistical analysis, all data were checked for normal distribution using the Shapiro-Wilks
test. This test analyses whether the data obtained were significantly different from a normally
distributed set of scores with the same mean and standard deviation (Field, 2009). Normally
distributed parametric data (Shapiro-Wilks p > 0.05) were analysed with parametric statistical tests.
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Where data were not normally distributed (Shapiro-Wilks p < 0.05), data were either transformed or
analysed using non-parametric statistical tests. Where transformed data were normally distributed,
these transformed values were used in subsequent parametric tests. The specific transformation
calculations performed are detailed in the relevant chapters. Inherent non-parametric data were
analysed using appropriate non-parametric statistical tests.

3.6.3. Parametric statistical tests
All parametric data are presented as the mean and standard deviation (mean ± SD) unless stated
otherwise.

3.6.3.1. One-sample t-Test
To test the null hypothesis that the mean of the experimental condition was the same as a set criterion,
which represents the control condition value, a one-sample t-Test was performed. hBM-MSC gene
expression analysis generated a ratio, relative to the change in HKG expression, between the control
and experimental conditions (Equation 3.8); 1:1 ratio indicated that no difference occurred between
control and experimental conditions. Therefore, one-sample t-Tests were performed to analyse
whether a difference between the experimental condition occurred against a set criterion value of 1,
which represented the value of the control condition. In other experiments, the control condition
values were adjusted accordingly.

3.6.3.2. Paired and independent samples t-Test
To test for a statistical difference between two group means of one independent variable, a t-Test
was conducted. An Independent Samples t-Test was used to analyse for a statistical difference
between two conditions where two different populations were tested; where the same participants
completed both conditions, a Paired Samples t-Test was conducted.

3.6.3.3. Analysis of variance
An analysis of variance (ANOVA) was performed to analyse whether three or more means were
statistically the same by comparing the amount of systematic variance to the amount of unsystematic
variance in the data (Fields, 2009). The specific type of ANOVA used to analyse data is detailed in
the relevant experimental chapters. Where significant interactions occurred between the variables,
post-hoc analyses were performed to establish where significant difference occurred.

3.6.3.4. Equality of variance and sphericity
For Independent t-Tests, or where the study design generated a between-subjects factor in ANOVA
statistical tests, to determine whether the variance between the groups was equal, the Levene’s Test
for Equality of Variances was performed for all relevant data. Levene’s tests the null hypothesis that
the variances in different groups are equal, therefore equal variance between groups was assumed
69

when Levene’s test was non-significant (p > 0.05). When homogeneity of variance was violated in
Independent t-Tests (p < 0.05), statistical values for ‘equal variances not assumed’ were reported.
Where an independent variable had repeated measurements, Mauchly’s Test of Sphericity was
conducted, which analysed whether the variances of the differences between conditions were equal.
To obtain the sphericity value, at least three conditions were required. However, because only two
conditions occurred within each independent variable in the experimental studies, this value was not
obtained so statistical values for ‘sphericity assumed’ were reported.

3.6.3.5. Post-hoc analysis
Where significant (p ≤ 0.05) interactions occurred, post-hoc analyses were performed using the
Bonferroni correction, controlling for familywise error rate, to determine where significant
differences between two means existed. Bonferroni corrections were used because, although
conservative, it is robust against Type 1 error rate by ensuring it remains below 0.05.

3.6.4. Non-parametric statistical tests
All non-parametric data are presented as a median with and 25th and 75th percentile ranges. To test
for differences between data from two different populations, a Mann-Whitney Test (U) was
conducted; for data obtained from the same population a Wilcoxon Signed-Rank Test (z) was
performed. Non-parametric one sample t-Tests were also conducted for non-normally distributed
data.

3.6.5. Effect sizes
Effect sizes have been reported to express the magnitude of the difference between the data obtained
in a standardised metric; this allow comparisons to be made between data regardless of the units used
to measure the dependent variable and enables the practical importance of the results to be applied
to daily life (Sullivan and Fienn 2012; Lakens, 2013). The effect sizes reported for ANOVA and
t-Tests were based on the Lakens’ review for calculating effect sizes (Lakens, 2013).

3.6.5.1. Parametric data
Partial eta squared
To enable a better comparison of effect sizes between studies, partial eta squared (ƞ2p ) (Equation 3.9)
was reported for all ANOVA statistical tests; this value was generated by SPSS. It expresses the sum
of squares of the effect in relation to the sum of squares of the effect and the sum of the squares of
the error associated with the effect. It can be calculated according to Equation 3.9 (Lakens, 2013).
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ƞ2p =

SSeffect
SSeffect + SSerror

Equation 3.9

Where:
SSeffect = Sum of squares of the effect.
SSerror

= Sum of squares of the error.

Cohen’s d
Cohen’s d (d) is used to describe the standardised mean difference of an effect (Lakens, 2013). It has
been used to calculate the effect sizes for Bonferroni post-hoc analyses, t-Tests with different
equations utilised for between-subjects and within-subjects designs, and one-sample t-Tests. For
these, d has been distinguished using specific subscripts. For the interpretation of d, Cohen (1988)
suggested the following benchmarks of small (d = 0.2), medium (d = 0.5) and large (d = 0.8).
Between-subjects design
For Independent Sample t-Tests and between factors in Bonferroni post-hoc analyses, Cohen’s ds
was calculated according to Equation 3.10. Here, ds is directly related to the t-Test statistic
(Lakens, 2013).

1 1
ds = t √ +
n1 n2

Equation 3.10

Where:
t

= test statistic from Independent Samples t-Test.

n1

= number of samples/participants in first condition.

n2

= number of samples/participants in second condition.

Within-subjects design
For Paired Samples t-Tests and within factors in Bonferroni post-hoc analyses, Cohen’s dav was
calculated using the average standard deviation of the two repeated measures according to
Equation 3.11 (Lakens 2013).
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dav =

MDiff
(SD1 + SD2 ) × 0.5

Equation 3.11

Where:
MDiff

= Difference between the mean values of the two conditions.

SD1

= Standard deviation of the first condition.

SD2

= Standard deviation of the second condition.

One-Sample t-Tests
Cohen’s dz was calculated directly using the t-Test statistic according to Equation 3.12 (Lakens,
2013).

dz =

t
√n

Equation 3.12

Where:
t

= test statistic from One-Samples t-Test.

n

= number of samples/participants in the condition.

3.6.5.2. Non-parametric data
For non-parametric data, the effect size was represented with ‘r’ and calculated using Equation 3.13
(Fields, 2009).
𝑟=

z
√N

Equation 3.13

Where:
z

= the z-score obtained from Mann Whitney U and Wilcoxon Signed Rank tests.

N

= the total number of observations on which z is based.

3.6.6. Repeatability measurements
3.6.6.1. Absolute typical error of measurement
TEM is the standard deviation of an individual measurement value following repeated testing
(Hopkins, 2000). Absolute TEM was calculated to identify the repeatability of measurements from
the automated haematology analyser. Two consecutive measures were obtained from each venous
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blood sample, and the difference between the two measurements was calculated. The standard
deviation of these differences was calculated and divided by the square root of two (Equation 3.1)
(Hopkins, 2000).

3.6.6.2. Relative typical error of measurement
Relative TEM was calculated by expressing absolute TEM as a percentage of the mean. This enabled
a direct comparison between values with different measurement units (Hopkins, 2000)
(Equation 3.2).

3.6.6.3. Coefficient of variation
CV describes the variation in the data relative to the mean. This was calculated to determine the
relative variability in haematological values over an extended period of time (Equation 3.3).

3.6.7. Power analysis
The statistical power of a test refers to the probability of rejecting the null hypothesis, and the sample
size used can influence this (Lakens, 2013). The sample size used must be large enough to obtain
sufficient statistical power and detect a difference, but not so large that it wastes time and resources.
Before to conducting a study, the appropriate sample size required to achieve sufficient statistical
power can be determined through an a priori analysis. An a priori power analysis was not performed
to determine an appropriate sample size because the required data was not able to be obtained from
literature, and a pilot trial was not able to be performed using hBM-MSCs. Therefore, a similar
sample size that had been used in previous studies which had investigated the response of HSC and
EPCs to exercise was used.
The data obtained from experimental chapters was subsequently used to perform a power analysis
using GPower analysis software (version 3.1.9.2) to determine whether the sample size used met the
minimal sample size required to generate sufficient statistical power. This was calculated in
accordance with an a priori analysis where α = 0.05 and 1 - β = 0.8 (Lakens, 2013).
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Chapter 4
4.

Human participant trials

Human participant trials
4.1. Abstract
Purpose: It has been suggested that the varied stem cell response to acute bouts of exercise reported
within literature could be due to the prescription of different exercise modes and exercise intensities
between studies. The stem cell response and characteristics may also differ between individuals who
undertake regular exercise compared to inactive individuals. The aim of this chapter was therefore
two-fold. Firstly, within a recreationally active population, to prescribe an exercise stimulus at two
different relative exercise intensities that generates two distinct exercise stimuli, and similar
physiological responses between participants. Secondly, to obtain resting physiological
measurements from an inactive population enabling a comparison to those from the active
population. Methods: Twelve ACTIVE males cycled for 60 min at ACTIVELT85 and ACTIVELT115
of their predetermined LT on two separate occasions. Physiological measurements and a pre- and
post-exercise venous blood sample from each trial was obtained. Resting physiological
measurements and a venous blood sample were obtained from seven INACTIVE participants on one
occasion. Upon collection, all venous blood samples were fractioned into serum. Results: During
ACTIVELT85, [La]B (0.931 ± 0.208 mmol·L-1), HR (123 ± 13 b·min-1), V̇ O2 (30 ± 6 ml·kg-1·min-1),
work done (491 ± 103 KJ) and RPE (11 ± 1) values were all significantly (p < 0.05) lower compared
to corresponding ACTIVELT115 values (1.805 ± 0.631 mmol·L-1; 146 ± 12 b·min-1;
37 ± 7 ml·kg-1·min-1; 652 ± 136 KJ and 14 ± 1, respectively). In response to the ACTIVE trials,
pre-exercise leukocyte, neutrophil, lymphocyte and platelet counts were all significantly lower
compared to post-exercise values (p < 0.05). Resting HR of the ACTIVE group (61 [56 – 66] b·min-1)
was also significantly lower compared to the resting HR of the INACTIVE group
(82 [80 – 84] b·min-1). Conclusion: The physiological data obtained indicated that ACTIVELT85 and
ACTIVELT115 trials were distinctly different. The INACTIVE group exhibited a significantly higher
resting HR compared to the ACTIVE group, which can be attributed to the significantly lower aerobic
capacity. They were therefore considered a suitable cohort to compare with the ACTIVE group. The
serum fractioned from ACTIVE and INACTIVE trials was therefore suitable for supplementation
with hBM-MSC culture media.
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4.2. Introduction
To investigate the influence of exercise upon hBM-MSCs, studies have analysed pre- and
post-exercise venous blood samples for the presence, and change in number, of MSCs within the
circulation. These have yielded varied responses including no change (Lucia et al., 2009), a decrease
(Marycz et al., 2015) and a significant increase (Ramírez et al., 2006) in MSC counts from pre- to
post-exercise measurements. These range of findings may be attributed, in part, to the exercise
protocol utilised and the timing of the post-exercise blood samples.
In the studies conducted a diverse range of exercise protocols have been used, including maximal
exercise tests, endurance events and a club training session. In the studies that have not controlled
the exercise stimulus it is not surprising that the results obtained either do not reveal a MSC response
or it was varied between participants. It has yet to be defined what aspects of an exercise stimulus
generates a MSC response and it may relate to the physiological stress generated by the exercise
intensity. Where exercise has been controlled and prescribed, aside from the maximal exercise tests,
it has often been prescribed as a percentage of each participant’s V̇ O2max. The issue with this
approach is that participants’ LT are likely to lie at different percentages of their V̇ O2max. As a result,
when exercising at a percentage of their V̇ O2max, participants may have been exercising in different
intensity domains, and subsequently different physiological responses may have arisen and generated
different MSC responses, leading to varied results. Another contributory factor may also be the
timing of when blood samples have been obtained. The time course of the MSC response to exercise
has yet to be defined. Studies have collected blood samples at different intervals between
immediately following exercise and up to 2 hrs post-exercise. It is therefore possible that in these
studies the MSC response has not fully coincided with when the blood samples have been taken.
The two predominant routes by which exercise may generate a MSC response is through mechanical
loading and changes to metabolic or biochemical stimuli. The response of MSCs to exercise-induced
changes in metabolic and biochemical stimuli has not been widely researched. Given that exercise
alters and generates a number of metabolic and biochemical factors that can be detected in the
peripheral circulation, for which MSCs possess receptors, understanding the role that these have
upon MSCs characteristics is important for furthering our knowledge about how exercise affects
MSCs. The degree of these perturbations is strongly influenced by exercise intensity and duration,
therefore the previously discussed limitations in studies’ exercise intensity prescription may have
strongly influenced the results obtained. Therefore, strictly controlling the exercise intensity is
paramount to further investigating what impact exercise induced changes in metabolic and
biochemical factors potentially have upon MSC behaviour. Exercise prescribed relative to an
individual’s LT and ensuring exercise is performed within a specific domain offers a potential
solution to the issues. Exercise intensity at, or slightly above LT, is known to elicit improvements in
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aerobic fitness (Jones and Carter, 2000). Adaptations also occur when training below LT, but since
the training stimulus is not as strong, neither is the degree of adaptation (McNicol et al., 2009).
Knowing that adaptations already occur in response to these exercise stimuli provides a platform
from which to prescribe the exercise intensity and establish the extent of the MSC response to the
stimulus.
Current studies have investigated the response of MSCs in humans to an acute bout of exercise but
the regular effect of exercise upon MSCs also warrants attention. Individuals who do not engage in
regular physical activity can be predisposed to an altered milieu of cytokines and chemokines in their
microenvironment; this may contribute to the development of metabolic syndrome, T2DM and other
chronic lifestyle related diseases. Since impaired healing and tissue regeneration is a characteristic
of these diseases, and the ability of MSCs to perform their functions may also be affected, as
previously discussed, it is therefore also important to establish to what extent MSC characteristics
differ in response to those who engage in regularly physical activity compared to those who do not.
The potential effect that biochemical and metabolic factors, altered and generated as a result of acute
and regular exercise, may have upon MSCs can be explored by exposing hBM-MSCs to serum
obtained from both recreationally active and inactive populations. Therefore, the purpose of this
study was to two-fold. Firstly, within a recreationally active population, prescribe two different
relative exercise intensities, one above (heavy intensity) and one below (moderate intensity) LT
(Whipp and Rossiter, 2005) in a controlled laboratory environment to generate two distinct exercise
stimuli, and similar physiological responses between participants. Secondly, to obtain resting
physiological measurements from an inactive population enabling a comparison to those from the
recreationally active population, and therefore the investigation of the effect of acute and regular
exercise on hBM-MSCs. The data and serum fractioned from venous blood samples obtained from
these populations were then utilised in the subsequent experimental chapters.

4.3. Hypothesis
Exercise prescribed at 115% of LT would generate a significantly different physiological response
to that obtained in response to 85% of LT in a recreationally active population, and the resting
physiological measures obtained from a recreationally active population would be significantly
different to those obtained from an inactive population.

4.4. Aims and objectives
1)

To prescribe two different relative exercise intensity stimuli which generates two distinctly
different physiological responses and therefore similar stresses between participants.
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a. Generate a difference in [La]B between samples obtained from participants at rest prior to
exercise and post-exercise in response to ACTIVELT115.
b. Generate a difference in FBC values between samples obtained from participants at rest prior
to exercise and corresponding values obtained post-exercise in response to ACTIVELT85 and
ACTIVELT115 exercise bouts.
c. Generate a difference in FBC, HR, [La]B, V̇ O2 , RPE and work done values obtained either
during or post-exercise between ACTIVELT85 and ACTIVELT115 exercise bouts.
2)

To examine the difference in physiological measurements between ACTIVE and INACTIVE
populations.
a. Analyse for differences between anthropometric, haematological and cardiovascular
measurements, and FBC values obtained from the ACTIVE and INACTIVE participant
groups.

4.5. Method
4.5.1. Experimental protocol overview
All participants completed and signed the required documents, and trial pre-requisites prior to
participation, as outlined in §3.3.3 and §3.3.4, respectively.
A group of ACTIVE participants visited the laboratory on three separate occasions (Figure 4.1). The
initial visit involved obtaining anthropometric and physiological measurements, followed by a
preliminary exercise test to determine participants’ LT. After a 15 min rest, a V̇ O2max test was
performed, followed by another rest and the familiarisation of the main ACTIVELT115 experimental
trial for participants to acquaint themselves with the main trial procedure. This also ensured the
required relative exercise intensity calculations were accurate and the participant could sustain the
required heavy-intensity power output for the duration of the main trial. The main experimental trials
were performed on visits 2 and 3, which involved a 60 min cycle at either ACTIVELT85 or
ACTIVELT115, respectively. Each of the three laboratory visits were separated by at least 1 week
where possible, however due to scheduling, on occasion this was reduced to 5 d. Pre- and
post-exercise venous blood samples were obtained in ACTIVELT85 and ACTIVELT115 trials.
INACTIVE participants visited the laboratory on one occasion (Figure 4.1). Anthropometric and
physiological measurements, and a resting venous blood sample were obtained prior to completing
the Åstrand-Rhyming submaximal V̇ O2max test. All venous blood samples from ACTIVE and
INACTIVE participants were fractioned into serum and stored.
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ACTIVE

INACTIVE

Visit 1: Preliminary Exercise Tests

1. Anthropometric
and Physiological
Measurements

2. Lactate
Threshold Test

3. V̇ O2max
Test

1. Anthropometric
and Physiological
Measurements
4. Familiarisation
Trial

Visit 2 and 3: Pre-Exercise Venous Blood Sample Collection

ACVTIVELT85

ACTIVELT115

2. Venous Blood
Sample Collection
3. ÅstrandRhyming Test
Serum Generation and Storage

Visit 2 and 3: Post-Exercise Venous Blood Sample Collection

Serum Generation and Storage

Figure 4.1: Experimental study design for ACTIVE and INACTIVE trials. V̇ O2max : Maximal volume of oxygen
consumption; ACTIVELT85: Exercise at 85% of the pre-determined lactate threshold; ACTIVELT115: Exercise at 115% of
the pre-determined lactate threshold.

4.5.2. ACTIVE participant characteristics
Seventeen recreationally active males volunteered for the ACTIVE trials; 14 completed two
laboratory visits, and 12 (Table 4.1) completed all three laboratory visits. Four individuals who did
not complete the ACTIVE trials terminated their participation due to changes in circumstance that
was not subsequently compatible with the time commitment required for the study, and one volunteer
withdrew following a broken arm that was sustained in training.
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Table 4.1: ACTIVE participant characteristics (mean ± SD) [range].

Characteristic
28.8 ± 5.6 [20 – 40]

Age (yrs)
Height (cm)

177.9 ± 7.2 [164 – 188]

Body Mass (kg)

73.5 ± 8.3 [58.2 – 87.1]
14 ± 5 [8 – 22.7]

Body Fat (%)

61 ± 11 [41 – 76]

-1 *

Resting HR (b·min )
SBP (mmHg)

124 ± 8 [111 – 140]

DBP (mmHg)

72 ± 5 [65 – 80]

MAP (mmHg)
V̇ O2peak (mL·kg-1·min-1)

89 ± 5 [82 – 100]
53 ± 7 [43 – 63]
-1 ♦

IPAQ Score (Mets·Min·Week )

4733 (3590 - 5412) [720 – 10932]#

n = 12; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial pressure;
V̇ O2peak : Peak volume of oxygen consumption per minute; IPAQ: International Physical Activity
Questionnaire; *Data based on values obtained from the first main trial laboratory visit; ♦Value expressed
as a median and interquartile range.; #92% and 8% of values were classified as high and low,
respectively.

4.5.3. ACTIVE preliminary trial
Prior to any exercise anthropometric, resting HR and blood pressure measurements were taken
(§3.4.2. §3.4.3.1 and §3.4.3.2, respectively). Participants then completed two tests that profiled their
aerobic capacity: a submaximal LT test and a test to determine V̇ O2max test. A familiarisation of the
main trial protocol was then completed.

4.5.3.1. Submaximal lactate threshold protocol
Each participant performed an incremental exercise test on an electromagnetically braked cycle
ergometer (SRM High Performance Ergometer, SRM GmBH, Germany) to obtain a lactate profile
and determine the LT. Initial work rate was selected at either: 60, 80 or 100 W depending on the
perceived ability of the individual. Work rate was increased by 20 W every 3 min until the
incremental test was terminated; this occurred when either LT was exceeded, or when capillary [La]B
increased above 4 mmol·L-1. For all participants, a minimum of seven stages were completed. During
the last 30 s of each 3 min work rate increment, HR, RPE, [La]B, [Glu]B, and expired metabolic gas
was measured (§3.4).
An examination of the [La]B – work rate relationship was used to determine LT. LT was designated
as the highest work rate attained before the first sudden and sustained increase in [La] B above resting
levels (Carter et al., 2006). To prescribe the relative exercise intensity for the main ACTIVELT85 and
ACTIVELT115 trials, 85% and 115% of the work rate corresponding to LT was calculated.
Simultaneously, 85% and 115% of the [La]B, HR, RPE and V̇ O2 values corresponding to those at LT
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were also calculated and used to monitor the participant’s response to the designated work rate
throughout the main ACTIVELT115 and ACTIVELT85 trials. To ensure consistency in expired
metabolic gas calculations at each work rate increment of the LT test, a MATLAB (MathWorks,
USA) algorithm was generated (Appendix E-1). The code averaged the last 30 s of each 3 min work
rate increment from a time point entered that represented the start of the LT test. In instances where
exact time points on were not available due to the online system collecting breath-by-breath data, the
code identified the next closest time point and used it to calculate a 30 s average of the V̇ O2 and
V̇ CO2 .

4.5.3.2. V̇ O2max protocol
A ramp test was performed to volitional exhaustion to determine each participants’ V̇ O2max on an
electromagnetically braked cycle ergometer. The ramp test began at the work rate corresponding to
participants previously determined LT; this increased 5 W every 15 s until volitional exhaustion, or
when cadence could not be maintained above 80 revolutions per minute (rpm) despite strong verbal
encouragement. Expired metabolic gas was recorded continuously using an online system; HR and
RPE were recorded during the last 15 s increment, and upon completion of the ramp test, [La]B was
measured. A MATLAB algorithm was generated to ensure consistent calculations between
participants (Appendix E-2). This was programmed to calculate the mean V̇ O2 and RER every 10 s
from the time point that represented the start of the V̇ O2max test and then identify the highest V̇ O2 and
RER values attained. Where exact time points were not available due to the online system collecting
breath-by-breath data, the code identified the next closest time point which was used. Not all
participants reached V̇ O2max according to the BASES guidelines (Winter, 2007), therefore all data
obtained from all tests have been expressed as V̇ O2peak for ACTIVE trial participants. V̇ O2peak
represented the peak volume of oxygen consumption per minute during the maximal test.

4.5.3.3. Familiarisation
Of the two main trial exercise intensities, ACTIVELT115 was performed for the familiarisation trial to
ensure that participants could maintain the required work rate for the main trial, and to identify any
exercise intensity adjustments that may have be required when prescribing the work rate for the main
exercise trial.
Participants cycled at a work rate corresponding to ACTIVELT115 for 60 min on an
electromagnetically braked ergometer. HR and RPE were recorded at 5 min intervals until the
cessation of exercise. At 15 min intervals, [La]B, [Glu]B and expired metabolic gases were measured
to ensure participants were exercising at the required calculated intensity (Figure 4.2). Mean exercise
HR, RPE, [La]B and work rate were calculated from the data obtained throughout the trial. Using a
MATLAB algorithm (Appendix E-3), mean V̇ O2 was calculated from the data obtained over the last
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60 s of each 15 min designated time interval. In instances where exact time points on the expired
metabolic data were not available due to the online system collecting breath-by-breath data, the code
identified the next closest time point.

15

Pre-Exercise
10 min Rest

30

45

60

ACTIVELT115

[La]B and [Glu]B

HR and RPE

V̇ O2

Figure 4.2: Familiarisation trial protocol and time points of physiological measurements. HR: Heart rate; RPE: Rating of
perceived exertion; [La]B: Blood lactate concentration; [Glu]B: Blood glucose concentration; V̇ O2 : Volume of oxygen
consumption per minute.

4.5.4. ACTIVE experimental trials
Prior to the arrival of participants, all laboratory equipment was set-up and calibrated. The cycle
ergometer was adjusted to each participants’ dimensions recorded from the preliminary trial and
500 mL of water was measured for ad libitum drinking throughout the trial. A HR monitor and the
correct sized metabolic gas facemask and head strap were prepared. Where participants brought their
own pedals, these were fitted upon participant arrival.
At the start of each ACTIVELT85 and ACTIVELT115 experiment, it was determined whether all pre-trial
standardisation procedures had been adhered to (§3.3.4); when elements of these were not performed,
these discrepancies were noted. Participants arrived at the laboratory at approximately 0900 hr,
changed, fitted the HR monitor and rested for 10 min. Pre-exercise [La]B, [Glu]B, HR were recorded
and pre-exercise body mass was measured (SECA 220, SECA, Germany). Due to clothing absorbing
non-evaporated sweat during the exercise trial, participants removed their tops to ensure accuracy
for both pre- and post-exercise measurements. A 20 mL pre-exercise antecubital venous blood
sample was obtained and used to generate a FBC and serum (§3.4.1). Participants then mounted the
electromagnetically braked cycle ergometer and completed a 5 min warm-up at 100 W then
immediately started the 60 min main exercise trial at the pre-determined work rate calculated to
represent either ACTIVELT85 or ACTIVELT115 based on the preliminary exercise trial values (Figure
4.3). The order of the two exercise trials was randomised between participants. ACTIVELT85 and
ACTIVELT115 trials were completed on two separate occasions with at least 5 d between trials.
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HR, RPE, V̇ O2 , [La]B and [Glu]B were measured at regular intervals throughout the main
experimental trial to monitor participants’ exercise intensity. HR and RPE were recorded in the last
30 s of each 5 min increment, and [La]B and [Glu]B recorded in the last minute of each 15 min
increment. Expired metabolic gas was recorded for 60 s prior to the end of each 15 min increment
(Figure 4.3).
15

Pre-Exercise
10 min Rest

Resting
Measures

[La]B and [Glu]B

Warm-up

HR and RPE

30

45

60

Post-Exercise
Measures

ACTIVELT85 or ACTIVELT115

Body Mass

Venous Blood Sample

V̇ O2

Figure 4.3: Protocol for ACTIVE main experimental trials and time points of physiological measurements. HR: Heart rate;
RPE: Rating of perceived exertion; [La]B: Blood lactate concentration; [Glu]B: Blood glucose concentration; V̇ O2 : Volume
of oxygen consumption per minute.

Upon cessation of exercise, participants wiped away non-evaporated sweat and removed their top
prior to the post-exercise body mass measurement. A 20 mL post-exercise antecubital venous blood
sample was obtained within 5 - 10 min after the cessation of exercise. A post-exercise FBC was
obtained and serum generated (§3.4.1). The volume of drinking water remaining was measured and
the volume of water consumed throughout the trial was calculated to correct the post-exercise body
mass measurements.
Mean exercise HR, RPE, [La]B and work rate were calculated from the data obtained throughout each
trial. Using a MATLAB algorithm (Appendix E-3), mean V̇ O2 was calculated from the data obtained
over the last 60 s of each 15 min designated time interval. In instances where exact time points on
the expired metabolic data were not available due to the online system collecting breath-by-breath
data, the code identified the next closest time point.
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4.5.5. INACTIVE participant characteristics
Eight inactive males volunteered, and seven and completed, the INACTIVE trials (Table 4.2). One
participant dropped out due to difficulties with travelling to the laboratory.
Table 4.2: INACTIVE participant characteristics (mean ± SD) [range].

Characteristic
24.4 ± 4.3 [19 – 32]

Age (yrs)
Height (cm)

172.5 ± 4.3 [166 – 179]

Body Mass (kg)

68.4 ± 13.5 [54.1 – 86.9]
18 ± 9 [10.1 – 27.3]

Body Fat (%)

80 ± 6 [67 – 85]

-1

Resting HR (b·min )
SBP (mmHg)

124 ± 12 [111 140]

DBP (mmHg)

73 ± 13 [56 – 95]

MAP (mmHg)

90 ± 12 [74 – 110]

V̇ O2max (mL·kg-1·min-1)

38 ± 8 [27 – 48]

IPAQ Score (Mets·Min·Week-1)♦

1650 (1224 - 2955) [716 – 5508]#

n = 7; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial pressure;
V̇ O2max : Maximum volume of oxygen consumption per minute; IPAQ: International Physical
Activity Questionnaire. ♦Value expressed as a median and interquartile range. #29% and 71% of
values were classified as high and moderate, respectively.

4.5.6. INACTIVE experimental trial
Participants visited the laboratory on one occasion where a number of measurements were obtained
(Figure 4.4). Anthropometric measurements were determined then, following a 10 min rest, resting
HR and blood pressure values were recorded, and a resting 20 mL venous blood sample drawn. A
FBC was obtained and serum generated (§3.4.1).

Anthropometric
Measurements

10 min Rest

HR and Blood Pressure

Resting
Measures

Warm-Up

Venous Blood Sample

Åstrand-Rhyming Test

HR and RPE

Figure 4.4: Protocol for INACTIVE main experimental trial and time points of physiological measurements. HR: Heart
rate; RPE: Rating of perceived exertion.

The seat of a mechanically braked cycle ergometer (Monark 874E, Monark Exercise AB, Sweden),
fitted with a power measuring crank (SRM Gossamer Power Meter, SRM GmbH, Germany) was
adjusted according to the participants height and comfort. After a 5 min warm up at a self-selected
83

cadence with a resistance of 0.5 kg, the Åstrand-Rhyming protocol commenced (American College
of Sports Medicine, 2008; Maud and Foster, 1995). Cadence was set at 50 rpm and the initial work
rate varied between participants and ranged from 64 – 125 W. This work rate was maintained for 6
min, and HR measured at the end of minutes 5 and 6. Depending on the two HR values recorded, the
following was then performed:
1.

Where the HR values at minutes 5 and 6 did not differ by more than 5 b·min-1 and the mean
value was > 130 b·min-1 and < 170 b·min-1, the test was terminated.

2.

Where the HR values at minutes 5 and 6 differed by > 5 b·min-1, the test was continued until the
HR at these two consecutive measures did not differ by > 5 b·min-1, and was then terminated.

3.

Where the mean HR value between minutes 5 and 6 was < 130 b·min-1, the work rate increased
and the test continued for a further 6 min. Participants’ HR at minutes 11 and 12 were then
assessed according to the criteria detailed in points 1 and 2 above.

Upon the cessation of exercise, the resistance was removed and participants continued pedalling for
a further 5 min to prevent venous pooling and HR was monitored until it returned below 100 b·min-1.
Data were analysed with the modified Åstrand-Rhyming nomogram with the age correction factor
applied (Åstrand, 1960).

4.6. Statistical analysis
All data from the ACTIVE and INACTIVE trials are presented with n = 12 and n = 7, respectively,
unless stated otherwise.
Normally distributed parametric ACTIVELT85 and ACTIVELT115 trial data were analysed using either:
a two-way (intensity [ACTIVELT85, ACTIVELT115] × time [pre-exercise, during/post-exercise])
repeated measures ANOVA, or a Paired Samples t-Test. Non-parametric data were analysed with a
Wilcoxon Signed-Rank test. Where significant F ratios occurred, post-hoc analysis was conducted
using the Student’s paired t-Test between: ACTIVELT85 pre- and post-exercise measurements,
ACTIVELT115 pre- and post-exercise measurements, and ACTIVELT85 and ACTIVELT1115
post-exercise measurements, to determine where significant differences between measurements
occurred. The Bonferroni correction for multiple comparisons was subsequently applied to the
unadjusted p value. ACTIVE trial transformation calculations included: square root transformation
calculation was applied to HR and leukocyte data, square transformation calculations were applied
to work done and power data, and natural logarithm transformation applied to neutrophil data.
Where statistical analysis was performed between ACTIVE and INACTIVE trials, data from the first
laboratory visit of the ACTIVE group were used. Statistical analysis between ACTIVE and
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INACTIVE groups was performed using the Student’s Independent t-test and the Mann-Whitney U
Test.

4.7. Results
4.7.1. ACTIVELT85 and ACTIVELT115 physiological measurements
Data obtained from ACTIVELT85 and ACTIVELT115 trials are presented in Table 4.3. Combined
ACTIVELT115 pre-exercise, and exercise, [La]B was significantly higher compared ACTIVELT85
(p = 0.001, ƞ2p = 0.681), and the combined pre-exercise [La]B values from both exercise intensities
was significantly lower compared to the collective post-exercise values (p = < 0.001, ƞ2p = 0.719). A
significant difference between exercise intensity and pre- and post-exercise [La]B values also
occurred (p = < 0.001, ƞ2p = 0.688). Post-hoc analysis revealed mean [La]B throughout ACTIVELT115
was significantly higher compared to corresponding pre-exercise trial resting values
(p = < 0.001, dav = 2.27), and [La]B during ACTIVELT115 was significantly higher compared to [La]B
that occurred during ACTIVELT85 (p = < 0.001, dav = 2.08). The combined pre-exercise resting HR,
and HR during exercise, in ACTIVELT115 was significantly higher compared to the corresponding
ACTIVELT85 HR value (p = < 0.001, ƞ2p = 0.853), and the combined pre-exercise resting HR values
from both exercise intensities was significantly lower compared the collective post-exercise values
(p = < 0.001, ƞ2p = 0.961). A significant difference between HR exercise intensity and pre- and postexercise values also occurred (p = < 0.001, ƞ2p = 0.756). A post-hoc analysis revealed mean HR throughout ACTIVELT85 and ACTIVELT115 was significantly higher compared to their corresponding
pre-exercise resting values (p = < 0.001, dav = 5.36, and p = < 0.001, dav = 6.65, respectively), and
participants’ HR during ACTIVELT115 was significantly higher compared to participants’ HR during
ACTIVELT85 (p = < 0.001, dav = 1.87). V̇ O2 , power and work done were all significantly greater in
response to ACTIVELT115 compared to ACTIVELT85 (p = < 0.001, dav = 1.08; p = < 0.001, dav = 1.47;
p = < 0.001, dav = 1.48, respectively). RPE was also significantly higher in ACTIVELT115 compared
to ACTIVELT85 (z = -3.089, p = 0.002, r = -0.63). As a percentage of LT, [La]B, V̇ O2 and HR attained
during ACTIVELT115 was significantly greater compared to that attained during ACTIVE LT85 (p = <
0.001, dav = 1.92, and p = < 0.001, dav = 3.64; and p = < 0.001, dav = 3.4, respectively).
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Table 4.3: ACTIVE trial data and physiological measurements (mean ± SD) [range].

LT

ACTIVELT85
Rest

Exercise Duration
(min)
Temperature (°C)
Humidity (%)
% V̇ O2peak#

60 ± 8
[48 – 75]

% V̇ O2peak##
V̇ O2 (L·min-1) #

2.3 ± 0.4
[1.7 – 2.9]

V̇ O2 (L·min-1) ##
[La]B (mmol·L-1) ab
% of LT [La]B###
% of LT VO2###
% of LT HR ###

1.309 ± 0.586
[0.640 – 2.80]

0.821 ± 0.221
[0.463 – 1.260]

ACTIVELT115

Exercise

Rest

Exercise

60

60

19.3 ± 0.8
[18 – 20]
59 ± 5
[47 – 67]

19.0 ± 0.7
[18 – 21]
63 ± 6
[52 – 73]

51 ± 7
[41 – 64]
57 ± 7
[48 – 71]
2.0 ± 0.3
[1.5 – 2.5]
2.2 ± 0.3
[1.7 – 2.7]
0.931 ± 0.208
[0.632 – 1.240]
75 ± 17
[42 – 103]
95 ± 5
[85 – 99]
92 ± 4
[84 – 97]

69 ± 9
[56 – 86]
69 ± 10
[56 – 91]
2.7 ± 0.4
[2.0 – 3.4]
2.7 ± 0.4
[2.0 – 3.2]‡
1.805 ± 0.631
[0.938 – 2.795]†‡
148 ± 59
[74 – 239]‡
115 ± 6
[105 – 123]‡
109 ± 6
[97 – 120]‡

0.854 ± 0.260
[0.362 – 1.16]
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Table 4.3 continued.

LT

HR (b·min-1)ab

ACTIVELT85
Rest

Exercise

Rest

Exercise

61 ± 10
[41 – 76]

123 ± 13
[109 – 152]†
136 ± 28
[85 – 170]
491 ± 103
[305 – 613]

62 ± 12
[43 – 76]

146 ± 12
[130 – 175]†‡
181 ± 38
[114 – 230]‡
652 ± 136
[410 – 828]‡

Power (W)
Work Done (KJ)
RPE♦
Body mass (kg)

ACTIVELT115

73.9 ± 8.7
[58.4 – 89.9]

11 (10 – 12)
[9 – 13]
73.5 ± 9.1
[57.5 – 89.4]*

75.2 ± 7.4
[64.2 – 88.1]*

14 ± (14 – 14)
[12 – 18]‡
72.9 ± 8.4
[57.6 – 87.1]

n = 12; *n = 11; #Data at LT from the preliminary trial calculations, and the corresponding predicted 85% and 115% values based on this LT data; ##Measured
values from ACTIVELT85 and ACTIVELT115 trials; ###LT was designated as 100%; [La]B, V̇ O2 and HR values obtained from ACTIVELT85 and ACTIVELT115 are
expressed as a percentage of this; ♦Value expressed as a median and interquartile range; †Significantly greater than the pre-exercise value of the same
corresponding intensity trial; ‡Significantly greater than corresponding ACTIVE LT85 exercise value; aSignificantly greater combined ACTIVELT115 values than
combined ACTIVELT85 values; bSignificantly greater combined post-exercise values than combined pre-exercise values, (p < 0.05).
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4.7.2. ACTIVELT85 and ACTIVELT115 haematological measurements
ACTIVELT85 and ACTIVELT115 post-exercise haematological measurements from these two trials
were not corrected for plasma volume change. This was due to some of the plasma volume change
values, that had been calculated according to Dill and Costill (1974), being extremely high. This
discrepancy was attributed to exercise-induced changes in erythrocytes being released from
reservoirs such as the spleen during exercise (Stewart and McKenzie, 2002). One post-exercise
venous blood sample was not obtained; therefore, all haematological values and statistics have been
presented for n = 11. Leukocyte and subpopulation values were within the normal physiological
range (Bain et al., 2017). Pre-exercise leukocyte, neutrophil, lymphocyte and platelet counts were all
significantly lower compared to post-exercise values (p = 0.002, ƞ2p = 0.647; p = 0.002, ƞ2p = 0.649;
p = 0.011, ƞ2p = 0.493; p = < 0.001, ƞ2p = 0758, respectively) (Table 4.4).
Table 4.4: ACTIVE trial haematological values (mean ± SD) [range].

Haematological
Parameter

ACTIVELT85

ACTIVELT115

Leukocytes
(109·L-1)a
Neutrophils
(109·L-1)a
Lymphocytes
(109·L-1)a

Pre-Exercise
4.91 ± 0.921
[3.23 – 6.41]
2.43 ± 0.551
[1.78 – 3.37]
1.76 ± 0.423
[1.05 – 2.46]

Post-Exercise
6.27 ± 1.98
[3.99 – 11.30]
3.70 ± 1.76
[2.23 – 8.52]
2.02 ± 0.367
[1.36 – 2.46]

Pre-Exercise
5.11 ± 0.869
[3.26 – 6.28]
2.46 ± 0.601
[1.54 – 3.33]
1.87 ± 0.322
[1.31- 2.37]

Post-Exercise
6.90 ± 1.75
[5.24 – 10.90]
3.81± 1.43
[2.27 – 7.48]
2.31 ± 0.626
[1.46 – 3.79]

Monocytes
(109·L-1)
Platelets
(109·L-1)a

0.495 ± 0.164
[0.25 – 0.700]
204 ± 33.2
[153 – 255]

0.516 ± 0.146
[0.260 – 0.720]
228 ± 38.3
[182 – 299]

0.518 ± 0.185
[0.240 – 0.860]
202 ± 38.8
[160 – 265]

0.539 ± 0.171
[0.260 – 0.730]
238 ± 49.2
[166 – 332]

n = 11; a Significantly lower combined pre-exercise values than combined post-exercise values (p < 0.05).

4.7.3. ACTIVE
measurements

and

INACTIVE

physiological

and

haematological

Data from the resting measures for the INACTIVE and ACTIVE groups are presented in Table 4.5.
ACTIVE resting HR and IPAQ score were significantly lower and higher, respectively, compared to
the corresponding values of the INACTIVE group (U = 3.0, p = 0.001, r = 0.76 and U = 17.0,
p = 0.035, r = -0.48, respectively). The ACTIVE group had a higher V̇ O2peak value compared to the
INACTIVE group (p = < 0.001, ds = 2.04). INACTIVE haematological values were within the normal
physiological range (Bain et al., 2017).
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Table 4.5: Resting measurements from ACTIVE and INACTIVE groups (mean ± SD) [range].

Characteristic

INACTIVE

ACTIVE

Age (yr)

24.4 ± 4.3 [19 – 32]

28.8 ± 5.6 [20 – 40]

Body Fat (%)

18 ± 9 [10.1 – 27.3]

14 ± 5 [8 – 22.7]

68.4 ± 13.5 [54.1 – 86.9]

73.5 ± 8.3 [58.2 – 87.1]

Body Mass (kg)
V̇ O2peak
(mL·kg-1·min-1)

38 ± 8 [27 – 48]

53 ± 7 [43 – 64]#

Resting HR (b·min-1)♦

82 (80-84) [67 – 85]

61 (56-66) [41 – 76]* †

SBP (mmHg)

124 ± 12 [111 – 140]

124 ± 8 [111 – 140]

DBP (mmHg)

73 ± 13 [56 – 95]

72 ± 5 [65 – 80]

MAP (mmHg)
Leukocytes (109·L-1)

90 ± 12 [74 – 110]
5.49 ± 1.88 [3.13 – 8.21]

89 ± 5 [82 – 100]
4.87 ± 0.884 [3.26 – 6.28]*

Neutrophils (109·L-1)

2.97 ± 1.80 [1.22 – 5.83]

2.31 ± 0.506 [1.54 – 2.97]*

1.77 ± 0.309 [1.40 – 3.35]

1.84 ± 0.418 [1.04 – 2.46]*

Monocytes (109·L-1)

0.510 ± 0.196 [0.340 – 0.880]

0.484 ± 0.156 [0.240 – 0.730]*

Platelets (109·L-1)
IPAQ Score
(Mets·Min·Week-1)♦

196 ± 30.5 [153 – 244]
1650 (1224-2955)
[716 – 5508]

203 ± 33.5 [160 – 256]*
4733 (3590 - 5412)
[720 – 10932]#

Lymphocytes (109·L-1)

ACTIVE n = 12; INACTIVE n = 7; ♦Value expressed as a median and interquartile range; *Data obtained from the first main trial
laboratory visit. †Significantly lower compared to INACTIVE; #Significantly higher compared to INACTIVE (p < 0.05).

4.8. Discussion
The aim of this chapter was two-fold; firstly, to prescribe two distinct relative exercise intensity
stimuli which generated two different physiological responses and therefore similar stresses between
participants, and secondly, to examine the difference in resting physiological measurements between
an active and inactive population.
The exercise intensities prescribed generated two physiologically different responses in the cohort of
participants, as shown in the data obtained (Table 4.3 and 4.4). Pre-exercise resting [La]B was similar
for the two main trials, but during ACTIVELT85, [La]B was not significantly different from resting
levels, which supports the case that this acute bout of exercise was below LT and within the moderate
intensity domain (Whipp, 1996). In comparison during ACTIVELT115, [La]B was significantly greater
than corresponding pre-exercise levels and [La]B obtained during ACTIVELT85. The heavy intensity
domain represents metabolic rates between LT and critical power (Poole and Jones, 2012); therefore
the mean [La]B during ACTIVELT115, which was 1.8 mmol·L-1, reflects a [La]B at the lower end of
this intensity domain. However, for many participants during this trial, [La]B clearly increased and
was above 2 mmol·L-1at its peak, and this either stabilised or declined towards the latter part of the
trial, which is indicative of the heavy intensity domain (Poole and Jones, 2012; Jones and Carter,
2000; Whipp, 1996). Clearly as a result of exercise, HR increased from resting values, and this
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change was greater in response to ACTIVELT115 than ACTIVELT85, leading to a significantly different
HR between the two exercise intensities. Further demonstration that two different exercise intensities
generated distinctly different physiological responses was given through the significantly greater
V̇ O2 , RPE, work done and power values in ACTIVELT115 compared to ACTIVELT85. These results
provide sufficient confidence that the exercise prescription was appropriate and elicited two
distinctly different physiological responses, thus supporting the experimental hypothesis.
In response to the work rate prescribed in ACTIVELT85, HR and V̇ O2 values were slightly lower than
the value obtained at LT but higher than their predicted value of 85% of LT. Instead they were
approximately 92% and 95% of LT respectively, indicating that they more closely represented LT,
rather than 85% of LT. Conversely, the HR and V̇ O2 values for ACTIVELT115 were similar to those
that had been predicted from LT data. These predicted [La]B, HR and V̇ O2 values for ACTIVELT85
and ACTIVELT115, which were calculated from those obtained at LT, acted as a guide for the values
to be obtained in the main exercise trials to assess whether the work rate in each trial was suitable.
While the HR and V̇ O2 values obtained were not exactly the same as those predicted, they were
similar, and were likely to vary since they were recorded over a 60 min exercise trial while the
predicted values had been calculated from data obtained in the last 30 s of a 3 min stage during the
LT test. Whether the work rate at ACTIVELT85 represented 85% of LT, or was just below LT, which
is still within the moderate intensity exercise domain, a clear difference existed between the two
exercise intensities.
In literature, studies have investigated the impact of an exercise stimulus on stem cells using a relative
intensity, such as a percentage of V̇ O2max . Prescribing exercise intensity this way may generate
varying cardiovascular and metabolic stresses between individuals with different aerobic fitness
levels (Edge et al., 2005). LT can lie at different percentages of V̇ O2max between individuals. In a
non-homogenous population, in terms of aerobic fitness, when exercise is prescribed as a percentage
of V̇ O2max it can lead to participants exercising within different intensity domains. This could be the
reason for the inconsistent response of stem cells to exercise between studies. In this study, exercise
was prescribed as a percentage of LT to address this potential variance, which was also verified
because LT in this cohort of ACTIVE volunteers occurred at 60 ± 8% of V̇ O2peak.
Leukocytosis occurred in response to exercise, and this was attributed to the exercise-induced
mobilisation of both neutrophils and lymphocytes, which resulted in significantly higher
post-exercise values compared to corresponding pre-exercise measures. The contribution of
monocytes to this leukocytosis was minimal and not significant. This response is known to be
transient with numbers returning to resting values within 24 hrs of exercise. In addition, platelets also
increased in response to the exercise stimulus compared to pre-exercise values. The magnitude of
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leukocytosis, given by the observed neutrophilia and lymphocytosis in response to exercise, is
dependent upon exercise intensity and duration (Simpson, 2013). Neutrophil counts peak at the
cessation of exercise in response to prolonged exercise bout while the lymphocyte count produces a
biphasic response with a peak at the start and immediately after exercise, where counts then fall
below resting levels before returning within 24 hrs post-exercise (Simpson, 2013). Although FBCs
were not obtained to demonstrate this established phenomenon, it can be anticipated that a similar
response may have occurred. With no significant difference occurring in any haematological value
between ACTIVELT85 and ACTIVELT115, the magnitude of difference in the physiological response
between these two exercise intensities may not have been large enough to obtain a difference in these
values.
Platelet count within the peripheral circulation significantly increased, with a larger response to
ACTIVELT115 compared to ACTIVELT85. This increase in circulating platelets is reported elsewhere
in literature (Aldemir and Kiliç, 2005) and can be attributed to the exercise-induced release of
platelets from vascular beds of the spleen, bone marrow, and intra-vascular pools of the pulmonary
circulation and the lungs (El-Sayed et al., 2004). This platelet response is, like other haematological
variables, related to exercise intensity and duration, and the fitness level of the individual.
The greater platelet count in response to exercise in both ACTIVELT85 and ACTIVELT115 may
confound the hBM-MSC response in vitro. This may have increased the concentration of factors
released from platelets upon activation during the generation of the serum in the post-exercise
samples compared to the pre-exercise samples (Anitua et al., 2004). This in turn may generate a
different hBM-MSC response to post-exercise samples in vitro due to the platelet contents rather
than the direct effect of exercise itself. In addition, research indicates that exercise activates platelet
in vivo during exercise (Li et al., 1999); although this was not measured, it is possible that this may
have occurred. While this cannot be avoided, it is important to consider in the interpretation of
hBM-MSC results.
Significant differences between the ACTIVE and INACTIVE groups occurred, which supported the
experimental hypothesis. Specifically, these occurred between the resting HR values, the V̇ O2peak
values, and the self-reported physical activity levels obtained from the IPAQ. The ACTIVE V̇ O2peak
value, according to the American College of Sports Medicine guidelines, was categorised as
‘excellent’ while the INACTIVE V̇ O2peak value was categorised as ‘poor’ (American College of
Sports Medicine, 2008) (Appendix D) and the INACTIVE resting HR was also higher compared to
the ACTIVE group. From the ACTIVE group, 92% had an IPAQ score categorised as ‘high’, and
although the INACTIVE group were classified as physically inactive, 29% and 71% of values were
classified as ‘high’ or ‘moderate’, respectively. This suggests that the INACTIVE volunteers were
not inactive and did not meet the criteria outlined in §3.3.3. While categorised accordingly, the
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INACTIVE volunteers generally attained an elevated score due to minutes spent walking at, or to
and from, work. In contrast, the ACTIVE volunteers’ IPAQ score was predominantly comprised of
minutes spent training. The INACTIVE IPAQ data suggests that through this time spent walking,
INACTIVE volunteers may have attained the recommended amount of physical activity outlined by
the UK Government, (UK Government, 2018a) and obtained some health benefits according to The
World Health Organisation (Physical Activity Guidelines Advisory Committee, 2008). However, as
the IPAQ is a self-reported subjective measure, there is a risk of generating imprecise values due to
inconsistencies in how individuals interpret their time spent doing physical activity. Therefore,
recording objective measurements such as resting HR and V̇ O2peak values to support IPAQ values
provides more quantifiable information from which inferences can be drawn regarding physical
activity levels. Using the HR and V̇ O2peak data, this cohort of INACTIVE volunteers were deemed
to be inactive and meet the eligibility criteria detailed in §3.3.3. These individuals also reported that
they did not purposefully engage in physical activity beyond what was required for their day-to-day
routine, and, while they may have been classified as meeting the recommended amount of physical
activity through the minutes spent walking in the IPAQ, there are many indeterminate elements, such
as exercise intensity, which make categorisation of physical activity on this sole IPAQ measure
inaccurate. Furthermore, it is important to note that due to the requirements of daily living, recruiting
volunteers that were completely inactive was not possible and this would have not been
representative of the general population. Therefore, while it is acknowledged that the INACTIVE
cohort were not completely inactive, they were a suitable population to act as a comparison for the
ACTIVE group.
A power analysis revealed that to achieve the required level of statistical power a total sample size
of n = 6 was required for the ACTIVE trials, and a sample size of n = 12 (n = 6 in each group) was
required in the statistical analysis conducted between ACTIVE and INACTIVE trials. Therefore, the
sample of n = 12 and n = 7 for the ACTIVE and INACTIVE trials, respectively, generated sufficient
power and subsequent confidence in the rejection of the null hypothesis.

4.9. Conclusion
These results support the use of both ACTIVE and INACTIVE participants’ serum in supplementing
hBM-MSC culture media in order to investigate the potential impact of acute and regular
exercise-induced changes within the peripheral circulation on hBM-MSC characteristics. The
exercise protocols generated two distinctly different exercise intensities; one within the
moderate-intensity and one within the heavy-intensity domain. The supplementation of the serum
obtained from these acute bouts of exercise will therefore expose hBM-MSCs to components of two
distinct exercise stimuli that were controlled. Therefore, the subsequent hBM-MSC response will
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improve our understanding of hBM-MSCs to an exercise stimulus at two different intensities. The
INACTIVE cohort were a suitable population to compare to the ACTIVE participants because only
resting HR was significantly different, indicating that they were more sedentary compared to the
ACTIVE cohort.
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Chapter 5
5.

hBM-MSC gene expression, proliferation and morphology after exposure to human serum, obtained before and after acute exercise at two intensities, in vitro

hBM-MSC gene expression, proliferation and morphology after
exposure to human serum, obtained before and after acute
exercise at two intensities, in vitro
5.1. Abstract
Purpose: This study investigated the impact of metabolic and biochemical changes present within
the serum, following an acute bout of exercise, upon hBM-MSC characteristics in vitro. Methods:
hBM-MSCs were seeded at 3000 cells/cm2 and cultured in vitro (37ºC, 5% CO2) with
DMEM+10%FBS, MSCBM-CD+SingleQuot and MSCBM-CD that was supplemented with serum
obtained from ACTIVELT85 and ACTIVELT115 pre- and post-exercise time points at a concentration
of 10% (n = 6). After 9 d in vitro, hBM-MSCs became ~80 – 90% confluent and the experiment was
terminated. hBM-MSC PPARγ and RUNX2 gene and protein expression was analysed using RTqPCR and immunocytochemistry. hBM-MSC proliferation was determined through DNA content
analysis and the morphology and viability of hBM-MSCs was assessed using CMFDA. Results:
hBM-MSCs were viable and different morphologies occurred in response to culture media
supplemented with serum obtained from ACTIVELT85 and ACTIVELT115 pre- and post-exercise time
points and the control DMEM+10%FBS and MSCBM-CD+SingleQuot conditions. When compared
to the hBM-MSC response to pre-exercise serum, relative to the change in the HKG expression,
hBM-MSC PPARG expression was 24% and 11% (p > 0.05) greater, and RUNX2 expression 24%
and 2% greater (p > 0.05) greater in response to serum obtained from post-exercise time points in
ACTIVELT85 and ACTIVELT115 trials, respectively. hBM-MSC DNA content, when incubated in
media supplemented with serum from post-exercise ACTIVELT85 (ACTIVELT85POST) was 9% greater
than the DNA content of hBM-MSCs incubated with serum obtained from pre-exercise ACTIVELT85
(ACTIVELT85PRE) (p > 0.05), while hBM-MSC DNA quantity when incubated in media supplemented
with serum from pre-exercise ACTIVELT115 (ACTIVELT115PRE) was 21% lower than hBM-MSCs
incubated in media supplemented with serum from post-exercise ACTIVELT115 (ACTIVELT115POST)
(p > 0.05). hBM-MSC DNA quantity was greater (p < 0.05) when incubated with media
supplemented with human serum, independent of pre- and post-exercise time point or exercise
intensity, compared to the DNA content of hBM-MSCs incubated with DMEM+10%FBS and
MSCBM-CD+SingleQuot. Conclusion: This study suggests the alteration or generation of metabolic
and biochemical factors present within the serum, induced by an acute bout of exercise at a moderate
and heavy intensity did not generate significant differences in hBM-MSC PPARG and RUNX2 gene
expression, morphology or proliferation compared to pre-exercise conditions, in vitro. However,
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human serum did generate a distinctly different hBM-MSC response in these variables compared to
commercially available media, suggesting careful consideration should be taken regarding the media
and supplements used for HBM-MSC ex vivo expansion.

5.2. Introduction
In Chapter 4, two relative exercise intensities, ACTIVE LT85 and ACTIVELT115, were prescribed and
serum fractioned from whole blood samples taken at pre- and post-exercise time points. The present
study investigated the effect of metabolic and biochemical factors, generated and altered by these
acute bouts of exercise which were contained within these serum samples, upon hBM-MSC
characteristics. This was accomplished through the in vitro supplementation of hBM-MSC culture
media with the serum samples obtained.
As previously discussed, a number of techniques have been used to analyse the influence of exercise
upon hBM-MSC characteristics. These include the analysis of MSC counts within the circulation
following a bout of exercise in a human population (Ramirez et al., 2006; Lucia et al., 2009; Marycz
et al., 2015; Niemiro et al., 2017; Niemiro et al., 2018), the isolation of murine BM-MSC following
exercise followed by differentiation potential analysis (Ocarino et al., 2008; Hell et al., 2012;
Marędziak et al. 2015), or quantification within the bone marrow (Emmons et al., 2016). However,
the information obtained regarding the MSC response to exercise from each approach is limited.
MSC quantification within the peripheral circulation was likely to have been impeded by the markers
used for MSC identification and the absence of control, and the prescription of, exercise intensity.
Exercise intensity may modulate the MSC response, therefore strict control over the exercise
stimulus is necessary. As previously discussed, with studies either not controlling the exercise
stimulus, or prescribing exercise as a percentage of participants’ V̇ O2max and therefore potentially
causing participants to exercise within different intensity domains in which different physiological
responses occur, may have generated different MSC responses between participants. Furthermore,
aside from ascertaining MSC counts within the circulation was a result of an exercise stimulus, no
data is obtained regarding their subsequent fate or actions as a result of the exercise stimulus. While
murine studies provide more control and enable an in-depth analysis, to the best of the authors
knowledge, the direct impact of exercise upon hBM-MSCs has only been conducted by Emmons et
al. (2016) who showed that MSC numbers did not increase within the bone 48 hr post-exercise, but
proliferation was increased. Also, in vitro studies that have analysed the MSC response to factors
known to be affected by exercise have lacked physiological relevance (Gharibi and Hughes, 2012;
Pricola et al., 2009).
The current experiment aimed to address some of the limitations of these previous in vivo and in vitro
experiments. To maintain a physiologically relevant exercise stimulus and analyse the subsequent
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hBM-MSC characteristics in detail within a controlled environment, a combined approach utilising
both in vivo and in vitro experimental techniques was devised. Serum was fractioned from
participants prior to, and following, two acute bouts of exercise at set intensities (Chapter 4). To
analyse the hBM-MSC response to these acute exercise-induced changes present in the peripheral
circulation, this serum was used to supplement hBM-MSC culture media. This exposed hBM-MSCs
to the cocktail of biochemical and metabolic factors either altered, or generated, by the controlled
bouts of exercise, while exploiting the benefits of a controlled in vitro environment and allowed a
detailed analysis of the hBM-MSC response.
Since the proposed experimental approach in the present study had not been previously established,
no in vitro hBM-MSC experimental protocols were available for this study design. Therefore, a pilot
trial was conducted. This showed that, in response to media supplemented with human serum,
hBM-MSC proliferation was greater, a different PPARG and RUNX2 expression occurred and
morphology was distinctly different compared to hBM-MSCs incubated in DMEM+10%FBS and
MSCBM-CD+SingleQuot, which represented the control conditions. The pilot trial study allowed
for design of seeding density, incubation duration, and culture media content and demonstrated that
they were suitable for addressing the aims and objective of the main experiment.

5.3. Hypothesis
hBM-MSCs incubated with culture media supplemented with human serum from post-exercise time
points would generate a different response in the variables measured compared to pre-exercise serum,
and that post-exercise serum from a heavy-intensity exercise would generate a different hBM-MSC
response compared to a moderate-intensity exercise.

5.4. Aims and objectives
1.

To examine hBM-MSC morphology and proliferation following incubation with
MSCBM-CD+SingleQuot, DMEM+10%FBS and hBM-MSCs incubated in vitro with media
supplemented with human serum obtained from pre-and post-exercise at two different relative
intensities.
a.

To determine whether a difference in hBM-MSC morphology, and proliferation measured
through DNA content, occurred between hBM-MSCs incubated with:
i.

MSCBM-CD supplemented with human serum obtained at rest and immediately
post-exercise from ACTIVELT85 and ACTIVELT115 trials.

ii.

MSCBM-CD supplemented with human serum obtained from ACTIVELT85 and
ACTIVELT115 exercise trials.
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iii.

MSCBM-CD supplemented with human serum from ACTIVELT85 and ACTIVELT115
trials, and DMEM+10%FBS and MSCBM-CD+SingleQuot conditions.

2.

To investigate hBM-MSC gene expression when incubated in vitro with DMEM+10%FBS,
MSCBM-CD+SingleQuot and MSCBM-CD supplemented with human serum obtained from
pre- and post-exercise at two different relative intensities.
a.

To determine whether PPARγ/PPARG, RUNX2 and myogenic differentiation 1 (MYOD1)
gene expression was different between hBM-MSCs incubated, in vitro, with:
i.

MSCBM-CD supplemented with human serum obtained at pre-exercise and
post-exercise time points from ACTIVELT85 and ACTIVELT115 trials.

ii.

DMEM+10%FBS and MSCBM-CD supplemented with human serum obtained
from pre-exercise and post-exercise time points from ACTIVELT85 and ACTIVELT115
trials.

iii.

MSCBM-CD+SingleQuot and MSCBM-CD supplemented with human serum
obtained from pre-exercise and post-exercise time points from ACTIVELT85 and
ACTIVELT115 trials.

iv.

MSCBM-CD supplemented with human serum obtained from ACTIVELT85
post-exercise and ACTIVELT115 post-exercise time points.

v.

MSCBM-CD supplemented with human serum obtained from ACTIVELT85 and
ACTIVELT115 trials.

b.

To determine whether hBM-MSC PPARγ/PPARG and RUNX2 expression was affected
by incubation with MSCBM-CD supplemented with human serum obtained from
ACTIVELT85 and ACTIVELT115.

5.5. Method
5.5.1. Overview
Serum samples obtained from ACTIVELT85 and ACTIVELT115 trials (§4.5.4) were cultured in vitro
with hBM-MSCs. The length of culture was terminated when hBM-MSCs became confluent, and
gene expression, cell morphological analysis and proliferation analysis was performed.

5.5.2. Participants
From a pool of 14 samples, six random pre- and post-exercise participant serum samples obtained
from ACTIVELT85 and ACTIVELT115 participants (§4) were selected (Table 5.1).
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Table 5.1: ACTIVE participant characteristics (mean ± SD) [range].

Characteristic
32.8 ± 4.6 [27 – 40]

Age (yrs)
Height (cm)

179.8 ± 8.5 [164 – 188]

Body Mass (kg)

76.4 ± 7.4 [66.6 – 87.1]
13 ± 5.8 [8 – 15]

Body Fat (%)

59 ± 10 [46 – 75]

-1 #

Resting HR (b·min )
SBP (mmHg)

125 ± 10 [111 – 140]

DBP (mmHg)

72 ± 5 [67 – 80]

MAP (mmHg)
V̇ O2peak (mL·kg-1·min-1)

90 ± 6 [82 – 100]
52 ± 7 [43 – 58]
-1 ♦

IPAQ Score (Mets·Min·Week )

4733 (4667 - 5072) [2598 – 6132]

n = 6; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial
pressure;V̇ O2peak : Peak volume of oxygen consumption per minute; IPAQ: International Physical
Activity Questionnaire; ♦Value expressed as a median and interquartile range. #Data based on values
obtained from the first main trial laboratory visit.

5.5.3. hBM-MSC in vitro culture with human serum, DMEM+10%FBS and
MSCBM-CD+SingleQuot
ACTIVELT85 and ACTIVELT115 trial pre- and post-exercise serum samples were thawed, vortexed and
kept on ice. MSCBM-CD aliquots were warmed to room temperature and pre- and post-exercise
ACTIVELT85 and ACTIVELT115 serum samples were added at a concentration of 10%
(MSCBM-CD+10%SERUMLT85PRE,

MSCBM-CD+10%SERUMLT85POST,

MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST, respectively), and
filtered using a 0.2 µpore filter and sterile 10 mL syringe. Then 1 × 0.5 mL of each
MSCBM-CD+10%SERUMLT85PRE,

MSCBM-CD+10%SERUMLT85POST,

MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST participant sample
(n = 1 per participant sample) was added to two wells on 48-well plates; one for gene expression and
immunocytochemistry, respectively (Figure 5.1). A 0.5 mL volume of DMEM+10%FBS (n = 1) and
MSCBM-CD+SingleQuot (n = 1) was added to control wells on each plate3. Passage 2 hBM-MSCs
were thawed and counted (§3.5.1), then seeded at 3000 cells/cm2 into each well containing
MSCBM-CD+10%SERUMLT85PRE,

MSCBM-CD+10%SERUMLT85POST

MSCBM-CD+10%SERUMLT115PRE, MSCBM-CD+10%SERUMLT115POST, DMEM+10%FBS and
MSCBM-CD+SingleQuot, then incubated at 37ºC, 5% CO2 (Heraeus Multifuge 3s, ThermoFisher
Scientific,

USA).

After

7

MSCBM-CD+10%SERUMLT85POST

3

d

of

incubation,

MSCBM-CD+10%SERUMLT85PRE,

MSCBM-CD+10%SERUMLT115PRE

and

The control conditions, represented by the incubation of hBM-MSCs with DMEM+10%FBS and
MSCBM-CD+SingleQuot, used in this experiment also acted as the controls for the experiment conducted in
Chapter 6 (6.5.3 and 6.6.1).
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MSCBM-CD+10%SERUMLT115POST, DMEM+10%FBS

and

MSCBM-CD+SingleQuot

were

0 hrs

removed and stored at -80°C for further analyses.

Passage 2 hBM-MSCs seeded into:
DMEM+10%FBS
MSCBM-CD+SingleQuot
MSCBM-CD+10%SERUMLT 85PRE
MSCBM-CD+10%SERUMLT 85POST
MSCBM-CD+10%SERUMLT 115PRE
MSCBM-CD+10%SERUMLT 115POST
Immunocytochemistry

+3 Days

Gene Expression

Imaged
Imaged

Media Changed To:

Post in vitro
Culture

+9 Days

+7 Days

DMEM+10%FBS

DMEM+10%FBS

MSCBM-CD+SingleQuot

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUMLT 115PRE
MSCBM-CD+10%SERUMLT 115POST
MSCBM-CD+10%SERUMLT 85PRE
MSCBM-CD+10%SERUMLT 85POST

MSCBM-CD+SingleQuot

Imaged
RNA Extracted
RT-qPCR: GAPDH, ACTB,
PPARG, RUNX2 and MYOD1

Stained with
CMFDA
and fixed.
Immunocytochemistry:
PPARG and RUNX2

Figure 5.1: hBM-MSC incubation with ACTIVE serum in vitro experimental study design. MSCBM-CD: Mesenchymal
stem cell basal medium – chemically defined; MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST:
MSCBM-CD supplemented with 10% human serum from ACTIVELT85 pre- and post-exercise, respectively;
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10%
human serum from ACTIVELT115 pre- and post-exercise, respectively; MSCBM-CD+SingleQuot; MSCBM-CD with
associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat
inactivated foetal bovine serum; CMFDA: CellTrackerTM Green 5-chloromethylfluorescein diacetate; GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase; ACTB: β-actin; PPARG: Peroxisome proliferator-activated receptor γ;
RUNX2: Runt-related transcription factor 2; MYOD1: Myogenic differentiation 1.
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All hBM-MSCs were washed once with 0.5 mL PBS. MSCBM-CD+SingleQuot was warmed to
room temperature and 0.5 mL was added to each well that had previously contained
MSCBM-CD+10%SERUMLT85PRE,
MSCBM-CD+10%SERUMLT115PRE

MSCBM-CD+10%SERUMLT85POST
and

MSCBM-CD+10%SERUMLT115POST.

Control

wells

containing DMEM+10%FBS and MSCBM-CD+SingleQuot were replaced with fresh media,
respectively (Figure 5.1). Due to hBM-MSCs exposed to MSCBM-CD+10%SERUM reaching
80 - 90% confluence after 9 d, the experiment was terminated. On days 3, 7 and 9 brightfield images
of hBM-MSCs were obtained (Primo Vert, Zeiss Microscopy, Germany).

5.5.4. hBM-MSC viability and immunocytochemistry
hBM-MSC viability and expression of PPARγ and RUNX2 was analysed as detailed in §3.5.3.

5.5.5. hBM-MSC proliferation
hBM-MSC proliferation was analysed as detailed in §3.5.4.

5.5.6. hBM-MSC RT-qPCR
hBM-MSC RNA was extracted and stored (§3.5.2.1). To standardise RNA concentration for cDNA
synthesis reactions, RNA was diluted with RNase-free H2O to 10 ng/μL. cDNA was synthesised
(§3.5.2.2) and RT-qPCR performed (§3.5.2.4). The change in hBM-MSC RUNX2, PPARG and
MYOD (NM_002478, Qiagen, Germany) expression was calculated according to the Pfaffl method
(Equation 3.8) using the geometric mean of two HKGs: GAPDH and ACTB. The values used for the
control and experimental values in each calculation are detailed in Table 5.2.
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Table 5.2: Summary of the control and experimental conditions used for Equation 3.8 to address objective 2.

Objective

Control Condition

Experimental Condition

2a i

MSCBM-CD+10%SERUMLT85PRE

MSCBM-CD+10%SERUMLT85POST

2a i

MSCBM-CD+10%SERUMLT115PRE

MSCBM-CD+10%SERUMLT115POST

2a ii

DMEM+10%FBS

MSCBM-CD+10%SERUMLT85PRE

2a ii

DMEM+10%FBS

MSCBM-CD+10%SERUM LT85POST

2a ii

DMEM+10%FBS

MSCBM-CD+10%SERUM LT115PRE

2a ii

DMEM+10%FBS

MSCBM-CD+10%SERUM LT115POST

2a iii

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUMLT85PRE

2a iii

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUM LT85POST

2a iii

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUM LT115PRE

2a iii

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUM LT115POST

2a iv

PPARG ACTIVELT85POST

PPARG ACTIVELT115POST

2a iv

RUNX2 ACTIVELT85POST

RUNX2 ACTIVELT115POST

MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST: Mesenchymal stem cell basal medium – chemically
defined supplemented (MSCBM-CD) supplemented with 10% human serum from ACTIVE LT85 pre- and post-exercise,
respectively; MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with
10% human serum from ACTIVELT115 pre- and post-exercise, respectively; MSCBM-CD+SingleQuot; MSCBM-CD with
associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated
foetal bovine serum; PPARG ACTIVELT85POST and PPARG ACTIVELT115POST: PPARG expression when incubated with culture
media supplemented with serum obtained from ACTIVELT185POST and ACTIVE115POST, respectively. RUNX2 ACTIVELT85POST
and RUNX2 ACTIVELT115POST: RUNX2 expression when exposed to culture media supplemented with serum obtained from
ACTIVELT185POST and ACTIVELT115POST, respectively; PPARG: Peroxisome proliferator-activated receptor γ; RUNX2:
Runt-related transcription factor 2.

5.5.7. Statistical analysis
Gene expression data were analysed using a two-way (intensity [ACTIVELT85, ACTIVELT115] × gene
[PPARG, RUNX2]) repeated measures ANOVA, and hBM-MSC proliferation was analysed using a
two-way (intensity [ACTIVELT85, ACTIVELT115] × time [pre-exercise, post-exercise]) repeated
measures ANOVA. Where significant F ratios occurred, post-hoc analysis was conducted using the
Student’s paired t-Test to determine where significant differences between measurements occurred.
The Bonferroni correction for multiple comparisons was subsequently applied to the unadjusted
p value. A parametric one-sample t-Test was also used determine whether a significant difference
occurred between control and experimental conditions (§3.6.3.1) in both gene expression and
proliferation analyses. For gene expression analyses a criterion value of 1 was used, and for
hBM-MSC proliferation the criterion values were set to 1.95 and 1.90 when comparing experimental
conditions with DMEM+10%FBS and MSCBM-CD+SingleQuot, respectively. Where data were not
normally distributed, data were transformed. Specifically, pre- and post-exercise gene expression
data were transformed using square root calculations.
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5.6. Results
5.6.1. Participant haematological parameters
Haematological values corresponding to the six participant serum samples used to supplement
culture media are detailed in Table 5.3. Due to one missing participant ACTIVELT85 post-exercise
venous blood sample measure, these data are presented as n = 5.
Table 5.3: Haematological values (mean ± SD) [range] for serum fractions from the ACTIVE trial condition used to
supplement culture media.

Haematologic
al Parameter

ACTIVELT85

ACTIVELT115

Leukocytes
(109·L-1)

Pre-Exercise
4.31 ± 0.846
[3.23 – 5.21]

Post-Exercise*
6.55 ± 2.87
[3.99 – 11.3]

Pre-Exercise
4.71 ± 0.900
[3.26 – 5.83]

Post-Exercise
7.03 ± 2.09
[5.24 – 10.9]

Neutrophils
(109·L-1)

2.32 ± 0.465
[1.80 – 2.78]

4.01 ± 2.58
[2.23 – 8.52]

2.60 ± 0.695
[1.58 – 3.33]

4.30 ± 1.82
[2.27 – 7.48]

1.42 ± 0.325
[1.04 – 1.78]
0.412 ± 0.125
[0.250 – 0.580]
194 ± 33.6
[153 – 255]

1.88 ± 0.400
[1.36 – 2.32]
0.502 ± 0.161
[0.260 – 0.650]
229 ± 45.1
[182 – 299]

1.50 ± 0.304
[0.98 – 1.84]
0.432 ± 0.120
[0.240 – 0.570]
196 ± 37.8
[162 – 265]

2.07 ± 0.603
[1.27 – 2.77]
0.493 ± 0.147
[0.290 – 0.690]
239 ± 47.5
[195 – 332]

Lymphocytes
(109·L-1)
Monocytes
(109·L-1)
Platelets
(109·L-1)
n = 6; *n = 5.

5.6.2. hBM-MSC viability, morphology and immunocytochemistry
hBM-MSCs were viable and, in response to the different culture conditions, hBM-MSCs displayed
distinctly different morphologies between MSCBM-CD+10%SERUM, DMEM+10%FBS, and
MSCBM-CD+SingleQuot culture conditions. Following incubation with DMEM+10%FBS,
hBM-MSCs displayed a flat spindle shape with wide branches which displayed a predominently
uniform orientation, and hBM-MSCs in response to MSCBM-CD+SingleQuot, displayed a punctate
morphology (Figure 5.2) (Appendix F-1). However, in response to incubation with culture media
supplemented with pre- and post-exercise serum, hBM-MSCs displayed a distinctly different
morphology that was heterogenous within each culture condition and irregular in oritentation. In
response to MSCBM-CD+10%SERUM, independent of whether serum was obtained from pre- or
post-exercise, or a moderate and heavy exercise itnensity, spherical (Figure 5.2a), triangular (Figure
5.2b), spindle with elongated (Figure 5.2c) and flat (Figure 5.2d) branches, and polygonal (Figure
5.2e and 5.2f) morphologies were present.
hBM-MSCs

exposed

to

DMEM+10%FBS,

MSCBM-CD+SingleQuot

and

MSCBM-CD+10%SERUM displayed a positive PPARγ expression. However, one polygonal
shaped hBM-MSC did not express PPARγ (Figure 5.2f) even though surrounding hBM-MSCs
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showed a positive PPARγ expression. PPARγ was detected in the cytoplasm as well as the nucelus
(Figure 5.2g), but PPARγ expression in these two locations was not consistent within all hBM-MSCs.
Positive RUNX2 expression was unable to be confidently determined due to contamination of
CMFDA fluorescence in the RUNX2 channel, so RUNX2 expression was therefore not presented.
Supplementary micrographs displaying the hBM-MSC response to, DMEM+10%FBS and MSCBMCD+SingleQuot, MSCBM-CD+10%SERUMLT85PRE, and MSCBM-CD+10%SERUMLT85POST, and,
MSCBM-CD+10%SERUMLT115PRE, and MSCBM-CD+10%SERUMLT85POST, are presented in
Appendix F-1, Appendix F-2 and Appendix F-3, respectively.
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MSCBM-CD+10%SERUM
LT85PRE

LT85POST

LT115PRE

LT115POST

#DMEM+10%FBS

#MSCBM-CD+SQ

f
e

c

A

a
b
d

B

g

Figure 5.2: hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with: MSCBM-CD+10%SERUMLT85PRE,
MSCBM-CD+10%SERUMLT85POST, MSCBM-CD+10%SERUMLT115PRE, MSCBM-CD+10%SERUMLT85POST, DMEM+10%FBS and MSCBM-CD+SingleQuot. hBM-MSCs displayed a positive
PPARγ expression with spherical (a), triangular (b), elongated spindle (c), flat spindle (d), and polygonal (e) morphologies; f: hBM-MSC with a polygonal morphology and negative PPARγ
expression; g: Positive PPARγ expression in the cytoplasm and nucleus; PPARγ: Peroxisome proliferator-activated receptor γ; MSCBM-CD: Mesenchymal stem cell basal medium – chemically
defined; MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST: MSCBM-CD supplemented with 10% human serum from ACTIVELT85 pre- and post-exercise, respectively;
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10% human serum from ACTIVELT115 pre- and post-exercise, respectively;
MSCBM-CD+SQ (MSCBM-CD+SingleQuot): MSCBM-CD with associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated
foetal bovine serum. *MSCBM-CD+10%SERUM images are representative of one experiment where each participants’ serum sample at each time point (n = 1) was used to supplement
MSCBM-CD; #DMEM+10%FBS (n = 1) and MSCBM-CD+SQ (n = 1) images are representative of one experiment and are the same controls used in §6.6.1 and Figure 6.2. The
MSCBM-CD+10%SERUM images presented are the hBM-MSC response to serum from one participant to enable a direct comparison between exercise intensities and time points.

104

5.6.3. hBM-MSC proliferation
The DNA quantity of hBM-MSCs exposed to culture media supplemented with serum obtained from
ACTIVELT115 pre- and post-exercise time points was 15% greater (p = 0.025, ƞ2p = 0.668) than
hBM-MSCs exposed to media supplemented with serum obtained from ACTIVELT85 pre and
post-exercise time points (Figure 5.3). The combined DNA quantity of hBM-MSCs exposed to
MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT115PRE was only 9% greater than
the combined DNA quantity of hBM-MSCs exposed to MSCBM-CD+10%SERUMLT85POST and
MSCBM-CD+10%SERUMLT115POST (p > 0.05, ƞ2p = 0.050). No significant difference occurred
between hBM-MSCs incubated with culture media supplemented with serum obtained from
ACTIVELT85 and ACTIVEL115 at pre- and post-exercise time points (p > 0.05, ƞ2p = 0.108). hBM-MSC
DNA content when incubated in MSCBM-CD+10%SERUMLT85POST was 9% greater than the DNA
content of hBM-MSCs incubated MSCBM-CD+10%SERUMLT85PRE, while hBM-MSC DNA
quantity when incubated in MSCBM-CD+10%SERUMLT115PRE was 21% lower than hBM-MSCs
incubated in MSCBM-CD+10%SERUMLT115POST (Figure 5.3). hBM-MSC DNA quantity was greater
when incubated with MSCBM-CD+10%SERUMLT85PRE, (158%, p = 0.007, dz = 1.82; 164%,
p = 0.006, dz = 1.85), MSCBM-CD+10%SERUMLT85POST (180%, p = 0.029, dz = 1.24; 188%,
p = 0.027, dz = 1.26), MSCBM-CD+10%SERUMLT115PRE (238%, p = 0.014, dz = 1.51; 247%,
p = 0.013, dz = 1.53) and MSCBM-CD+10%SERUMLT115POST (180%, p = 0.001, dz = 2.65; 187%,
p = 0.001, dz = 2.69) than the DNA quantity of hBM-MSCs incubated with DMEM+10%FBS and
MSCBM-CD+SingleQuot, respectively (Figure 5.3).
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Figure 5.3: hBM-MSC proliferation, measured through DNA content, following incubation with ACTIVE serum and
commercially available culture media and supplements (mean ± SD). MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST: MSCBM-CD
supplemented with 10% human serum from ACTIVELT85 pre- and post-exercise, respectively;
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10%
human serum from ACTIVELT115 pre- and post-exercise, respectively; MSCBM-CD+SingleQuot: MSCBM-CD with
associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat
inactivated foetal bovine serum. *Combined hBM-MSC DNA quantity of MSCBM-CD+10%SERUMLT115PRE and
MSCBM-CD+10%SERUMLT115POST
was
significantly
greater
than
hBM-MSCs
incubated
in
MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST; †Value represents one experiment where n=1;
#hBM-MSC DNA quantity, when incubated in each MSCBM-CD+10%SERUM condition, was significantly greater than
in DMEM+10%FBS and MSCBM-CD+SingleQuot conditions (p < 0.05).

5.6.4. hBM-MSC RT-qPCR
It is important to note that the HKG and GOI primer pairs designed for the analysis of hBM-MSC
gene expression were not fully validated against positive controls known to express these genes.
MYOD1 expression
No MYOD1 expression was detected in response to any culture condition.
hBM-MSC gene expression following incubation with MSCBM-CD media supplemented with
pre-exercise serum compared to post-exercise serum from ACTIVELT85 and ACTIVELT115
When compared to the hBM-MSC response to pre-exercise serum, relative to the change in the HKG
expression, hBM-MSC PPARG expression was 24% (p > 0.05, dz = 0.68) and 11% (p > 0.05,
dz = 0.26) greater in response to serum obtained from the post-exercise time point in ACTIVELT85
and ACTIVELT115 trials, respectively (Figure 5.4). When comparing to the hBM-MSC response to
pre-exercise serum, relative to the change in the HKG expression, hBM-MSC RUNX2 was 24%
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(p > 0.05, dz = 0.47) and 2% greater (p > 0.05, dz = 0.01) in response to serum obtained from the
post-exercise time point in ACTIVELT85 and ACTIVELT115 trials, respectively (Figure 5.4). The
combined relative hBM-MSC expression of PPARG, independent of exercise intensity, was 3%
greater than that of RUNX2 (p > 0.05, ƞ2p = 0.132). Furthermore, the relative change in hBM-MSC
PPARG and RUNX2 expression in response to serum obtained from ACTIVELT85 and ACTIVELT115
showed no significant difference (p > 0.05, ƞ2p = 0.011) (Figure 5.4).
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Figure 5.4: hBM-MSC PPARG (A), and RUNX2 (B), expression ratio in response to MSCBM-CD+10%SERUMLT85POST
and MSCBM-CD+10%SERUMLT115POST, relative to the change in the HKG expression, following incubation with
MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT115PRE, respectively (mean ± SD). ACTIVELT85:
hBM-MSC ratio of gene expression following incubation with MSCBM-CD supplemented with 10% human serum from
ACTIVELT85 pre- and post-exercise (MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST,
respectively); ACTIVELT115: hBM-MSC ratio of gene expression following incubation with MSCBM-CD supplemented
with 10% human serum from ACTIVELT115 pre- and post-exercise (MSCBM-CD+10%SERUMLT115PRE and
MSCBM-CD+10%SERUMLT115POST, respectively); PPARG: Peroxisome proliferator-activated receptor γ; RUNX2:
Runt-related transcription factor 2; GOI: Gene of interest; HKG: Housekeeping gene. Coloured markers represent
individual values.

When compared to the hBM-MSC response to serum obtained from the ACTIVELT85 post-exercise
time point, relative to the change in HKG expression, hBM-MSC PPARG expression was 2% greater
(p > 0.05, dz = 0.06) and RUNX2 expression 2% lower (p > 0.05, dz = 0.07) in response to serum
obtained from ACTIVELT115 post-exercise (Figure 5.5).
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Figure 5.5: hBM-MSC PPARG and RUNX2 expression ratio in response to MSCBM-CD+10%SERUMLT85POST, relative
to the change in the HKG expression, following incubation with MSCBM-CD+10%SERUMLT115POST (mean ± SD).
MSCBM-CD: Mesenchymal stem cell basal medium – chemically defined; MSCBM-CD+10%SERUMLT85POST and
MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10% human serum from ACTIVELT85 and
ACTIVELT115 post-exercise, respectively; PPARG: peroxisome proliferator-activated receptor γ; RUNX2: Runt-related
transcription factor 2; GOI: Gene of interest; HKG: Housekeeping gene. Coloured markers represent individual values.

hBM-MSC gene expression following incubation with culture media supplemented with
ACTIVELT85

and

ACTIVELT115

pre-exercise

and

post-exercise

serum

compared

to

MSCBM-CD+SingleQuot
When comparing the hBM-MSC response to MSCBM-CD+SingleQuot, relative to the change in
HKG expression, hBM-MSC PPARG expression was 51% greater (p = 0.008, dz = 1.76) in response
to culture media supplemented with ACTIVELT85PRE, 84% greater (p = 0.012, dz = 1.58) following
incubation with ACTIVELT85POST, 70% greater (p = 0.020, dz = 1.37) following incubation with
culture media supplemented with ACTIVELT115PRE, and 78% greater (p = 0.012, dz = 1.58) in response
to ACTIVELT115POST (Figure 5.6A). The combined relative hBM-MSC PPARG expression in
response to culture media supplemented with post-exercise serum, independent of exercise intensity,
was 13% greater (p > 0.05, ƞ2p = 0.294) compared to the hBM-MSC expression in response to
pre-exercise serum. Independent of pre- and post-exercise time points, the combined relative
hBM-MSC PPARG expression was 4% greater (p > 0.05, ƞ2p = 0.051) in response to ACTIVELT115
compared to ACTIVELT85. Furthermore, the relative change in hBM-MSC PPARG expression in
response to serum obtained from pre- and post-exercise time points in both ACTIVELT85 and
ACTIVELT115 showed no significant difference (p > 0.05, ƞ2p = 0.127) (Figure 5.6A). When compared
to the hBM-MSC response to MSCBM-CD+SingleQuot, relative to the change in HKG expression,
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hBM-MSC RUNX2 expression was 55% lower (p = < 0.001, dz = -5.04) in response to media
supplemented with ACTIVELT85PRE, 48% lower (p = < 0.001, dz = 4.67) following incubation with
ACTIVELT85POST, 52% lower (p = < 0.001, dz = 9.20) in response to ACTIVELT115PRE and 51% lower
(p = < 0.001, dz = 5.52) in response to ACTIVELT115POST (Figure 5.6B). Independent of the exercise
intensity, the combined relative hBM-MSC RUNX2 expression in response to culture media
supplemented with post-exercise serum was 9% greater (p > 0.05, ƞ2p = 0.393) compared to the
hBM-MSC expression in response to pre-exercise serum. Independent of serum collection time point,
the combined relative hBM-MSC RUNX2 expression in was 1% greater (p > 0.05, ƞ2p = 0.002) in
response to culture media supplemented with ACTIVELT115 serum compared to ACTIVELT85 serum.
Furthermore, the relative change in hBM-MSC RUNX2 expression in response to serum obtained
from pre- and post-exercise time points in both ACTIVELT85 and ACTIVELT115 trials showed no
significant difference (p > 0.05, ƞ2p = 0.092) (Figure 5.6B).
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Figure 5.6 hBM-MSC PPARG (A), and RUNX2 (B), expression ratio in response to MSCBM-CD+10%SERUMLT85PRE
(ACTIVELT85PRE) and MSCBM-CD+10%SERUMLT85POST (ACTIVELT85POST), MSCBM-CD+10%SERUMLT115PRE
(ACTIVELT115PRE) and MSCBM-CD+10%SERUMLT115POST (ACTIVELT115POST), relative to the change in the HKG
expression, following incubation with MSCBM-CD+SingleQuot (mean ± SD). MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST: MSCBM-CD
supplemented with 10% human serum from ACTIVELT85 pre- and post-exercise, respectively;
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10%
human serum from ACTIVELT115 pre- and post-exercise, respectively; MSCBM-CD+SingleQuot: MSCBM-CD with
associated growth supplement; PPARG: Peroxisome proliferator-activated receptor γ; RUNX2: Runt-related transcription
factor 2; GOI: Gene of interest; HKG: Housekeeping gene. *Significantly greater than 1; #Significantly lower than 1;
Coloured markers represent individual values (p < 0.05).
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DMEM+10%FBS.
When compared to the hBM-MSC response to DMEM+10%FBS, relative to the change in HKG
expression, hBM-MSC PPARG expression was 58% lower in response to culture media
supplemented with ACTIVELT85PRE (p = < 0.001, dz = 7.17), 48% lower following incubation with
ACTIVELT85POST (p = 0.001, dz = 3.23), 52% lower in response to ACTIVELT115PRE (p = < 0.001,
dz = 3.66) and 50% lower in response to ACTIVELT115POST (p = < 0.001, dz = 3.63) (Figure 5.7A).
The combined relative hBM-MSC expression of PPARG in response to culture media supplemented
with post-exercise serum, independent of exercise intensity, was 13% greater (p > 0.05, ƞ2p = 0.294)
compared to the hBM-MSC expression in response to pre-exercise serum. The combined relative
hBM-MSC PPARG expression, independent of pre- and post-exercise time points, was 4% greater
(p > 0.05, ƞ2p = 0.051) in response to ACTIVELT115 compared to ACTIVELT85. The relative change in
hBM-MSC PPARG expression in response to serum obtained from pre- and post-exercise time points
in both ACTIVELT85 and ACTIVELT115 showed no significant difference (p > 0.05, ƞ2p = 0.127)
(Figure 5.7A). When compared to the hBM-MSC response to DMEM+10%FBS, relative to the
change in HKG expression, hBM-MSC RUNX2 expression revealed a 38% greater expression in
response to ACTIVELT85PRE (p = 0.041, dz = 1.12), 59% greater expression following incubation with
media supplemented with ACTIVELT85POST (p = 0.006, dz = 1.84), 48% greater expression in response
to ACTIVELT115PRE (p = 0.001, dz = 2.73) and a 51% greater expression following incubation with
ACTIVELT115POST (p = 0.007, dz = 1.80) (Figure 5.7B). Independent of the exercise intensity, the
combined relative hBM-MSC RUNX2 expression in response to culture media supplemented with
post-exercise serum was 9% greater (p > 0.05, ƞ2p = 0.393) compared to the hBM-MSC expression
in response to pre-exercise serum. Independent of serum collection time point, the combined relative
hBM-MSC RUNX2 expression in was 1% greater (p > 0.05, ƞ2p = 0.002) in response to culture media
supplemented with ACTIVELT115 serum compared to ACTIVELT85 serum. Furthermore, the relative
change in hBM-MSC RUNX2 expression in response to serum obtained from pre- and post-exercise
time points in both ACTIVELT85 and ACTIVELT115 trials showed no significant difference (p > 0.05,
ƞ2p = 0.092) (Figure 5.7B).
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Figure 5.7: hBM-MSC PPARG (A), and RUNX2 (B), expression ratio in response to MSCBM-CD+10%SERUMLT85PRE
(ACTIVELT85PRE) and MSCBM-CD+10%SERUMLT85POST (ACTIVELT85POST), MSCBM-CD+10%SERUMLT115PRE
(ACTIVELT115PRE) and MSCBM-CD+10%SERUMLT115POST (ACTIVELT115POST), relative to the change in the HKG
expression, following incubation with DMEM+10%FBS (mean ± SD). MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST: MSCBM-CD
supplemented with 10% human serum from ACTIVELT85 pre- and post-exercise, respectively;
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST: MSCBM-CD supplemented with 10%
human serum from ACTIVELT115 pre- and post-exercise, respectively; DMEM+10%FBS: Dulbecco’s Modified Eagle
Medium (1×) supplemented with heat inactivated foetal bovine serum; PPARG: Peroxisome proliferator-activated receptor
γ; RUNX2: Runt-related transcription factor 2; GOI: Gene of interest; HKG: Housekeeping gene. *Significantly greater
than 1; #Significantly lower than 1; Coloured markers represent individual values, (p < 0.05).

5.7. Discussion
To the best of the authors knowledge, this is the first study that has investigated hBM-MSC
morphology, proliferation and PPARγ/PPARG, RUNX2 and MYOD1 expression following
incubation with media supplemented with serum obtained from pre- and post-exercise time points,
and at exercise within a moderate and heavy intensity domain. It is also believed to be the first to
compare these hBM-MSC responses to those of commercially available media DMEM+10%FBS
and MSCBM-CD+SingleQuot.
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hBM-MSC proliferation was greater, and morphology was distinctly different, in response to
culture media supplemented with human serum compared to hBM-MSCs cultured in
DMEM+10%FBS and MSCBM-CD+SingleQuot
One aim of this investigation was to determine whether a difference in hBM-MSC morphology and
proliferation occurred between the culture conditions. No discernible difference occurred between
hBM-MSC morphology following incubation with media supplemented with human serum
conditions, regardless of exercise intensity or pre- and post-exercise time points. Therefore, these
results did not support the experimental hypothesis. However, hBM-MSC morphology in response
to these culture conditions was different to hBM-MSCs incubated with DMEM+10%FBS and
MSCBM-CD+SingleQuot. hBM-MSC proliferation was significantly lower following incubation
with media supplemented with serum obtained from ACTIVELT85 compared to ACTIVELT115, but no
difference occurred in hBM-MSC proliferation following incubation with serum obtained from preand post-exercise time points in either ACTIVELT85 or ACTIVELT115. hBM-MSC proliferation in
response to media supplemented with serum from both ACTIVELT85 and ACTIVEL115 pre- and
post-exercise time points were significantly greater than hBM-MSCs incubated with
DMEM+10%FBS and MSCBM-CD+SingleQuot.
hBM-MSCs incubated with MSCBM-CD+SingleQuot were viable and displayed a punctate
morphology that had started to display the beginnings of elongated branch protrusions that are
characteristic of a spindle-like morphology (Figure 5.2). A punctate morphology displayed by
hBM-MSCs is indicative of a quiescent state (Winer et al., 2009). It could therefore be suggested
that the low degree of proliferation, evident through the low DNA content and the observed low
confluence percentage, of hBM-MSCs within this control condition compared to the other two
culture conditions could be attributed to hBM-MSCs either residing predominantly in a quiescent
state, or due to the distance between individual cells, hBM-MSCs took longer to form interactions
and undergo proliferation (Venugopal et al., 2018).
The lack of MSC expansion following incubation with MSCBM-CD+SingleQuot compared to the
other culture conditions was not unique to this study; varied hBM-MSC ex vivo expansion following
incubation with serum-free, xeno-free or chemically defined media has been reported in literature.
These media formulations have been shown to support MSC expansion to a similar or greater extent
(Dolley-Sonneville et al., 2013; Sato et al., 2015), as well as to a lower degree (Jung et al., 2012;
Dolley-Sonneville et al., 2013; Inamdar and Inamdar, 2013) than MSCs expanded in media
supplemented with FBS or human serum. Specifically, MSCBM-CD+SingleQuot has been found to
have not supported MSC colony formation compared to media supplemented with FBS
(Jung et al., 2012), but also promote MSC expansion (Dolley-Sonneville et al., 2013). These results
may be attributed to the differences in composition of serum-free, xeno-free or chemically defined
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(Dolley-Sonneville et al., 2013; Inamdar and Inamdar, 2013).
hBM-MSCs in the present study were seeded at the same density in all culture conditions, therefore
the limited degree of hBM-MSC proliferation compared to hBM-MSCs incubated with media
supplemented with human serum was due to the composition of MSCBM-CD+SingleQuot. Due to
hBM-MSCs being seeded at half of the manufacturer’s recommended density in the present study, it
has been acknowledged that the hBM-MSC morphological and proliferation response to this media
was not in accordance with that of the manufacturers. Rather than incubating hBM-MSCs in
MSCBM-CD+SingleQuot to generate a greater cell count ex vivo without spontaneous differentiation
for

further

experimental

analyses,

in

this

study

hBM-MSCs

incubated

with

MSCBM-CD+SingleQuot served as a control condition. In this in vitro condition hBM-MSCs
represented a ‘stem’ state against which the hBM-MSC response to media supplemented with human
serum was compared to. The assurance provided by the manufacturer that MSCBM-CD+SingleQuot
does not promote hBM-MSC spontaneous differentiation served as verification that hBM-MSCs in
this condition were ‘stem’ following 9 d of incubation because the expression of hBM-MSC
pluripotency genes following incubation with MSCBM-CD+SingleQuot were unable to be analysed.
The punctate morphology and low degree of proliferation further suggests that they were in a ‘stem’
state. As a result, the hBM-MSC response following incubation with MSCBM-CD+SingleQuot was
suitable in this study.
While chemically defined media has been developed to alleviate the issues surrounding the use of
FBS and human serum for hBM-MSC ex vivo expansion, this lack of proliferation following a low
seeding density compared to the other culture conditions highlights a potential limitation of using
such media for MSC ex vivo expansion. A high seeding density is necessary for the expansion of
MSCs in serum-free media (Dolley-Sonneville et al., 2013) therefore, obtaining the number of MSCs
required for therapeutic treatment necessitates a greater number of passages. However, MSCs have
been shown to have a reduced ability to differentiate and reduced proliferation with increasing
passages (Gharibi and Hughes, 2012). In contrast, a lower seeding density enables more availability
of nutrients per cell leading to a higher growth (Inamdar and Inamdar, 2013) which subsequently
requires fewer passages to achieve the desired MSC number. This highlights that further research is
necessary to better formulate the media used for MSC ex vivo expansion.
At the same seeding density, hBM-MSC morphology following incubation with DMEM+10%FBS
was distinctly different compared to hBM-MSCs incubated in MSCBM-CD+SingleQuot. Following
incubation with DMEM+10%FBS, hBM-MSCs displayed a flat spindle-like morphology, which was
consistent with other studies throughout literature that have expanded MSCs ex vivo with human
serum (Kocaoemer et al., 2007; Shafaei et al., 2011). Despite a difference in the observed confluence
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percentage between the two control conditions, hBM-MSCs incubated with DMEM+10%FBS had a
similar DNA content to those incubated in MSCBM-CD+SingleQuot. Given the observed higher
confluence percentage in response to DMEM+10%FBS, as well as other studies reporting greater
proliferation of MSCs in response to media supplemented with FBS compared to serum-free media
(Dolley-Sonneville et al., 2013) and MSCBM-CD+SingleQuot (Jung et al., 2012), the similar DNA
content value between the two control conditions was surprising. This may be attributed to an error
in the sample used for the measurement of the DNA content.
Where culture media was supplemented with human serum from both pre- and post-exercise time
points, after only 9 d of incubation, hBM-MSCs were approximately 90% confluent and the
experiment was terminated. This was in contrast to hBM-MSCs cultured in DMEM+10%FBS and
MSCBM-CD+SingleQuot which displayed a lower confluence percentage within the same
incubation period. hBM-MSCs divide slowly and can take 2 – 4 weeks to reach a confluent
monolayer (Książek, 2009). For hBM-MSCs to reach confluence after 9 d of incubation in vitro
following media supplementation with human serum demonstrates its effectiveness at supporting
hBM-MSc ex vivo expansion over other media formulations. In support of these observed confluence
percentages, hBM-MSC DNA content analysis revealed that hBM-MSCs cultured in media
supplemented with human serum was significantly greater than that of hBM-MSCs cultured in
DMEM+10%FBS and MSCBM-CD+SingleQuot. This data supports previous literature that has also
reported greater MSC expansion following incubation with media supplemented with human serum
at

a

concentration

of

10%

compared

DMEM+10%FBS

(Kocaoemer

et

al.,

2007;

Bieback et al., 2009), or serum-free media (Inamdar and Inamdar, 2013). This may be attributed to
a greater number of factors that support hBM-MSC proliferation present within, and specificity of,
human serum compared to the other FBS and chemically defined media supplements. The
significantly greater hBM-MSC DNA content in response to culture media supplemented with
ACTIVELT115 compared to ACTIVELT85 could have arisen due to a higher platelet count within the
ACTIVELT115 trial. Due to the platelet secretome, which contains factors that support proliferation,
being proportional the number of platelets present (Anitua et al., 2004; Wasterlain et al., 2012),
serum generated from whole blood that contained a higher number of platelets will subsequently
contain a higher number of factors that support hBM-MSC proliferation, regardless of the
standardized concentration at which media was supplemented with serum in this study. In healthy
individuals, the normal platelet count at rest ranges from 150,000 – 3000,000 platelets·μL-1
(Wasterlain et al., 2012) with stress, nutritional status and exercise found to influence circulating
platelet counts (Costongs et al., 1985; El-Sayed et al., 2004; Aldemir and Kiliҫ, 2005). Furthermore,
in this study, platelet count increased to a greater extent following ACTIVELT115 compared to
ACTIVELT85. All these factors could have therefore contributed to a greater hBM-MSC proliferation
in response to media supplemented from ACTIVELT115 compared to ACTIVELT85 trial.
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hBM-MSCs incubated with media supplemented with human serum, independent of exercise
intensity and pre- and post-exercise time points, displayed a markedly different morphology
compared to hBM-MSCs incubated with DMEM+10%FBS and MSCBM-CD+SingleQuot.
Morphologically, MSCs are a heterogenous population especially during early passages, though with
increasing passage number their morphology becomes more homogenous (Chamberlain et al., 2007;
Książek, 2009; Li et al., 2015). Following incubation with media supplemented with human serum,
this heterogenous morphology was reflected in the passage 2 hBM-MSCs in this study. Within the
same culture condition hBM-MSCs displayed spherical, triangular, spindle and polygonal
morphologies, and an irregular orientation throughout the culture vessel was also apparent
(Figure 5.2). Similar findings have been reported elsewhere; following exposure to platelet lysate
Li et al. (2015) and Prins et al. (2009) found hBM-MSCs to have a heterogenous morphology with
Li et al. (2015) also reporting that hBM-MSCs displayed a parallel and vortex-like orientation. The
shape of MSCs are reported to dictate their fate and differentiation (Huang et al., 2015), and this
morphological heterogeneity is thought to represent different stages of differentiation rather than
distinct cells or subtypes (Haaster et al., 2009). MSCs with a large flat morphology were more
mature, divided slowly and displayed a lower degree of multilineage potential compared to a
population of small agranular cells which expanded rapidly and displayed a greater multilineage
potential (Colter et al., 2000; Colter et al., 2001). Evidence suggests that the small self-renewing
MSCs are immature cells and represent the earliest precursors, large flat cells represent early
osteogenic progenitors, while spindle shaped MSCs preferentially differentiate towards a
chondrogenic lineage (Colter et al., 2000; Prins et al., 2009; Haaster et al., 2009). Adipogenic
precursors have been found to present a spherical morphology (Huang et al., 2015). Therefore, it
could be suggested that the morphologic heterogenous population of hBM-MSCs in this study
represented both immature and more mature hBM-MSCs precursors for osteogenic, adipogenic and
chondrogenic differentiation lineages within each culture following exposure to media supplemented
with pre and post-exercise serum from a moderate and heavy exercise intensity.
These morphological results suggest that in response the same media supplementation some
hBM-MSCs preferentially display a morphology that potentially favoured osteogenic differentiation
while others may have favoured chondrogenic differentiation, and potentially adipogenic
differentiation; therefore, to exploit these differentiation lineages further research may be necessary
to isolate and expand these separately.
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No difference in PPARG and RUNX2 expression occurred between hBM-MSCs exposed to culture
media supplemented with pre-exercise and post-exercise human serum, or between media
supplemented with human serum obtained at a moderate and heavy relative exercise intensity
An aim of the investigation was to analyse hBM-MSC expression of PPARγ/PPARG, RUNX2 and
MYOD1 following incubation with media supplemented with serum obtained from pre- and
post-exercise time points following ACTIVELT85 and ACTIVELT115. This analysis revealed that no
significant differences occurred in either PPARG or RUNX2 expression between hBM-MSCs
exposed to MSCBM-CD+10%SERUMLT85PRE and MSCBM-CD+10%SERUMLT85POST, or between
MSCBM-CD+10%SERUMLT115PRE and MSCBM-CD+10%SERUMLT115POST, which did not support
the experimental hypothesis. There was also no significant difference between PPARG and RUNX2
expression regardless of the exercise intensity, or between ACTIVELT85POST and ACTIVELT115POST.
Considering MYOD has been detected in 8.7% of umbilical cord MSCs after 7 d (Gang et al., 2004),
and 17.4% of human foetal MSCs following 9 d (Chan et al., 2009) of myogenic differentiation, with
the absence of MYOD mRNA expression, hBM-MSCs were unlikely to have differentiated towards
a myogenic lineage.
This similar level of PPARG and RUNX2 expression could have arisen for a number of reasons. The
acute relative exercise intensity bouts may not have elicited a strong enough exercise stimulus and
associated changes in metabolic and biochemical factors to induce any changes upon hBM-MSC
PPARG and RUNX2 gene expression compared to hBM-MSCs exposed to serum collected at rest.
Changes in cytokine, chemokines and growth factor concentrations were not analysed due to no
significant differences in hBM-MSC responses. However, studies that have conducted exercise at
similar intensities and durations have reported changes in serum content concentration. Many studies
prescribe exercise as a percentage of V̇ O2max . This was not performed in §4, but ACTIVELT85 and
ACTIVELT115 trials represented an intensity of approximately 50% and 70% of participants’ V̇ O2max .
Therefore, results from similar studies using these intensities may be extrapolated to ACTIVELT85
and ACTIVELT115 trials. While the experimental design was different, IL-6 has been found to show
a significant five-fold increase from resting values following a 1 hr cycle at 90% of LT (Gray et al.,
2009). Patterson et al. (2008) also reported a significant increase in IL-6 from resting values
following a 1hr cycle at 70% V̇ O2max. Further highlighting the difference in the physiological
responses to different exercise intensities Kimura et al. (2001) reported different concentrations of a
range of cytokines within the peripheral circulation following a 30 min constant load cycle at 50%
and 70% V̇ O2max . To observe a hBM-MSC response to acute exercise, it is possible that a stronger
stimulus, such as maximal exercise, may have been required. The results from this study therefore
showed that even though the exercise stimulus was well controlled and participants exercised within
two distinctly different intensity domains, and therefore generated two distinctly different
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physiological responses, no difference in gene expression occurred when cells were incubated in the
serum obtained. However, these exercise intensities are known to generate a training response and
health benefits through changes in a number of biochemical and metabolic markers. Changes in such
factors were not measured and therefore cannot be verified to have occurred, however, given their
well-known response to a moderate and heavy exercise intensity over 60 min, it can be anticipated
that such changes did arise. The results of this study may therefore suggest that such metabolic and
biochemical changes known to contribute to training adaptations did not influence hBM-MSC gene
expression. However, it is also possible that changes in other hBM-MSC characteristics did occur
but these were not analysed in the present study; therefore, further research is warranted before these
exercise modes and intensities are considered to have no impact upon hBM-MSC gene expression.
Another possible explanation for no difference in hBM-MSC gene expression could be due to the
platelet contents released into the serum. The generation of serum fractions from whole blood
necessitates the activation of the clotting cascade which includes the release of a number of growth
factors, cytokines, chemokines, among other factors, from α-granules and dense granules from the
activated platelets (Anitua et al., 2004). It was thought that the release of these factors into the serum,
which are known to promote a range of cellular responses including proliferation and differentiation,
may have confounded the hBM-MSC response to the exercise-induced generation and alteration of
metabolic and biochemical factors contained within the serum obtained from pre- and post-exercise
time points. Although there was a significant increase in platelet counts within the peripheral
circulation following exercise compared to resting levels, with a greater numerical increase in
response to ACTIVELT115 compared to ACTIVELT85, hBM-MSC proliferation, morphology or gene
expression was not significantly different between culture media supplemented with pre- and postexercise serum. This could suggest that the platelets present in the circulation post-exercise may not
have confounded the hBM-MSC response. However, this cannot be certain since the direct effect
that the platelet contents had on hBM-MSCs within this study was not analysed because serum
containing a reduced number of platelets was not generated. Conversely, had the released platelet
contents within the serum been reduced, this would have not been physiologically relevant and it
would have also introduced uncontrolled variation in the released platelet content present between
serum samples.
Despite the apparent absence of a hBM-MSC response between culture media supplemented with
human serum obtained before and following an acute bout of exercise at two distinctly different
intensities, there were still a number of intriguing findings. To induce MSCs towards a desired
lineage in vitro, studies in literature have supplemented culture media with specific factors which are
known to induce MSCs to differentiate down the lineage of choice, such as recombinant insulin and
β-glycerophosphate, among other factors for adipogenic and osteogenic differentiation, respectively.
These well-established manufacturer protocols have a known timeframe in which differentiation will
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typically occur. Various techniques have been used to verify hBM-MSC differentiation, either
following completion of the incubation period, or at various stages throughout the differentiation
process. One such approach includes the analysis of the expression of master regulators for
adipogenic and osteogenic differentiation, PPARG and RUNX2, respectively. Their expression has
been detected after incubation periods of ~14 – 21 d (Zou et al., 2008; Delmore et al., 2009; Wu et
al., 2010, Azouna et al., 2012; Li et al., 2015; Fani et al., 2016), though these markers have been
found to be expressed after 7 d (Yokota et al., 2014; Liu et al., 2017) and 30 d (Sato et al., 2015) of
incubation. In the present study hBM-MSCs expressed PPARG and RUNX2 mRNA following only
9 d in vitro. The expression of these markers was therefore in keeping with their expression following
incubation with specific adipogenic and osteogenic induction media. However, in this study, both
PPARG and RUNX2 were expressed to an equal degree following incubation with media
supplemented from serum obtained from a moderate and heavy exercise intensity at pre- and
post-exercise time points.
A large body of in vitro research indicates an inverse relationship between MSC adipogenic and
osteogenic differentiation where the commitment towards one lineage induces a downregulation in
the other (James, 2013). The equal hBM-MSC expression of PPARG and RUNX2 following the
supplementation of culture media with human serum obtained before and after an acute bout of
exercise suggests that hBM-MSCs did not conform to this established concept. There are two
possible hypotheses for this finding which provide an important insight into the influence that human
serum may have upon hBM-MSCs in vitro. The first possible hypothesis is that hBM-MSCs were
still undifferentiated and not committed to either an adipogenic (PPARγ) or an osteogenic (RUNX2)
lineage after 9 d in vitro; individual hBM-MSCs may have co-expressed PPARG and RUNX2
indicating that hBM-MSCs were lineage-primed. Had they been cultured for longer than 9 d, at some
point thereafter they may have committed to a preferential lineage and an inverse relationship
between PPARG and RUNX2 observed. The second hypothesis is that some hBM-MSCs
preferentially expressed PPARG while others preferentially expressed RUNX2, thus supporting the
observed heterogenous hBM-MSC morphology and its indication of hBM-MSCs towards specific
lineage differentiation.
MSC lineage fate, such as adipogenic or osteogenic differentiation, is determined by the expression
of a specific group of transcription factors that act as molecular switches to induce the differentiation
of uncommitted MSCs towards a specific lineage. PPARG and RUNX2 are considered master
regulators of their respective lineages, and once these transcription factors are expressed, MSCs are
committed to the specific lineage and the ability to differentiate down a different one is prevented
(Muruganadan et al., 2009). An alternative and contrasting argument to this is that PPARG and
RUNX2 were co-expressed due to the pre- and post-exercise serum causing hBM-MSC lineage
priming. Undifferentiated proliferating MSCs have been found to express adipogenic (PPARG),
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osteogenic (RUNX2), and chondrogenic (SOX9) gene expression at the mRNA level following
expansion in FBS. Upon exposure to specific induction media, these MSCs have subsequently
differentiated down each of these three lineages (Delorme et al., 2009). hBM-MSCs may have been
lineage primed within the present study, but the dual expression of PPARG and RUNX2 does not
provide confirmation that hBM-MSCs expressed both mRNA transcripts. This only indicates that
they were expressed within the same culture conditions; hBM-MSCs may have only expressed either
PPARG or RUNX2. At the protein level, only PPARγ was expressed with RUNX2 expression not
confidently co-expressed within hBM-MSCs, suggesting that hBM-MSCs may not have been lineage
primed, though further analyses to confirm this is necessary.
The second hypothesis of hBM-MSCs within the same culture condition being precursors for at least
adipogenic and osteogenic differentiation lineages provides a more robust explanation for the similar
PPARG and RUNX2 mRNA expression obtained within this study, and this was supported by
hBM-MSC morphology (Figure 5.2). PPARγ is a master regulator for adipogenesis, and upon ligand
activation, PPARγ is translocated from the cytoplasm to the nucleus where it modulates the
transcription of a range of target genes, (Burgermeister and Seger, 2008; Umemoto and Fujiki, 2012).
In this study it was positively expressed at both the mRNA and protein level indicating that
hBM-MSCs were potentially being induced towards an adipogenic lineage. In some hBM-MSCs,
PPARγ was also expressed within the cytoplasm as well as the nucleus. While PPARγ predominantly
exerts its actions from within the nucleus, it has also been found to function in the cytoplasm, as a
result, its signalling is mediated by a number of distinct mechanisms (Burgermeister and Seger, 2007;
Burgermeister and Seger, 2008). This simultaneous PPARγ expression in two locations within
hBM-MSCs may be explained by two potential events. Either, following ligand activation, PPARγ
was still in the process of being translocated from the cytoplasm to the nucleus for the modulation of
target genes. As a result, these hBM-MSCs may have still been in an undifferentiated state
(Wu et al., 2010). Or, PPARγ was either retained in the cytoplasm, or due to mitogen or PPARγ
ligand stimulation, PPARγ was in the process of being exported from the nucleus into the cytoplasm
through the actions of mitogen activate protein kinase (MAPK). Within the cytoplasm PPARγ is
believed to downregulate genomic activity and exert non-genomical actions that are yet to be fully
elucidated (Burgermeister and Seger, 2007). While PPARγ is a master regulator for adipogenic
differentiation, and serum has been found to promote MSC adipogenesis (Wu et al., 2010), it is also
implicated in other functions including lipid and glucose metabolism and tissue homeostasis. Given
that PPARγ was expressed in the cytoplasm and was expressed by a morphologically heterogenous
population of hBM-MSCs that did not all display a spherical shape indicative of adipogenic
differentiation (McBeath et al., 2004; Huang et al., 2015), it is possible that in this study not all
hBM-MSCs were differentiating towards an adipogenic lineage, and this PPARγ expression arose
due to other cellular events occurring.
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Positive expression of RUNX2 at the protein level was unable to be ascertained due to fluorescence
contamination from the CMFDA dye. With positive RUNX2 expression occurring at the mRNA
level, its potential absence of expression at the protein level could have arisen due to inhibition by
microRNAs (Fakhry et al., 2013; Chen et al., 2016). However, some hBM-MSCs displayed a large
flat polygonal morphology indicating they may have developed into an osteogenic precursor
(Haasters et al., 2009). Moreover, there was an indication that some hBM-MSCs may have been
differentiating towards an osteogenic lineage due to at least one hBM-MSC displaying this
morphology that did not stain positive for PPARγ. This ability for hBM-MSCs to potentially
differentiate towards an osteogenic lineage as a direct result of exposure to media supplemented with
human serum is an important finding.
Seeding density and culture vessel surface have been found to influence hBM-MSC differentiation
and act as cues in the commitment process towards specific lineages (McBeath et al., 2004).
However, given that this population of hBM-MSCs displayed distinctly different morphologies and
gene expression under the same culture conditions indicates that they may have already been
pre-disposed to differentiate towards specific lineages prior to isolation from the bone marrow, and
the components within the human serum supported this development.
The differentiation of MSCs is determined by a multitude, and complex interplay, of factors from
within the microenvironment. These include: the concentration of cytokines, growth factors and
nutrients which can simultaneously activate a network of signalling pathways that influence the
expression and activation of lineage specific transcription factors and subsequent MSC lineage
commitment (Muruganadan et al., 2009; Chen et al., 2016) (Appendix G). The specific components
contained within the serum that generated the observed results cannot be identified, but given that
BMPs and bFGF, which are both known to promote osteogenic and adipogenic differentiation are
present in serum, they may well have played a contributing role.
The results from this study extends the knowledge provided by other studies regarding the impact
exercise has upon hBM-MSCs. Other studies that have investigated the response of MSCs to exercise
in humans have analysed MSC counts within the circulation. These have generated varied findings,
which may have arisen, in part, due to the intensity at which participants were exercising at being
uncontrolled or having elicited different physiological responses between participants (Ramirez et
al., 2006; Lucia et al., 2009; Schmidt et al., 2009, Marycz et al., 2015; Niemiro et al., 2017a;
Niemiro et al., 2018). Although a different experimental design and analyses was conducted in this
study, it demonstrated that a controlled exercise stimulus, which generated physiological responses
within two distinctly different intensity domains, elicited no difference in hBM-MSC proliferation,
morphology and expression of PPARG and RUNX2 compared to rest. In support of other studies
(Kocaoemer et al., 2007; Bieback et al., 2009), independent of exercise, the use of media
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supplementation with human serum was in this study found to better support hBM-MSC proliferation
compared to commercially available media.
PPARG and RUNX2 expression and morphology of hBM-MSCs was altered following incubation
with culture media supplemented with human serum compared to DMEM+10%FBS and
MSCBM-CD+SingleQuot
When analysing gene expression, experimental conditions are typically compared to one common
control condition which enables the impact of the experimental conditions to be determined. In the
present study a common baseline was not employed in order to investigate the impact of post-exercise
serum upon hBM-MSC characteristics because the hBM-MSC response to each participant’s
pre-exercise serum served as the control. To investigate how the hBM-MSC response to human
serum differed to that of commercially available culture media and supplements, hBM-MSCs
incubated with media supplemented with human serum from ACTIVELT85 and ACTIVEL115 was
analysed relative to the hBM-MSC response to DMEM+10%FBS and MSCBM-CD+SingleQuot.
When hBM-MSC PPARG and RUNX2 expression following incubation with human serum was
analysed,

relative

to

that

of

hBM-MSCs

incubated

with

DMEM+10%FBS

and

MSCBM-CD+SingleQuot, an inverse relationship between the PPARG and RUNX2 mRNA
expression was evident.
When comparing the hBM-MSC response to MSCBM-CD+SingleQuot, relative to the change in
HKG expression, hBM-MSC PPARG expression was significantly higher in response to culture
media supplemented with human serum. The hBM-MSC response to MSCBM-CD+SingleQuot
could be regarded as an industry standard due to this media preventing spontaneous MSC
differentiation in vitro and serum has been shown to promote adipogenic differentiation (Wu et al.,
2010), therefore this finding was not surprising. In contrast, the RUNX2 expression was significantly
lower in response to human serum compared to MSCBM-CD+SingleQuot. Furthermore, the hBMMSC morphology in response to the two conditions contradicts this with hBM-MSCs appearing
punctate and cuboid in response to MSCBM-CD+SingleQuot and MSCBM-CD+10%SERUM,
respectively. Therefore, the hBM-MSC RUNX2 expression reported following analysis between
MSCBM-CD+SingleQuot and human serum needs to be further supported by other data to provide
a greater understanding of the cellular response.
In contrast, when compared to the hBM-MSC response to DMEM+10%FBS, relative to the change
in HKG expression, hBM-MSC PPARG expression was significantly lower in response to culture
media supplemented with human serum while RUNX2 expression was significantly higher. The
hBM-MSC gene expression in response to human serum was considered the preferable reaction since
the therapeutic use of human derived serum for the expansion of human derived MSCs is deemed
more suitable compared to FBS (Gottipamula et al., 2013), but the hBM-MSC response to
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DMEM+10%FBS provides important information on how it affects hBM-MSC gene expression.
This data indicates that DMEM+10%FBS potentially promoted the expression of hBM-MSC
adipogenic differentiation to a greater extent compared to human serum. This suggests that
DMEM+10%FBS could be considered to induce an adverse hBM-MSC response and its use to
expand MSCs throughout studies, whether studies using DMEM+10%FBS are used to infer the MSC
response to clinical situations or not, should be considered with caution.
One limitation of this experiment was that the primers used to assess hBM-MSC gene expression
were not verified against positive controls known to express these genes, therefore the veracity of
the expression of these genes in this experiment, and conclusions that were subsequently drawn, do
remain questionable. To verify these results, further experiments could be conducted that assess the
specificity of the primers used. This could be done by analysing the primers against a positive cDNA
control which is known to express the genes that the aforementioned primers were designed for.

5.8. Conclusion
This study investigated the hBM-MSC response to culture media supplemented with human serum
obtained at pre- and post-exercise time points following exercise at a moderate and heavy intensity,
and also assessed this response against that of hBM-MSCs incubated with the commercially available
culture media DMEM+10%FBS and MSCBM-CD+SingleQuot. In response to incubation with
human serum, hBM-MSCs displayed a different PPARG and RUNX2 expression and morphology,
and greater proliferation, compared to DMEM+10%FBS and MSCBM-CD+SingleQuot.
In response to culture media supplemented with human serum, hBM-MSCs displayed a PPARG and
RUNX2 gene expression profile and morphology that was distinctly compared to hBM-MSCs
incubated in commercially available media. Furthermore, hBM-MSCs appeared to display a
heterogenous response indicating that serum obtained from a recreationally active population may
induce different hBM-MSC reactions. This demonstrates that the microenvironment within the
peripheral circulation, that was therefore present within the fractioned serum and which subsequently
formed the hBM-MSC microenvironment in vitro, could greatly influence MSC behaviour when
attempting to utilise their therapeutic properties. No difference occurred in the hBM-MSC response
to media supplemented with pre- and post-exercise serum, or between exercise intensities. However,
only a small, but important, group of variables were analysed and these exercise intensities and
exercise mode should not be excluded from generating an endogenous hBM-MSC response, or a
difference between these conditions in vitro, without further in-depth analysis. Importantly this study
also revealed a different hBM-MSC response to DMEM+10%FBS and MSCBM-CD+SingleQuot
compared to that of human serum, which further highlights the potential issues using these to
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supplement MSCs in vitro. Therefore, the use of these media with MSC, in vitro, should be strongly
considered when used.
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Chapter 6
6.

hBM-MSC characteristics in response to the exposure of human serum, obtained at rest from active or inactive participants, in vitro

hBM-MSC characteristics in response to the exposure of human
serum, obtained at rest from active or inactive participants,
in-vitro
6.1. Abstract
Purpose: This study examined the influence of the metabolic and biochemical microenvironment
contained within the serum, created by regular physical activity and inactivity, upon hBM-MSC
characteristics in vitro. Methods: hBM-MSCs were seeded at 3000 cells/cm2 and cultured in vitro
(37ºC, 5% CO2) with DMEM+10%FBS, MSCBM-CD+SingleQuot and MSCBM-CD that was
supplemented at a concentration of 10% with serum obtained from an ACTIVE and INACTIVE
population. After 9 d in vitro, hBM-MSCs became ~80 – 90% confluent and the experiment was
terminated. hBM-MSC proliferation was determined through DNA content analysis, and
morphology and viability were assessed using CMFDA. hBM-MSC PPARG and RUNX2 gene and
protein expression was analysed using RT-qPCR and immunocytochemistry, respectively. Results:
hBM-MSCs were viable and different morphologies were expressed between hBM-MSCs incubated
in media supplemented with serum obtained from the ACTIVE and INACTIVE population, and
DMEM+10%FBS and MSCBM-CD+SingleQuot. When compared to hBM-MSCs exposed to
MSCBM-CD+SingleQuot, hBM-MSCs exposed to ACTIVE serum displayed a 57% greater PPARG
expression (p < 0.05) while the PPARG expression of hBM-MSCs incubated with INACTIVE serum
was 146% greater (p < 0.05). In contrast, RUNX2 expression was 53% lower in response to ACTIVE
serum (p = < 0.05) and hBM-MSCs incubated with INACTVE serum had a 5% lower RUNX2
expression (p > 0.05). When compared to hBM-MSCs exposed to DMEM+10%FBS, hBM-MSC
PPARG expression following incubation with ACTIVE and INACTIVE serum was 56% and 31%
lower (p < 0.05), respectively, while hBM-MSC RUNX2 expression was 44% and 195% greater
higher (p < 0.05), respectively. Conclusion: These results indicate that the microenvironment present
within the peripheral circulation as a result of regular physical activity generates a different
hBM-MSC response compared to that media supplemented with serum from a physically inactive
population.

6.2. Introduction
The data obtained in Chapter 5 suggested that an acute bout of exercise did not alter the components
in the peripheral circulation to induce substantial changes in PPARG and RUNX2 expression,
morphology, or proliferation of hBM-MSCs in vitro, following supplementation of culture media
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with human serum. However, given the health benefits that regular physical activity generates, the
hBM-MSC response to exercise may not be detectable immediately following a single acute bout of
exercise, but instead through regular participation in physical activity.
Exercise has widely been regarded as a form of medicine with participation in regular physical
activity associated with many short and long-term health benefits (McNally et al., 2015). Conversely,
physical inactivity can lead to a number of health problems and is one of the major contributing
factors to the development of lifestyle related diseases. Through prolonged inactivity and sedentary
behaviour, as well as other poor lifestyle choices, physiological changes occur such as increased
adiposity which in turn can lead to adverse metabolic and biochemical events, including metabolic
syndrome and pathological inflammation. While inflammation relating to injury and tissue damage
is a normal defence process that is tightly regulated in order to restore normal function, pathological
inflammation is an induction of losses to these regulatory processes (Calder et al., 2011). It is
characterised by CLGI which comprises of consistently elevated levels of inflammatory markers and
activated inflammatory cells within the systemic circulation and may lead to the development of
diseases such as CVD and T2DM.
Associated with these diseases, and therefore CLGI, is impaired healing and tissue regeneration. Due
the role that MSCs play in tissue repair, either through differentiation, immunomodulation or
paracrine activities, there is a possibility that due to CLGI, MSC function or behaviour is impaired.
The potential for this altered behaviour is supported by the knowledge that MSCs have a high degree
of plasticity and generate different responses depending on the inflammatory mediators present
within their microenvironment (Wang et al., 2014). Research suggests that CLGI may deregulate
MSC lineage commitment by forcing MSCs down an adipocyte lineage (Ilich et al., 2014). In obese
mice mesenchymal precursors have been found to preferentially migrate to adipose tissue, either
from other tissues such as skeletal muscle or following systemic administration, whereby they then
underwent adipogenic differentiation (Gálvez et al., 2009). EPC function has been found to be
impaired due to systemic inflammation (Lin et al., 2013), and given the combined action of both
EPCs and MSCs in cutaneous healing, it could be inferred that MSC function may also be affected
in this process. Furthermore, the microenvironment associated with T2DM has been found to alter
the expression of angiogenic genes and BM-MSC secretome (Ribot et al., 2017). This suggests that
the microenvironment arising from physical inactivity may generate MSC dysfunction and alter MSC
characteristics.
Due to the multiple ways in which MSCs can promote tissue regeneration and repair, MSCs have
been used as a therapeutic strategy to treat these diseases. However, if upon administration they are
unable to carry out their functions to their full capacity due to the adverse environment, the treatment
will be compromised. Therefore, the experiment presented in this chapter investigated the metabolic
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and biochemical changes present in the peripheral circulation that occur from regular exercise
compared to prolonged inactivity, upon hBM-MSC characteristics. This was studied through the
supplementation of hBM-MSC culture media with the serum samples, obtained at rest, from a
recreationally active population and an inactive population.

6.3. Hypothesis
hBM-MSCs incubated with culture media supplemented with serum from an active population were
expected to generate a different response in the variables measured compared to culture media
supplemented with serum from an inactive population.

6.4. Aims and objectives
1.

To determine whether a difference in hBM-MSC morphology and proliferation, measured
through DNA content, occurred between hBM-MSCs exposed to MSCBM-CD supplemented
with human serum obtained at rest from an ACTIVE population, INACTIVE population,
DMEM+10%FBS and MSCBM-CD+SingleQuot conditions, in vitro.

2.

To investigate hBM-MSC gene expression when exposed, in vitro, to DMEM+10%FBS,
MSCBM-CD+SingleQuot and MSCBM-CD supplemented with human serum obtained from an
ACTIVE and INACTIVE population.
a. To determine whether a difference in PPARγ/PPARG, RUNX2 and MYOD1 gene
expression occurred between hBM-MSCs exposed, in vitro, to MSCBM-CD supplemented
with human serum obtained from an ACTIVE and INACTIVE population relative to
hBM-MSCs cultured in either DMEM+10%FBS or MSCBM-CD+SingleQuot.

6.5. Method
6.5.1. Overview
Serum samples obtained from ACTIVE and INACTIVE trials (§4) were used to supplement
hBM-MSC culture media in vitro. The length of culture was terminated when hBM-MSCs became
confluent. Gene expression, cell morphological analysis and proliferation analysis were then
performed.

6.5.2. Participants
Pre-exercise serum samples from six ACTIVE participants (§4.5.4), obtained from their first
experimental trial, and seven INACTIVE participants (§4.5.6) were used (Table 6.1).
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Table 6.1: Participant characteristics (mean ± SD) [range].

Characteristic

INACTIVE

ACTIVE

24.4 ± 4.3 [19 – 32]

32.8 ± 4.6 [27 – 40]#

172.5 ± 4.3 [166 – 179]

179.8 ± 8.5 [164 – 188]

68.4 ± 13.5 [54.1 – 86.9]
18 ± 9 [10.1 – 27.3]

76.4 ± 7.4 [66.6 – 87.1]
13 ± 5.8 [8 – 15]

Resting HR (b·min-1)♦

82 (80-84) [67 – 85]

58 (55-61) [46 – 74] *†

SBP (mmHg)

124 ± 12 [111 – 140]

125 ± 10 [111 – 140]

73 ± 13 [56 – 95]
90 ± 12 [74 – 110]

72 ± 5 [67 - 80]
90 ± 6 [82 – 100]

38 ± 8 [27 – 48]

52 ± 7 [43 – 58]#

Leukocytes (109·L-1)

5.49 ± 1.88 [3.13 – 8.21]

4.40 ± 0.823 [3.26 – 5.21]*

Neutrophils (109·L-1)

2.97 ± 1.80 [1.22 – 5.83]

2.30 ± 0.498 [1.58 – 2.78]*

1.77 ± 0.309 [1.40 – 2.35]
0.510 ± 0.196 [0.340 – 0.880]

1.52 ± 2.87 [1.04 – 1.78]*
0.420 ± 0.129 [0.240 – 0.580]*

196 ± 30.5 153 – 244]
1650 (1224-2955)
[716 – 5508]

199 ± 31.7 [162 – 255]*
4733 (4667 - 5072)
[2598 – 6132]#

Age (yr)
Height (cm)
Body Mass (kg)
Body Fat (%)

DBP (mmHg)
MAP (mmHg)
V̇ O2peak (ml·kg-1·min-1)

Lymphocytes (109·L-1)
Monocytes (109·L-1)
Platelets (109·L-1)
IPAQ Score
(Mets·Min·Week-1)♦

ACTIVE n = 6; INACTIVE n = 7; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; MAP: Mean arterial
pressure;V̇ O2peak : Peak volume of oxygen consumption per minute; IPAQ: International Physical Activity Questionnaire; ♦Value
expressed as a median and interquartile range. *Data based on values obtained from the first main trial laboratory visit;
†
Significantly lower compared to INACTIVE; #Significantly higher compared to INACTIVE (p < 0.05).

6.5.3. hBM-MSC in vitro culture with human serum, DMEM+10%FBS and
MSCBM-CD+SingleQuot
ACTIVE and INACTIVE trial serum samples were thawed, vortexed and kept on ice. MSCBM-CD
aliquots were warmed to room temperature and ACTIVE and INACTIVE serum samples added at a
concentration of 10% (MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE,
respectively) and the samples were filtered using a 0.2 µpore filter and sterile 10 mL syringe. Then,
1 × 0.5 mL of each MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE
sample (n = 1 per participant sample) was added to two individual 48 well plates; one for gene
expression and immunocytochemistry, respectively (Figure 6.1). A volume of 0.5 mL of
DMEM+10%FBS (n = 1) and MSCBM-CD+SingleQuot (n = 1) was added to control wells on each
plate. Passage 2 hBM-MSCs were thawed and counted (§3.5.1) then seeded at 3000 cells/cm2 into
each well containing MSCBM-CD+10%SERUMACTIVE, MSCBM-CD+10%SERUMINACTIVE,
DMEM+10%FBS and MSCBM-CD+SingleQuot, and then incubated at 37ºC, 5% CO2. After 7 d of
incubation

MSCBM-CD+10%SERUMACTIVE,

MSCBM-CD+10%SERUMINACTIVE,

DMEM+10%FBS and MSCBM-CD+SingleQuot was removed and stored at -80°C for further
analysis. All hBM-MSCs were washed once with 0.5 mL PBS. MSCBM-CD+SingleQuot was
warmed to room temperature and 0.5 mL was added to each well that had previously contained
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MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE. Control wells containing
DMEM+10%FBS and MSCBM-CD+SingleQuot were replaced with fresh media, respectively
(Figure 6.1). Due to hBM-MSCs exposed to human serum reaching 80 – 90% confluence on day 9,
the experiment was terminated. On days 3, 7 and 9 hBM-MSCs brightfield images were obtained

0 hrs

(Primo Vert, Zeiss Microscopy, Germany).

Passage 2 hBM-MSCs seeded into:
DMEM+10%FBS
MSCBM-CD+SingleQuot
MSCBM-CD+10%SERUMACT IVE
MSCBM-CD+10%SERUMINACT IVE

Immunocytochemistry

+3 Days

Gene Expression

Imaged

+9 Days

+7 Days

Imaged
DMEM+10%FBS

DMEM+10%FBS

MSCBM-CD+SingleQuot

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUMACT IVE
MSCBM-CD+10%SERUMINACT IVE

MSCBM-CD+SingleQuot

Imaged
RNA Extracted
RT-qPCR: GAPDH, ACTB,
PPARG, RUNX2 and MYOD1

Stained with
CMFDA
and fixed.
Immunocytochemistry:
PPARG and RUNX2

Figure 6.1: hBM-MSC incubation with ACTIVE and INACTIVE serum in vitro experimental study design. MSCBM-CD:
Mesenchymal stem cell basal medium – chemically defined; MSCBM-CD+10%SERUMACTIVE: MSCBM-CD
supplemented with 10% human serum from the ACTIVE participant cohort; MSCBM-CD+10%SERUMINACTIVE:
MSCBM-CD supplemented with 10% human serum from the INACTIVE participant cohort; MSCBM-CD+SingleQuot:
MSCBM-CD with associated growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×)
supplemented with heat inactivated foetal bovine serum; CMFDA: CellTrackerTM Green 5-chloromethylfluorescein
diacetate; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; ACTB: β-actin; PPARG: Peroxisome
proliferator-activated receptor γ; RUNX2: Runt-related transcription factor 2; MYOD1: Myogenic differentiation 1.
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6.5.4. hBM-MSC viability and immunocytochemistry
hBM-MSC viability and expression of PPARG and RUNX2 was analysed in accordance with the
protocol detailed in §3.5.3.

6.5.5. hBM-MSC proliferation
hBM-MSC proliferation was analysed in accordance with the protocol detailed in §3.5.4.

6.5.6. hBM-MSC RT-qPCR
hBM-MSC RNA was extracted and stored (§3.5.2.1). To standardise RNA concentration for cDNA
synthesis reactions, RNA was diluted with RNase-free H2O to 10 ng/μL. cDNA was synthesised
(§3.5.2.2) and RT-qPCR performed (§3.5.2.4). The change in hBM-MSC RUNX2, PPARG and
MYOD1 (NM_002478, Qiagen, Germany) expression was calculated according to the Pfaffl method
(Equation 3.8) using the geometric mean of two HKGs: GAPDH and ACTB. The values used for the
control and experimental values in each calculation are detailed in Table 6.2.
Table 6.2: Summary of the control and experimental conditions used in Equation 3.8.

Control Condition

Experimental Condition

DMEM+10%FBS

MSCBM-CD+10%SERUMACTIVE

DMEM+10%FBS

MSCBM-CD+10%SERUM INACTIVE

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUMACTIVE

MSCBM-CD+SingleQuot

MSCBM-CD+10%SERUM INACTIVE

MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE: Mesenchymal stem cell basal
medium – chemically defined supplemented (MSCBM-CD) with 10% human serum from ACTIVE and
INACTIVE participant cohorts, respectively; MSCBM-CD+SingleQuot; MSCBM-CD with associated
growth supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat
inactivated foetal bovine serum.

6.5.7. Statistical analysis
Gene expression was analysed using a two-way (gene [PPARG, RUNX2] × group [ACTIVE,
INACTIVE]) (within/between) repeated measures ANOVA. Where significant F ratios occurred,
post-hoc analysis was conducted using the Independent Samples t-Test to determine where
significant differences between measurements occurred. The Bonferroni correction for multiple
comparisons was subsequently applied to the unadjusted p value. One-sample t-Tests were conducted
with the reference test value set to a value of 1, to test for significant differences in PPARG and
RUNX2 expression between hBM-MSCs exposed to MSCBM-CD+10%SERUMACTIVE and
MSCBM-CD+10%SERUMINACTIVE with either MSCBM-CD+SingleQuot or DMEM+10%FBS.
hBM-MSC proliferation was analysed using an Independent Samples t-Test and a one-sample t-Test
with the criterion value set to 1.95 and 1.90 which represented the DNA content value of hBM-MSCs
cultured in DMEM+10%FBS and MSCBM-CD+SingleQuot, respectively.
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6.6. Results
6.6.1. hBM-MSC viability, morphology and immunocytochemistry
The hBM-MSC morphology displayed in response to the MSCBM-CD+10%SERUMINACTIVE was
distinctly more spherical compared to hBM-MSCs exposed to MSCBM-CD+10%SERUMINACTIVE
(Figure 6.2a). In response to both of these conditions, hBM-MSCs also displayed a triangular
(Figure 6.2b), spindle with elongated (Figure 6.2c) and flat (Figure 6.2d), and polygonal
(Figure 6.2e) morphologies, though these appeared to be less abundant in hBM-MSCs exposed to
MSCBM-CD+10%SERUMINACTIVE compared to MSCBM-CD+10%SERUMACTIVE. In contrast,
hBM-MSCs exposed to DMEM+10%FBS and MSCBM-CD+SingleQuot displayed a morphology
that had a flat spindle shape with wide branches, and punctate morphology, respectively (Figure 6.2)
(Appendix F-1). All hBM-MSCs were positive for PPARγ which was predominantly located in the
nucleus, though in some hBM-MSCs it was also evident in the cytoplasm (Figure 6.2f). Positive
RUNX2 expression was unable to be confidently determined due to contamination of the CMFDA
fluorescence in the RUNX2 channel and was therefore not displayed. Supplementary micrographs
displaying the hBM-MSC response to DMEM+10%FBS and MSCBM-CD+SingleQuot, and
MSCBM-CD+10%SERUMINACTIVE are presented in Appendix F-1 and F-4, respectively.
Supplementary

MSCBM-CD+10%SERUMACTIVE

MSCBM-CD+10%SERUMLT85PRE

and

micrographs

are

MSCBM-CD+10%SERUMLT115PRE

presented

in

micrographs

in

Appendix F-1 and F-2, respectively.
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MSCBM-CD+10%SERUM
ACTIVE

#DMEM+10%FBS #MSCBM-CD+SQ

INACTIVE

d

d

e
a
c

A

c

b

e
b

a

f

B
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Figure 6.2: hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with: MSCBM-CD+10%SERUMACTIVE,
MSCBM-CD+10%SERUMINACTIVE, DMEM+10%FBS and MSCBM-CD+SingleQuot. hBM-MSCs displayed a positive PPARγ expression with spherical (a), triangular (b), elongated spindle
(c), flat spindle (d), and polygonal (e) morphologies; f: Positive PPARγ expression in the cytoplasm and nucleus; PPARγ: Peroxisome proliferator-activated receptor γ; RUNX2: Runt-related
transcription factor 2; MSCBM-CD: Mesenchymal stem cell basal medium – chemically defined; MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE: MSCBM-CD
supplemented with 10% human serum from ACTIVE and INACTIVE populations, respectively; MSCBM-CD+SQ (MSCBM-CD+SingleQuot): MSCBM-CD with associated growth supplement;
DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum. MSCBM-CD+10%SERUM images are representative of one experiment
where one participants’ serum sample (n = 1) was used to supplement MSCBM-CD; #DMEM+10%FBS (n = 1) and MSCBM-CD+SQ (n = 1) images are representative of one experiment and are
the same controls used in §5.6.2 and Figure 5.2.
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6.6.2. hBM-MSC proliferation
The DNA content of hBM-MSCs incubated with MSCBM-CD+10%SERUMINACTIVE was 5% greater
compared to hBM-MSCs exposed to MSCBM-CD+10%SERUMACTIVE (p > 0.05, ds = 0.15).
hBM-MSCs incubated in human serum demonstrated significantly greater DNA content compared
to control conditions. DNA content of hBM-MSCs incubated in MSCBM-CD+10%SERUMACTIVE
was 204% (p = 0.004, dz = 2.00) and 212% (p = 0.004, dz = 2.03) greater compared to hBM-MSCs
incubated in DMEM+10%FBS and MSCBM-CD+SingleQuot, respectively (Figure 6.3).
hBM-MSCs cultured in MSCBM-CD+10%SERUMINACTIVE also demonstrated a similar response
with a 220% and 229% greater DNA content compared to hBM-MSCs cultured in DMEM+10%FBS
(p = 0.002, dz = 1.99) and MSCBM-CD+SingleQuot (p = 0.002, dz = 2.02), respectively (Figure 6.3).

hBM-MSC DNA (ng) Content in each
Culture Condition

9
8
7
6
5
4

3

†
#

†
#

DMEM+10%FBS

MSCBM-CD+
SingleQuot

2
1
0

ACTIVE

INACTIVE

MSCBM-CD+10%SERUM
Figure 6.3: hBM-MSC proliferation, measured through DNA content, following incubation with ACTIVE and INACTIVE
serum, and commercially available culture media and supplements (mean ± SD). MSCBM-CD: Mesenchymal stem cell
basal medium – chemically defined; MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE:
MSCBM-CD supplemented with 10% human serum from ACTIVE and INACTIVE participant cohorts, respectively,
respectively; MSCBM-CD+SingleQuot: MSCBM-CD with associated growth supplement; DMEM+10%FBS: Dulbecco’s
Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum. †Value represents one experiment
where n=1; #DNA content of hBM-MSCs was significantly lower compared to MSCBM-CD+10%SERUMACTIVE and
MSCBM-CD+10%SERUMINACTIVE conditions (p < 0.05).

6.6.3. RT-qPCR
The primer pairs used to assess hBM-MSC gene expression were the same as those used in §5.5.6,
therefore the HKG and GOI primer pairs designed for the analysis of hBM-MSC gene expression in
this experiment were also not fully validated against positive controls known to express these genes.
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MYOD1 expression
No MYOD1 expression was detected in response to any culture condition.
hBM-MSC gene expression following incubation with MSCBM-CD+SingleQuot and
MSCBM-CD supplemented with serum from ACTIVE and INACTIVE populations
When compared to the hBM-MSC response to MSCBM-CD+SingleQuot, relative to the change in
HKG, PPARG expression was 57% greater in response to ACTIVE serum (p = 0.021 dz = 1.35) and
146% greater in response to INACTIVE serum (p = < 0.001, dz = 3.14), however RUNX2 expression
was 53% lower in response to ACTIVE serum (p = < 0.001, dz = 4.33) while 5% lower in RUNX2
expression in response to INACTIVE serum (p > 0.05, dz = 0.20) (Figure 6.4). The relative change
in PPARG expression combined from the hBM-MSC response to both ACTIVE and INACTIVE
serum was 181% greater compared to that of the RUNX2 expression (p = < 0.001, ƞ2p = 0.906). The
combined relative hBM-MSC expression of PPARG and RUNX2 in response to INACTIVE serum
was 68% greater compared to that of hBM-MSCs exposed to the ACTIVE serum (p = < 0.001,
ƞ2p = 0.684) (Figure 6.4).
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Figure 6.4: hBM-MSC PPARG (A), and RUNX2 (B), expression following in vitro incubation with
MSCBM-CD+10%SERUMACTIVE (ACTIVE) and MSCBM-CD+10%SERUMINACTIVE (INACTIVE), relative to
hBM-MSC PPARG and RUNX2 expression in response MSCBM-CD+SingleQuot (mean ± SD). PPARG: Peroxisome
proliferator-activated receptor γ; RUNX2: Runt-related transcription factor 2; MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE: MSCBM-CD
supplemented with 10% human serum from ACTIVE and INACTIVE participant cohorts, respectively;
MSCBM-CD+SingleQuot: MSCBM-CD with associated growth supplement; GOI: Genes of interest; HKG: Housekeeping
genes; *Significantly greater than 1; #Significantly lower than 1; †Significantly greater hBM-MSC PPARG expression
compared to RUNX2 expression; ‡Significantly lower combined hBM-MSC PPARG and RUNX2 expression in response
to ACTIVE serum than corresponding INACTVE serum; Coloured markers represent individual values (p < 0.05).
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hBM-MSC gene expression following incubation with DMEM+10%FBS and MSCBM-CD
supplemented with serum from ACTIVE and INACTIVE populations
When comparing the hBM-MSC response to DMEM+10%FBS, relative to the change in the HKG,
PPARG expression was 56% lower in response to ACTIVE serum (p = < 0.001, dz = 4.77) and 31%
lower in response to INACTIVE serum (p = 0.001, dz = 2.38). However, RUNX2 expression was
44% greater in response to ACTIVE serum (p = 0.036, dz = 1.16) and 195% greater in response to
INACTIVE serum (p = < 0.001, dz = 2.76) relative to the change in the HKG expression of
hBM-MSCs exposed to DMEM+10%FBS (Figure 6.5). Relative to the change in the HKG in
response to DMEM+10%FBS, independent of the experimental group, the combined hBM-MSC
RUNX2 expression in response to ACTIVE and INACTIVE serum was 292% greater compared to
hBM-MSC PPARG expression (p = < 0.001 ƞ2p = 0.904). Relative to the change in the HKG in
response to DMEM+10%FBS, the combined hBM-MSC expression of PPARG and RUNX2 when
exposed to serum obtained from the INACTIVE group was 93% greater compared to that of the
ACTIVE group (p < 0.001, ƞ2p = 0.707). Relative to the change in the HKG in response to
DMEM+10%FBS, a significant interaction also occurred between hBM-MSC expression of PPARG
and RUNX2 within ACTIVE and INACTIVE groups (p = 0.002, ƞ2p = 0.583). Post-hoc analysis
revealed a 57% higher PPARG expression (p = 0.004, ds = 2.08) and 104% higher RUNX2
expression (p = 0.001, ds = 2.59) in response to INACTIVE serum compared to ACTIVE serum,
respectively. RUNX2 expression was 228% greater (p = 0.001, ds = 3.56) and 327% greater
(p = < 0.001, ds = 3.16) than PPARG expression in response ACTIVE and INACTIVE serum,
respectively (Figure 6.5).
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Figure 6.5: hBM-MSC PPARG (A), and RUNX2 (B), expression following in vitro incubation with
MSCBM-CD+10%SERUMACTIVE (ACTIVE) and MSCBM-CD+10%SERUMINACTIVE (INACTIVE), relative to
hBM-MSC PPARG and RUNX2 expression in response to DMEM+10%FBS (mean ± SD). PPARG: Peroxisome
proliferator-activated receptor γ; RUNX2: Runt-related transcription factor 2; MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+10%SERUMACTIVE and MSCBM-CD+10%SERUMINACTIVE: MSCBM-CD
supplemented with 10% human serum from ACTIVE and INACTIVE participant cohorts, respectively; DMEM+10%FBS:
Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum; GOI: Genes of interest;
HKG: Housekeeping genes; *Significantly greater than 1; #Significantly lower than 1; †Significantly lower PPARG
expression compared to RUNX2 expression; ‡Significantly lower hBM-MSC combined PPARG and RUNX2 expression
in response to ACTIVE serum than corresponding INACTVE serum; ◊Significantly lower hBM-MSC PPARG expression
than hBM-MSC RUNX2 expression in response to the same corresponding serum; ∞Significantly lower hBM-MSC gene
expression compared to the INACTIVE serum of the same corresponding gene; Coloured markers represent individual
values (p < 0.05).

6.7. Discussion
The aim of this investigation was to determine whether hBM-MSC morphology, proliferation and
PPARγ/PPARG and RUNX2 expression was different following incubation with culture media
supplemented with serum obtained from a recreationally active population and inactive population
at rest. To the best of the authors knowledge, this is the first study to have performed this analysis.
hBM-MSC morphology differed in response to culture media supplemented with human serum
compared to DMEM+10%FBS and MSCBM-CD+SingleQuot
The morphological and proliferative response of hBM-MSCs to the same control media of
DMEM+10%FBS and MSCBM-CD+SingleQuot has been previously discussed (§5.7). The
hBM-MSC response to culture media supplemented with serum from an ACTIVE and INACTIVE
population displayed a heterogenous morphology with spherical, polygonal and spindle shaped
hBM-MSCs, and an irregular orientation. It could be suggested that more hBM-MSCs that were
incubated with INACTIVE serum displayed a spherical morphology compared to hBM-MSCs
incubated in serum obtained from an ACTIVE population (Figure 6.2); however, this is an
observation and to further substantiate this, quantitative data is required. Given that cell morphology
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can dictate fate, and a spherical morphology is indicative of adipogenic differentiation
(Huang et al., 2015), this may suggest that hBM-MSCs incubated with serum from an inactive
population may be promoted to a greater degree to differentiate towards an adipogenic lineage
compared to hBM-MSCs exposed to serum obtained from a recreationally active population.
Following incubation with media supplemented with both ACTIVE and INACTIVE serum,
hBM-MSCs also displayed polygonal morphologies with a large and flat cytoplasm, and therefore
were potentially indicating a preference for differentiating towards an osteogenic differentiation
(Colter et al., 2000). With these hBM-MSC morphologies being present in response to both culture
conditions, it suggests that a component present within human serum promotes this response,
therefore further analysis is required to establish to what extent the hBM-MSC response may differ
between the serum obtained from an active and inactive population. In comparison to hBM-MSCs
incubated in MSCBM-CD+SingleQuot and DMEM+10%FBS, hBM-MSCs incubated with culture
media supplemented with serum from the INACTIVE population was distinctly different.
hBM-MSCs incubated with the INACTIVE serum displayed a heterogenous morphology compared
to those incubated with DMEM+10%FBS and MSCBM-CD+SingleQuot. As previously mentioned,
this morphology may be indicative of the lineage hBM-MSCs were differentiating towards, therefore
further investigation is warranted to determine the extent of the difference serum obtained from an
inactive population generates in hBM-MSC characteristics compared to those induced by
MSCBM-CD+SingleQuot and DMEM+10%FBS.
hBM-MSC proliferation was greater in response to culture media supplemented with serum from
ACTIVE

and

INACTIVE

populations

compared

to

DMEM+10%FBS

and

MSCBM-CD+SingleQuot
Culture media supplemented with serum from both the ACTIVE and INACTIVE population
generated a significantly greater hBM-MSC proliferation response compared to hBM-MSCs cultured
with DMEM+10%FBS and MSCBM-CD+SingleQuot. This was in keeping with the data obtained
from §5. No significant difference occurred in hBM-MSC proliferation between hBM-MSCs
exposed to ACTIVE and INACTIVE serum, suggesting that for the sole expansion of hBM-MSCs,
serum obtained from either human population is suitable. However, due to the potentially different
microenvironments present within the two populations, and therefore within their serum samples,
care should be taken in over-interpreting this result and the downstream applications of the MSCs
and their destination should be considered before use.
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PPARG and RUNX2 expression profile differed between hBM-MSCs incubated with culture
media supplemented with ACTIVE and INACTIVE serum when expressed relative to hBM-MSCs
incubated in MSCBM-CD+SingleQuot
MSCBM-CD+SingleQuot culture media has been developed to enable hBM-MSC proliferation
without spontaneous differentiation. hBM-MSCs incubated in this media displayed a punctate
morphology, which suggests that they were in a quiescent state and therefore still ‘stem’. This
indicates that, despite the low degree of proliferation, as a control from which to analyse the
hBM-MSC PPARG and RUNX2 expression response to media supplemented with the ACTIVE and
INACTIVE serum, these hBM-MSCs were suitable.
Significant differences in hBM-MSC PPARG and RUNX2 gene expression in response to culture
media supplemented with serum obtained from the ACTIVE and INACTIVE population occurred
when expressed relative to hBM-MSCs cultured with MSCBM-CD+SingleQuot. hBM-MSCs
exposed to serum from the ACTIVE and INACTIVE population displayed a significant inverse
relationship between PPARG and RUNX2, with PPARG being expressed to a greater degree
compared to RUNX2.
Interestingly, both PPARG and RUNX2 were expressed to a greater degree in response to
INACTIVE serum when compared to ACTIVE serum. While the combined PPARG and RUNX2
expression of hBM-MSCs in response to MSCBM-CD+10%SERUMINACTIVE was significantly
greater than MSCBM-CD+10%SERUMACTIVE, the individual difference in PPARG or RUNX2
expression between MSCBM-CD+10%SERUMINACTIVE and MSCBM-CD+10%SERUMACTIVE
conditions were not significantly different. Despite this, the data pattern revealed important findings.
The greater PPARG expression and potential adipogenic differentiation in response to
MSCBM-CD+10%SERUMINACTIVE compared to MSCBM-CD+10%SERUMACTIVE would be
expected.

However,

the

greater

RUNX2

expression

in

response

to

MSCBM-CD+10%SERUMINACTIVE compared to MSCBM-CD+10%SERUMACTIVE is more
surprising. Given that these genes are expressed relative to a common control condition, this response
to MSCBM-CD+10%SERUMINACTIVE is a result of the microenvironment within the peripheral
circulation created by physical inactivity. Therefore, further investigation into what components,
contained within the serum, generated this greater PPARG and RUNX2 expression in response to
MSCBM-CD+10%SERUMINACTIVE compared to MSCBM-CD+10%SERUMACTIVE is required. It is
also necessary to investigate further what the greater RUNX2 expression in response to
MSCBM-CD+10%SERUMINACTIVE means compared to MSCBM-CD+10%SERUMACTIVE and
whether or not it translates to osteogenic differentiation to a greater extent than hBM-MSCs exposed
to MSCBM-CD+10%SERUMACTIVE.
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hBM-MSC PPARG response to culture media supplemented with the INACTIVE group serum,
relative to the change in hBM-MSCs exposed to MSCBM-CD+SingleQuot, was significantly greater
while the RUNX2 expression between the two was similar. Given that hBM-MSCs expanded in
MSCBM-CD+SingleQuot prevents spontaneous differentiation, this finding would suggest that
human serum from the INACTIVE population promoted adipogenic differentiation while
maintaining RUNX2 expression at a similar level to that found in hBM-MSCs which were
maintained in a stem state. hBM-MSCs exposed to serum from the ACTIVE population also
displayed

a

significantly

greater

PPARG

expression

than

hBM-MSCs

exposed

to

MSCBM-CD+SingleQuot, but this difference was smaller than that obtained following exposure to
serum from the INACTIVE population. This implies that serum obtained from a recreationally active
population may have induced hBM-MSC adipogenic differentiation to a lower degree compared to
serum obtained from an inactive population. This in turn may have implications for the expansion of
MSCs with human serum or plasma derivative for use in a clinical environment. Although study
designs and analyses were different compared to literature, this data may support discoveries that
physical inactivity promotes MSC adipogenesis (Gálvez et al., 2009). However, some hBM-MSCs
also displayed a polygonal morphology in response to the INACTIVE serum. This suggests that,
while adipogenesis may have been the dominant lineage, it may not have necessarily been the sole
lineage that hBM-MSCs exposed to INACTIVE serum were differentiating towards. However,
RUNX2 protein was not able to be analysed, therefore without further analyses to fully determine
whether it may have been expressed, it can only be speculated to what extent the hBM-MSCs were
actually displaying an osteogenic profile in response to serum from the INACTIVE group.
hBM-MSCs showed a significantly lower RUNX2 expression following exposure to serum from the
ACTIVE population compared to hBM-MSCs exposed to MSCBM-CD+SingleQuot. This indicates
that

compared

to

hBM-MSCs

exposed

to

MSCBM-CD+SingleQuot

and

MSCBM-CD+10%SERUMINACTIVE the contents within an active population’s serum greatly reduced
RUNX2 mRNA expression compared to the other two conditions. This is contradictory to prevalent
opinion, and other findings, which report that physical activity promotes BM-MSC osteogenic
differentiation (Ocarino et al., 2008; Hell et al., 2012).
A different PPARG and RUNX2 expression profile occurred between hBM-MSCs incubated with
culture media supplemented with ACTIVE and INACTIVE serum when expressed relative to
hBM-MSCs incubated with DMEM+10%FBS
An inverse relationship between PPARG and RUNX2 also occurred when hBM-MSCs, exposed to
MSCBM-CD+10%SERUMINACTIVE and MSCBM-CD+10%SERUMACTIVE, was compared to that of
hBM-MSCs exposed to DMEM+10%FBS, and this reflected the data obtained in §5.6.4. In contrast
to the profile obtained in response to MSCBM-CD+SingleQuot, hBM-MSC PPARG expression was
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significantly lower and RUNX2 expression was significantly greater than that of hBM-MSCs
exposed to DMEM+10%FBS. Reflecting the earlier findings in this study, hBM-MSC PPARG and
RUNX2 expression when compared relative to hBM-MSCs exposed to DMEM+10%FBS, was
significantly

greater

in

response

to

MSCBM-CD+10%SERUMINACTIVE

compared

to

MSCBM-CD+10%SERUMACTIVE. Furthermore, PPARG and RUNX2 gene expression in response
to

MSCBM-CD+10%SERUMACTIVE

MSCBM-CD+10%SERUMINACTIVE,

was
and

significantly
PPARG

lower
expression

than

that
in

of
both

MSCBM-CD+10%SERUMINACTIVE and MSCBM-CD+10%SERUMACTIVE was significantly lower
than the corresponding condition’s RUNX2 expression. This data infers that DMEM+10%FBS,
which is a common media and supplement used to expand MSCs and other cell types in vitro, may
have promoted hBM-MSC adipogenesis to a greater extent that human serum, including serum
obtained from an inactive population. This further highlights the fact that DMEM+10%FBS may be
an inappropriate media for the ex vivo expansion of MSCs (Gottipamula et al., 2013). Importantly,
while PPARG expression in response to the INACTIVE serum was still lower than the PPARG
expression of the hBM-MSCs exposed to DMEM+10%FBS, it was greater than that of hBM-MSCs
exposed to serum the ACTIVE population’s serum. This supports the study’s earlier finding and
suggests that the microenvironment generated by regular physical activity was less conducive to the
process of adipogenic differentiation in vitro compared to the other conditions, i.e. the
microenvironment created by physical activity acted as a ‘brake’ and inactivity may not be as
effective in the ‘braking’ process. The greater PPARG expression complies with current
understanding that physical inactivity promotes adipogenic differentiation to a greater degree than
physical activity. The RUNX2 expression in response to MSCBM-CD+10%SERUMINACTIVE was
larger, and significantly so, than that of MSCBM-CD+10%SERUMACTIVE. This result was not
expected and to ascertain exactly why this has occurred and the meaning of this difference requires
further investigation.
A limitation of this experiment was that, as in §5, the primers used to assess the hBM-MSC gene
expression were not verified against positive controls. Therefore, the expression of these genes in
this experiment, and conclusions that have subsequently been drawn, are also questionable.

6.8. Conclusion
This study investigated whether a difference occurred in hBM-MSC gene expression, proliferation
and morphology following incubation with culture media supplemented with serum from a
recreationally active and inactive population. In response to these culture conditions, hBM-MSCs
displayed a different PPARG and RUNX2 expression profile, and morphology, thus supporting the
experimental hypothesis. This suggests that the microenvironment present within the peripheral
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circulation, which has arisen due to different physical activity levels, impacts upon hBM-MSC
characteristics. This in turn may suggest that an individual’s physical activity level may influence
the behaviour of MSCs in conducting their normal functions throughout the body, and that when
MSCs are administered as a therapeutic treatment, the physical activity level of the individual may
greatly influence the MSC behaviour and subsequently the outcome or effectiveness of the treatment.
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Chapter 7
7.

Protein synthesis in hBM-MSCs, in vitro, following expansion in a range of standard culture media and supplements

Protein synthesis in hBM-MSCs, in vitro, following expansion in
a range of standard culture media and supplements
7.1.

Abstract

Purpose: Cell growth and expansion takes place when suitable nutrient and cell signalling chemicals
are present. To understand the reason for the observed differences in hBM-MSC proliferation and
morphology between culture conditions observed in Chapter 5, the impact of the culture media and
supplements on the rate of hBM-MSC protein metabolism was analysed. Method: hBM-MSCs were
seeded at 6000 cells/cm2 and grown to ~80% confluence in DMEM+10%FBS. hBM-MSC culture
media was then changed to DMEM+10%FBS, MSCBM-CD+SingleQuot, MSCBM-CD and
MSCBM-CD+10%SERUM for 24 hrs. To each culture media condition 99 atom%
[d5]phenylalanine was added to achieve around a 10% enrichment and incubated for 1 hr and 2 hrs.
At each of these time points media was removed and proteins precipitated with 80% ethanol.
hBM-MSC protein exported into the culture media was analysed by the incorporation of
[d5]phenylalanine into the protein, and [d5]phenylalanine measured after hydrolysis by GC-MS.
Rates of net synthesis were calculated from the enrichment change in protein bound
[d5]phenylalanine multiplied by the total protein pool in the media. Results: hBM-MSC labelled
[d5]phenylalanine

protein

exported

into

the

media

following

incubation

in

MSCBM-CD+10%SERUM was greater compared to the quantity secreted from hBM-MSCs
following incubation with DMEM+10%FBS (8375%), MSCBM-CD+SingleQuot (394%) and
MSCBM-CD (36330%) (p < 0.05) in hr 1, respectively. In hr 2, hBM-MSC [d5]phenylalanine
labelled protein exported from MSCBM-CD+10%SERUM media was only greater than the amount
secreted by hBM-MSCs incubated in MSCBM-CD+SingleQuot (256%) and MSCBM-CD (2607%)
(p < 0.05). Conclusion: hBM-MSCs incubated in media that increased the rate of cell growth and
proliferation also synthesized and exported greater amounts of protein. This rate or protein export
may also reflect differences in the hBM-MSC secretome in response to the culture microenvironment
and also account for differences in hBM-MSC growth.

7.2.

Introduction

Protein synthesis is an essential process for cellular function, and the rate at which protein is
synthesised by cells varies between cell types (Buszczak et al., 2014). The process of stem cell
protein synthesis is well regulated in order to maintain self-renewal and differentiation, maintain
homeostasis and prevent inappropriate proliferation. While in a quiescent state, stem cell protein
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synthesis rate remains low in order to avoid cellular damage and ensure lifelong renewal capacity,
but upon activation, this is increased and stem cell proliferation and differentiation then occur
(Shyh-Chang et al., 2013; Baser et al., 2017). Such activation arises from the cues received from the
cell microenvironment, whether this is received through signals from neighbouring cells through
paracrine mechanisms, export from the cell for metabolic and endocrine-like signals, or through long
distance communication. Not all proteins synthesised in response to these cues are retained within
the cells. Synthesized proteins are also secreted in order to conduct fundamental cellular functions,
such as cell signalling, communication, differentiation and cell adhesion and binding
(Skalnikova, 2013). In response to activation from specific microenvironmental cues in both in vivo
and in vitro environments, MSCs secrete an array of proteins. A widely researched area is the
identification of soluble factors and extracellular vesicles secreted by MSCs in vitro which are
implicated in immunomodulatory and trophic actions in response to specific culture media and
supplements (Amable et al., 2014; Skalnikova, 2013). It is also possible that in vitro environmental
cues may also induce hBM-MSC proliferation or differentiation. For these events to occur,
intercellular communication is also necessary, and one avenue through which this is achieved is
through the secretion of proteins and other manufactured compounds.
Changes in MSC proliferation and differentiation have also been found to alter the stem cell
metabolism. Stem cell metabolism is thought to play a role in dictating whether stem cells proliferate,
differentiate or remain in a quiescent state (Shyh-Chang et al., 2013). Oxidative phosphorylation and
reactive oxygen species (ROS) are thought to promote MSC adipogenesis, while osteogenesis is also
characterised by an increase in oxidative phosphorylation, but it does not respond to ROS. For
chondrogenesis, MSCs display a reduced oxygen consumption and oxidative phosphorylation and
increased glycolysis (Shyh-Chang et al., 2013).
It is therefore possible that MSC proliferation and phenotype, as a result of the microenvironmental
cues, might be expected to depend on proteins synthesised, whether they are either retained or
secreted from the cell in the form of signalling factors released as paracrine agents. Therefore,
measuring the rate at which MSCs synthesise and export proteins might provide information about
the process and mechanisms arising in response to the microenvironmental cues.
The use of the isotope labelled incorporation technique to measure the rate of muscle protein
synthesis has been widely used (Mamerow et al., 2014; Wilkinson et al., 2015). In vitro studies have
investigated the fractional synthetic rate (FSR) of protein synthesis in fibroblasts and myocytes using
[15N]glycine, [15N]proline, and [d5]phenylalanine (Martini et al., 2004). However, there is a paucity
of information regarding the use of this technique to assess the FSR at which stem cells synthesize,
secrete and export proteins.
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It is possible that the differences in hBM-MSC proliferation, gene expression and morphology
obtained in §5 may be explained by changes in metabolic function which have arisen from exposure
to different microenvironmental stimuli from the culture conditions used. Such metabolic changes
may be detected through differences in the rate at which MSCs synthesize and export proteins into
the culture media. Moreover, the rate of change in hBM-MSC phenotype may be expected to depend
on the release of signalling factors that act as paracrine agents. Therefore, measuring the rate at which
hBM-MSCs synthesize and secrete proteins may provide some information regarding the process,
regulation and mechanisms involved in the observed responses in Chapter 5. To the best of the
authors knowledge, the rate at which proteins have been synthesized and secreted from hBM-MSCs
in response to the microenvironments created by different culture conditions has not been
investigated. Therefore, using the stable isotope labelled amino acid [d5]phenylalanine tracer
incorporation technique, this chapter investigated the rate of hBM-MSC protein synthesis and
secretion, in vitro, in response to the culture conditions hBM-MSCs were exposed to in Chapter 5.

7.3.

Hypothesis

To account for the observed differences in cell growth it may be predicted that hBM-MSCs incubated
with culture media supplemented with human serum would have a greater rate of protein synthesis
and protein export (both FSR and absolute rate) compared to hBM-MSCs incubated in
DMEM+10%FBS, MSCBM-CD+SingleQuot and MSCBM-CD.

7.4.
1.

Aims and objectives
Using the tracer incorporation technique, determine the rate of hBM-MSC protein synthesis and
secretion following incubation with different culture conditions, in vitro.
a. To use the stable isotope labelled amino acid [d5]phenylalanine to measure the rate at which
hBM-MSCs synthesized and secreted protein following incubation, in vitro, with
MSCBM-CD+10%SERUM,

DMEM+10%FBS,

MSCBM-CD+SingleQuot

and

MSCBM-CD.

7.5.

Methods

7.5.1. Overview
hBM-MSCs were incubated in culture conditions utilised in Chapter 5 and supplemented with
[d5]phenylalanine, in vitro. Upon termination, cell and media samples were stored and protein
synthesis, and secretion into the culture media, were analysed using GC-MS.
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7.5.2. hBM-MSC culture
The experimental study design used is outlined in Figure 7.1. Passage 3 hBM-MSCs were seeded at
6000 cells/cm2 into three wells on a 48-well plate (Plate 1 [0 hr]) and twelve wells on 2 × 48-well
plates (Plate 2 [1 hr] and Plate 3 [2 hr]) (NUNCTM, ThermoFisher Scientific, USA) with 0.5 mL
DMEM+10%FBS and incubated at 37ºC, 5% CO2 (Hera Cell, Heraeus, ThermoFisher Scientific,
USA) until ~80% confluent (Figure 7.1 [1]). DMEM+10%FBS was then removed from all
hBM-MSC seeded wells on each plate, and hBM-MSCs washed with 1 × 0.5 mL PBS that was
warmed to room temperature. To Plate 1, in triplicate, 0.5 mL of fresh DMEM+10%FBS, warmed
to room temperature was added. To Plate 2 and Plate 3, in triplicate, 0.5 mL of DMEM+10%FBS,
MSCBM-CD+SingleQuot,

MSCBM-CD

and

MSCBM-CD+10%SERUM

was

added.

MSCBM-CD+10%SERUM was prepared as detailed in §5.5.3. Briefly, a randomly selected
ACTIVELT85PRE serum sample, that was also used in §5, was selected, thawed, vortexed and kept on
ice. A MSCBM-CD aliquot was warmed to room temperature and the ACTIVELT85PRE serum sample
was added at a concentration of 10%, then filtered using a 0.2 µpore filter (Sartorius, Germany) and
sterile 10 mL syringe (BD Plastipak™, ThermoFisher Scientific, USA). Plates 1 – 3 were incubated
for 24 hrs at 37ºC, 5% CO2. A volume of 50 μL of sterile filtered 0.9% w/v NaCl containing 99
atom% [d5]phenylalanine (Cambridge Isotopes Laboratories Inc., USA) was added to achieve
around a 10% final enrichment in media. This was added to each seeded well and thoroughly mixed
in plates 1 – 3. Plate 2 and Plate 3 were incubated for 1 hr and 2 hrs, respectively. Plate 1 was not
incubated (Figure 7.1 [2]). Following the completion of each incubation time period, each culture
well was processed as follows (Figure 7.1 [3]). Culture media supplemented with [d5]phenylalanine
was removed and transferred to a pre-labelled tube and stored at -80ºC until further analysis.
hBM-MSC wells were gently washed 1 × 0.5 mL with ice cold PBS and cell proteins precipitated
with 0.5 mL of 80% ice cold ethanol (ThermoFisher Scientific). hBM-MSCs were then scraped off
the culture vessel and the ethanol-cell precipitate was stored at -80ºC until further analysis.
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hBM-MSC Culture Experiment
1

hBM-MSCs prepared according to 3.5.1 in
3 × plates with DMEM+10%FBS and grown until 80% confluent.

2

Removed DMEM+10%FBS, washed 1 × 0.5 mL PBS.

-24 hrs

Plate 1

Wells:

3 × Wells:

3

Wells:

3

Wells:

Wells:

MSCBM-CD
+SingleQuot

DMEM+
10%FBS

MSCBM-CD

MSCBM-CD+
10%SERUM

DMEM+
10%FBS

MSCBM-CD
+SingleQuot

DMEM+
10%FBS

MSCBM-CD

MSCBM-CD+
10%SERUM

+[d5]phenylalanine

No incubation. Plate
processed according
to 3.

Incubate 37ºC, 5% CO2

+1 hr

+[d5]phenylalanine

Plate 2: Incubation stopped.
Plate processed according to 3.
Plate 3: Incubation stopped.
Plate processed according to 3.
3

3

DMEM+
10%FBS

+2 hrs

0 hr

3

Plate 2 and Plate 3

Sample Processing and Storage
i. Culture media: Media supplemented with [d5]phenylalanine removed and
stored -80ºC.
ii. hBM-MSCs: Washed 1 × PBS and cell protein precipitated with 80% ice
cold ethanol and stored -80ºC.

Figure 7.1: hBM-MSC protein synthesis experimental study design. 1: hBM-MSC seeding and proliferation; 2:
Supplementation with [d5]phenylalanine; 3: Sample processing and storage. MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+SingleQuot; MSCBM-CD with associated growth supplement;
DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum;
MSCBM-CD+10%SERUM: MSCBM-CD supplemented with serum obtained an ACTIVE participant (§4).

7.5.3. Bradford protein assay
The total protein concentration was determined to calculate the quantity of protein in the hBM-MSC
culture media during hr 1 and hr 2 in response to each culture condition (Figure 7.2 [1]). Total protein
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concentration was determined using Bradford Reagent according to the manufacturer’s instructions
(Sigma-Aldrich, USA). Briefly, a 1:2 serial dilution standard curve with BSA using a top
concentration of 14 mg was performed. In duplicate, 25 μL of each standard concentration was added
directly to disposable cuvettes. A zero sample was generated with 25 μL of PBS. hBM-MSC culture
media supplemented with [d5]phenylalanine was thawed and thoroughly mixed. A 2:5 dilution of
DMEM+10%FBS and MSCBM-CD+10%SERUM with PBS was performed to ensure protein
concentration was within the assay range. In duplicate, 25 μL of each culture media sample was then
added to disposable cuvettes. To each cuvette, 750 μL of Bradford Reagent was added and
thoroughly mixed. Absorbance was measured at 595 nm using a spectrophotometer
(PU 8670 VIS/NIR, Philips, Netherlands). Protein concentration was determined from the standard
curve with known concentrations according to the line equation y = mx + c and sample
concentrations were corrected for dilutions.

7.5.4. Gas chromatography-mass spectrometry sample preparation
Ethanol-cell precipitate samples were centrifuged at 15,000g (Eppendorf™ 5424R) for 5 min to
pellet the precipitated protein (Figure 7.2 [2a]). The resulting ethanol supernatant was transferred to
a separate tube and was dried at 70ºC overnight, then stored at room temperature until further
analysis. The resulting protein pellet was re-suspended in 1 mL of ice cold 80% ethanol and
centrifuged at 15,000g for 5 min and the supernatant discarded; this wash was repeated a further two
times.
Culture media samples supplemented with [d5]phenylalanine were thawed and vortexed to mix
(Figure 7.2 [2b]). A volume of 100 μL of each culture media sample was placed into a separate tube,
then 400 μL of 100% ice cold ethanol added, mixed and the sample centrifuged at 15,000g for 5 min.
The resulting supernatant, which contained the free amino acids, was transferred into a separate tube
and was dried at 70ºC overnight, then stored at room temperature until further analysis. The
remaining protein pellet, which contained the protein bound amino acids from the media plus those
exported or secreted, was resuspended in 1 mL of ice cold 80% ethanol and centrifuged at 15,000g
for 5 min and the supernatant discarded; this wash was repeated a further two times.
Following the final wash, the protein pellets that arose from the ethanol-cell precipitate and the
culture media were dried at 70ºC overnight (Figure 7.2 [2c]). The protein pellet was then dissolved
in 400 μL of 6M hydrochloric acid (Sigma-Aldrich, USA) then transferred to a 1 mL glass V-Vial
(Wheaton, USA) and hydrolysed at 120ºC overnight, then dried at 70ºC (Figure 7.2 [2d]). To the
dried

protein

pellets,

50

μL

of

pyridine

(Sigma-Aldrich,

USA)

and

50

μL

N-Tert-Butyldimethylsilyl-N-Methyltrifluoroacetamide (MTBSTFA) (Sigma-Aldrich, USA) was
added to each sample, thoroughly mixed and incubated for ~30 min at 70ºC to convert phenylalanine
146

to its phenylalanine-tert-butyldimethylsily (tBDMS) derivative (Figure 7.2 [2e]). Samples were then
transferred to autosampler vials and inserts and analysed using GC-MS (Figure 7.2 [3]) (Clarus
560 D, Perkin Elmer, USA).
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2

Bradford Protein Assay

Standard Curve
• BSA: 1:2 serial dilution with a
top concentration of 14mg.
• PBS: Zero control.

Transferred into cuvette:
1. 25 μL of: sample, standard
and zero control.
2. 750 μL Bradford Reagent,
and mixed.

GC-MS Sample Preparation

hBM-MSC [d5]phenylalanine labelled
protein exported into culture media

Culture Media:
1. Thawed samples
2. 2:5 dilution with
PBS.

2b

Protein Precipitation

1

Analysed with
spectrophotometer,
absorbance at 595nm

1. Culture media + [d5]phenylalanine from
figure 1, 3i was thawed and vortexed.
2. Removed 100 μL and mixed with 400
μL 100% ethanol.
3. Centrifuged 15,000g for 5 min.

1. Resultant supernatant
dried at 70ºC.
2. Stored at room
temperature.

1. Resultant pellet washed
3 × 1 mL 80% ethanol and
centrifuged at 15,000g for
5 min.

2c

Derivatization

Hydrolysis

2d

hBM-MSC synthesized
[d5]phenylalanine labelled protein
2a

1. Ethanol-cell precipitate
from figure 1, 3ii was
centrifuged at 15,000g for 5
min.

1. Resultant pellet washed
3 × 1 mL 80% ethanol and
centrifuged at 15,000g for
5 min.

1. Resultant ethanol
fraction dried at 70ºC.
2. Stored at room
temperature

Pellet dried at 70ºC overnight

1. Dried pellet dissolved in 400 μL 6M HCL and
transferred to V-Vial.
2. Hydrolysed at 120ºC overnight.
3. Dried at 70ºC.

2e

To the resultant dried pellets:
1. Added 50 μL pyridine and 50 μL MTBSTFA.
2. Incubated ~30 min at 70ºC

3

Transferred to autosampler and analysed using GC-MS

Figure 7.2: Schematic diagram of the protocol conducted for: Culture media protein quantification (1), and, hBM-MSC and culture media sample processing (2) and analysis (3) for GC-MS.
BSA: Bovine serum albumin; PBS: Phosphate buffered saline; HCL: Hydrochloric acid; MTBSTFA: N-Tert-Butyldimethylsilyl-N-Methyltrifluoroacetamide.
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7.5.5. Gas

chromatography-mass

spectrometry

sample

analysis

and

calculations
Using electron impact ionization and selected ion monitoring using a mass-to-charge ratio (m/z) of
234 (m + 0) and 239 (m + 5) for phenylalanine and [d5]phenylalanine (Figure 7.3A and B,
respectively), with m + 0 representing the base ion of phenylalanine-tBDMS derivative containing
the ring moiety of the amino acid, protein synthesis and export was analysed using standard rate
equations for calculating protein synthesis at a steady state.
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Figure 7.3: The 234 signal of phenylalanine-tBDMS fragment (A), and the 239 signal of [d5]phenylalanine-tBDMS
fragment (B), shown on the gas chromatography-mass spectrometry chromatograph. Note smaller m + 5 mases at 383, 341,
313 and 209.

7.5.5.1. Fractional Synthetic Rate
The FSR is the fraction of the protein pool that was synthesized per hr. The FSR was therefore
calculated according to the incorporation rate of [d5]phenylalanine into protein using the standard
precursor-product model.
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Enrichment of [d5]phenylalanine, in both the culture media free amino acid pool (precursor) and the
labelled protein in the culture media (product) (Figure 7.4), was calculated as the change in ratio of
the m + 5/m + 0 ions compared with the ratio from unenriched phenylalanine (Equation 7.1), i.e.
That of the media protein pool not incubated and using the calculation for atom% excess.

Enrichment (atom % excess) =

Enriched - Basal
× 100
1 + (Enriched - Basal)

Equation 7.1

Where:
Basal

= Unenriched phenylalanine 239/234 ratio.

Enrichment

= Enriched [d5]phenylalanine 239/234 ratio.
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Figure 7.4: The 239 (m + 5) and 234 (m + 0) peaks from the basal (A and B) and [d5]phenylalanine enriched (C and D)
labelled protein (product) from two representative culture media samples.

The FSR at which hBM-MSCs exported [d5]phenylalanine labelled protein into the culture media
was calculated according to Equation 7.2.

FSR (%·hrˉ¹) =

ΔEprotein
× 100 × tˉ¹
Eprecursor

Equation 7.2

Where:
ΔEprotein = The change in [d5]phenylalanine labelled protein (product) over time.
Eprecursor = Enrichment of the culture media free amino acid pool with [d5]phenylalanine (precursor).
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7.5.5.2. Absolute rate of protein export
To calculate the absolute rate of protein exported into the media per hour, the FSR value was
multiplied by the total amount of protein present within the culture condition (Equation 7.3).
Protein export rate (mg·hrˉ¹) =

FSR
× Protein Concentration
100

Equation 7.3

Where:
FSR

= Value derived from Equation 7.2

Protein Concentration

= Value obtained from the Bradford Assay.

7.5.6. Statistical analysis
The total protein concentration within the media, FSR and the absolute quantity of protein exported
into the culture media per hr in each culture condition was analysed using a two-way (time [1 hr and
2 hr] × condition [DMEM+10%FBS, MSCBM-CD+10%SERUM, MSCBM-CD+SingleQuot,
MSCBM-CD]) (within/between) repeated measures ANOVA. Where significant F ratios occurred,
post-hoc analysis was conducted using the Student’s paired t-Test to determine where significant
differences between measurements occurred. The Bonferroni correction for multiple comparisons
was subsequently applied to the unadjusted p value.

7.6.

Results

7.6.1. Media Protein Concentration
The total protein concentration within each type of culture media was similar between hr 1 and hr 2.
The

culture

conditions

that

displayed

the

lowest

protein

concentration

were

MSCBM-CD+SingleQuot and MSCBM-CD, and the value between these two conditions was
similar. In comparison, protein concentration was higher within DMEM+10%FBS, and this
increased further within the MSCBM-CD+10%SERUM condition (Figure 7.5). Specifically, protein
concentration in MSCBM-CD+10%SERUM was 207% (p = < 0.001, ds = 19.67), 538% (p = < 0.001,
ds = 28.62) and 534% (p = < 0.001, ds = 28.52) greater compared to DMEM+10%FBS,
MSCBM-CD+SingleQuot and MSCBM-CD, respectively. DMEM+10%FBS protein concentration
was 108% (p = < 0.001, ds = 9.50) and 106% (p = < 0.001, ds = 9.38) greater compared to
MSCBM-CD+SingleQuot and MSCBM-CD, respectively.
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Culture Media Protein Concntration (mg·mL)

*

#

MSCBM-CD+
10%SERUM

DMEM+10%FBS

3.5
3.0
2.5
2.0
1.5
1.0
0.5

0.0
MSCBM-CD

MSCBM-CD+
SingleQuot
hr 1

hr 2

Figure 7.5: Culture media protein concentration (mean ± SD). MSCBM-CD: Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+SingleQuot; MSCBM-CD with associated growth supplement;
DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum;
MSCBM-CD+10%SERUM: MSCBM-CD supplemented with serum obtained an ACTIVE participant (§4); *Significantly
greater than DMEM+10%FBS, MSCBM-CD+SingleQuot and MSCBM-CD; #Significantly greater than
MSCBM-CD+SingleQuot and MSCBM-CD (p < 0.05).

7.6.2. Fractional synthetic rate
Significant differences occurred in the FSR of [d5]phenylalanine labelled protein exported from
hBM-MSCs into the culture media between hr 1 and hr 2 within the culture conditions (p = 0.007,
ƞ2p = 0.760). Post-hoc analyses revealed that in hr 1, the lowest FSR that was in response to
MSCBM-CD, and this was 4843% (p = 0.010, ds = 2.93) and 6220% (p = 0.002, ds = 4.18) lower than
MSCBM-CD+10%SERUM and MSCBM-CD+SingleQuot, respectively, and hBM-MSCs incubated
in DMEM+10%FBS were 282% lower that of hBM-MSCs incubated in MSCBM-CD+SingleQuot
(p = 0.012, ds = 6.66). The FSR in hr 2 was lowest in response to MSCBM-CD again, but a similar
FSR

occurred

between

hBM-MSCs

exposed

to

MSCBM-CD+SingleQuot,

MSCBM-CD+10%SERUM and DMEM+10%FBS conditions. Only hBM-MSCs incubated with
MSCBM-CD displayed a significantly lower FSR compared to that of MSCBM-CD+SingleQuot
(660%, p = 0.018, ds = 4.94). Within each culture condition, the only significant differences where
the FSR was greater in hr 1 compared to hr 2 occurred in response to MSCBM-CD+10%SERUM
(197%, p = 0.002, dav = 3.73) and MSCBM-CD+SingleQuot (108%, p = 0.002, dav = 4.38)
(Figure 7.6).
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Figure 7.6: The hBM-MSC FSR of exported [d5]phenylalanine labelled protein when cultured in MSCBM-CD,
MSCBM-CD+SingleQuot, DMEM+10%FBS and MSCBM-CD+10%SERUM (mean ± SD). MSCBM-CD: Mesenchymal
stem cell basal medium – chemically defined; MSCBM-CD+SingleQuot: MSCBM-CD with associated growth
supplement; DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine
serum; MSCBM-CD+10%SERUM: MSCBM-CD supplemented with serum obtained from an ACTIVE participant (§4);
*Significantly lower than MSCBM-CD+SingleQuot and MSCBM-CD+10%SERUM at the same time point; †Significantly
lower than MSCBM-CD+SingleQuot at the same time point; ‡Significantly greater FSR in hr 1 compared to hr 2 within
the same corresponding culture condition (p < 0.05).

7.6.3. Absolute rate of hBM-MSC protein export
Significant differences occurred in the quantity of [d5]phenylalanine labelled protein exported from
hBM-MSCs into the culture media between hr 1 and hr 2 within the culture conditions (p = 0.003,
ƞ2p = 0.806). Post-hoc analyses revealed that in hr 1, the lowest amount of [d5]phenylalanine labelled
protein exported was in response to MSCBM-CD. The quantity of protein exported then increased
sequentially

following

incubation

in

DMEM+10%FBS,

MSCBM-CD+SingleQuot

and

MSCBM-CD+10%SERUM (Figure 7.7). The highest quantity of [d5]phenylalanine labelled protein
which was exported following incubation in MSCBM-CD+10%SERUM was 837% (p = 0.001,
ds = 4.14), 394% (p = 0.001, ds = 3.71) and 36330% (p = < 0.001, ds = 4.57) greater compared to the
quantity secreted from hBM-MSCs incubated in DMEM+10%FBS, MSCBM-CD+SingleQuot and
MSCBM-CD, respectively. In hr 2, the quantity of [d5]phenylalanine labelled protein exported by
hBM-MSCs following incubation in MSCBM-CD+10%SERUM was only significantly greater
compared to the quantity exported by hBM-MSCs incubated in MSCBM-CD+SingleQuot (256%,
p = 0.01, ds = 3.92) and MSCBM-CD (2607%, p = 0.002, ds = 5.23). Within each culture condition,
the quantity of [d5]phenylalanine labelled protein exported into the media was only significantly
different between hr 1 and hr 2 following incubation with MSCBM-CD+10%SERUM, where the
quantity of protein exported in hr 1 was 66% greater compared to that of hr 2 (p = < 0.001, dav =
3.39).
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Figure 7.7: The rate of hBM-MSC protein secretion when cultured in DMEM+10%FBS, MSCBM-CD+10%SERUM,
MSCBM-CD+SingleQuot and MSCBM-CD. MSCBM-CD (mean ± SD): Mesenchymal stem cell basal
medium – chemically defined; MSCBM-CD+SingleQuot; MSCBM-CD with associated growth supplement;
DMEM+10%FBS: Dulbecco’s Modified Eagle Medium (1×) supplemented with heat inactivated foetal bovine serum;
MSCBM-CD+10%SERUM: MSCBM-CD supplemented with serum obtained an ACTIVE participant (§4); *Significantly
greater quantity of protein secreted in hr 1 and hr 2 combined compared to that of other conditions; #Significantly greater
quantity of exported protein in hr 1 compared to hr 2 within the same culture condition; †Significantly greater quantity of
protein secreted compared to other culture conditions at the same time point; ‡Significantly greater quantity of protein
secreted compared to MSCBM-CD+SingleQuot and MSCBM-CD at the same time point (p < 0.05).

7.7.

Discussion

The aim of this investigation was to measure the rate at which hBM-MSCs synthesized and secreted
proteins. Such information may help to explain the observed differences in hBM-MSC proliferation,
morphological and gene expression response following incubation with different culture conditions
in §5. Although cellular protein was sufficient in a pilot trial, the cell culture vessel size was scaled
down for the main experiment, and as a result [d5]phenylalanine labelled protein synthesized within
hBM-MSCs themselves was too low to be measured. Therefore, the rate at which hBM-MSCs
exported [d5]phenylalanine labelled protein into the culture media was analysed and presented.
The FSR at which hBM-MSCs exported [d5]phenylalanine into the culture media was lowest in both
hr 1 and hr 2 following incubation in MSCBM-CD. In hr 1, compared to MSCBM-CD, the FSR
increased sequentially following incubation in DMEM+10%FBS, MSCBM-CD+10%SERUM and
MSCBM-CD+SQ. While the FSR was still the lowest in MSCBM-CD at hr 2 compared to the other
conditions,

the

hBM-MSC

FSR

following

incubation

with

DMEM+10%FBS,

MSCBM-CD+10%SERUM and MSCBM-CD+SingleQuot was similar. Moreover, this lower FSR
in hr 2 was similar to that of hr 1 in the DMEM+10%FBS condition. However, the FSR in hr 2 was
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significantly lower compared to that of hr 1 in the MSCBM-CD+10%SERUM and
MSCBM-CD+SingleQuot conditions.
In response to the MSCBM-CD basal media condition, hBM-MSCs exported very little protein.
Considering that MSCBM-CD contained no growth supplements, this extremely low rate of protein
export suggests that hBM-MSCs may have been entering, or were still in, a quiescent state. The
hBM-MSC FSR in response to DMEM+10%FBS was similar between hr 1 and hr 2, indicating that
the rate of protein exported was steady over this time period. The FSR in response to
MSCBM-CD+SingleQuot and MSCBM-CD+10%SERUM demonstrated a different profile with a
significantly greater rate of [d5]phenylalanine labelled protein exported in hr 1 compared to hr 2.
Furthermore, the FSR at which hBM-MSCs exported protein following incubation in
MSCBM-CD+10%SERUM was numerically lower than that of hBM-MSCs following incubation in
MSCBM-CD+SingleQuot, which did not support the experimental hypothesis. This suggests that the
MSCBM-CD+SingleQuot, which has been specifically formulated for hBM-MSC ex vivo expansion
without spontaneous proliferation, may be a more favourable environment for hBM-MSCs ex vivo
expansion compared to the other conditions. This is because in response to this media, hBM-MSCs
should only be stimulated to proliferate, thus it could be suggested that the high FSR of protein
exported was associated with proliferation, thus highlighting its suitability over the other conditions.
However, while the rate at which protein exported may provide some information regarding the
hBM-MSC metabolic function and cell signalling in response to that condition, it should not be, and
is not, the only parameter in which to assess hBM-MSC function. Furthermore, this hBM-MSC FSR
value is not in agreement with the results obtained in Chapter 5 where hBM-MSCs incubated in
MSCBM-CD+SingleQuot displayed a low degree of proliferation and were potentially in a quiescent
state.
Both the FSR and the absolute quantity of protein exported are required to obtain a better
understanding of the impact of these culture media and supplements on hBM-MSC protein secretion
Upon analysis of the absolute quantity of [d5]phenylalanine labelled protein exported per hr, which
accounts for the total protein concentration within each culture condition, a different hBM-MSC
response to the culture media conditions was apparent. The total protein concentration was lowest in
MSCBM-CD, and given the low FSR, therefore resulted in the absolute quantity of protein exported
being the lowest. However, the total protein concentration in MSCBM-CD+SingleQuot was
significantly lower than that of MSCBM-CD+10%SERUM and DMEM+10%FBS; subsequently the
absolute quantity of protein exported per hr was significantly greater in response to
MSCBM-CD+10%SERUM compared to MSCBM-CD+SingleQuot in both hr 1 and hr 2.
Furthermore,

in hr 1 the

quantity of

protein exported following incubation with

MSCBM-CD+10%SERUM was significantly greater than that of hBM-MSCs incubated in
DMEM+10%FBS, but in hr 2, due to the reduced FSR, the difference in the quantity of protein
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exported was only numerically higher but not significantly different between the two conditions.
These results support the experimental hypothesis by demonstrating that hBM-MSCs incubated with
human serum had a higher rate of protein export compared to the other conditions.
With the different rates at which hBM-MSCs exported protein in response to the different culture
conditions, it could be speculated that the culture media induced different metabolic responses in
hBM-MSCs. This in turn may have generated the varied hBM-MSC morphologies and gene
expression, or proliferation observed in Chapter 5. It could be suggested that the pattern of a greater
rate of hBM-MSC protein export in response to MSCBM-CD+10%SERUM compared to the lower
but similar rates between hBM-MSC protein exported following incubation with DMEM10%FBS
and MSCBM-CD+SingleQuot was related to the hBM-MSC proliferation response and varied
morphological response observed in Chapter 5. This may be potentially supported by human serum
which is reported to better support MSC proliferation compared to DMEM+10%FBS (Kocaoemer et
al., 2007; Bieback et al., 2009), which in turn promotes MSC growth better than
MSCBM-CD+SingleQuot (Jung et al., 2012). This is assuming that an increased protein export was
related to an increased proliferation or was associated with morphological changes. hBM-MSCs are
progenitors as well as immunomodulators, so this increased protein export may have arisen due to
an inflammatory or anti-inflammatory reaction. Therefore, without further analysis of the MSC
secretome, it cannot be certain whether this export related to an adaptive or maladaptive response.
Furthermore, MSCBM-CD+SingleQuot has been specifically formulated to promote hBM-MSC
proliferation without differentiation, therefore the lower rate of hBM-MSC protein export in this
condition may relate to a lower metabolic rate only associated with proliferation, and hBM-MSCs
not responding to other signals from the microenvironment that might have arisen in response to
serum supplements. Further analyses regarding the relationship between the different rates of protein
export and potential differences in hBM-MSC metabolism and other characteristics is therefore
warranted. It is necessary to determine at which point the rate of protein export peaked, and
throughout this phasic response to determine what extent the protein secretome differed and how it
changed. It could be anticipated that initial proteins secreted may have been related to adhesion,
while those secreted at a later time point may have been associated with cell signalling. Establishing
this would provide important information that may better enable the expansion of MSCs ex vivo.

7.8.

Conclusion

To the best of the authors knowledge, this was the first study to investigate the rate at which
hBM-MSCs exported protein into the culture media following incubation with basal media, basal
media supplemented with human serum, FBS and chemically defined media. The rate at which
hBM-MSCs secrete protein into the culture media may relate to changes in metabolic function and
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growth in response to the cues received from the microenvironment. Subsequently, changes in
hBM-MSC phenotype may be explained by the rate at which paracrine signalling factors are released.
The findings from this study showed that the rate at which protein was secreted into the media were
phasic and that hBM-MSCs incubated with media supplemented with human serum exported protein
at a greater rate compared to the other conditions. These differences in the rate of protein export in
response to the culture conditions may therefore partly explain the differences in the hBM-MSC
proliferation, morphology and gene expression reported in response to the same culture conditions
in Chapter 5. These findings therefore suggest that, in addition to identifying the proteins exported
in response to different environmental cues, the rate at which they are exported is also affected and
therefore needs to be further investigated. Knowing the rate at which proteins are exported in
response to different culture media and supplements may lend itself to the better ex vivo expansion
of hBM-MSCs.
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Chapter 8
8.

General discussion and conclusion

General discussion and conclusion
8.1.

Overview

This chapter summarises the thesis rationale and the principal findings of the experimental studies
conducted to address the research questions. The relevance of the research and its application
regarding the use of MSCs for the treatment of tissue regeneration is also discussed. The limitations
of the studies have been outlined and the future work in the research area identified.

8.2.

Discussion

Previous studies that have investigated the MSC response to exercise have analysed their counts
within the peripheral circulation. Studies that have quantified MSC counts within the circulation
following a bout of exercise provide no information about what effect the stimulus has upon their
characteristics, subsequent actions and fate. To address this, the hBM-MSC response to an exercise
stimulus was assessed through the supplementation hBM-MSC culture media with human serum, in
vitro. This maintained the physiological relevance of exposing hBM-MSCs to exercise-induced
changes that occurred within the peripheral circulation and also enabled the hBM-MSCs response to
be analysed in a controlled setting. To objectively assess the outcomes of this research, the
formulated research questions have been addressed.

Q1. Does serum, containing factors generated and altered by acute exercise at two relative and
distinctly different intensities, affect hBM-MSC characteristics, in vitro, differently compared to
serum obtained at rest?
The exercise prescribed in Chapter 4 reflected intensities known to elicit health benefits according
to the government physical activity guidelines, as well as training adaptations. Participants who
completed the trials demonstrated the typical physiological changes associated with the exercise
intensities, thus demonstrating that they responded appropriately to the exercise stimulus. The results
obtained in Chapter 5 suggest that in response to serum obtained following a controlled bout of acute
exercise at both a moderate and heavy exercise intensity, hBM-MSCs did not display significantly
different characteristics, in vitro, compared to resting pre-exercise serum. It could therefore be
suggested that the stimulus generated by the acute bouts of exercise was not effective at invoking a
response in the variables measured. However, before determining that acute exercise had no impact
upon hBM-MSC characteristics when analysed using this experimental design, other variables need
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to be measured. These include, but are not limited to: hBM-MSC expression of homing receptors,
hBM-MSC surface marker expression and whether inflammatory or anti-inflammatory responses
were induced. Nevertheless, the results from this study complement the findings of previous research
that have quantified MSCs in the circulation following a bout of exercise by providing data on the
impact of exercise on hBM-MSC characteristics.
Just taking into account the data obtained in Chapter 5, it may be possible to suggest that in the
population analysed, no acute hBM-MSC response occurs. The volunteers were healthy and
recreationally active and therefore familiar to the effects of an exercise stimulus. Conversely, had the
same stimuli been imparted on a sedentary or diseased population, changes may have been observed.
This is because the relative physiological change in the microenvironment from rest to exercise
within a sedentary population, compared to that of an active population, is different with similar
exercise intensities eliciting quite different cardiovascular and metabolic changes and adaptations. It
may therefore be possible that the microenvironment generated by regular exercise enables
hBM-MSCs to maintain their normal function and role, or aid adaptations. As such, acute hBM-MSC
responses may be difficult to detect in such a recreationally active cohort. However, understanding
the physiological hBM-MSC response in a healthy active population is necessary prior to
investigating the response in pathological environment present in injured or diseased populations.
Compared to hBM-MSCs incubated with the commercially available culture media,
DMEM+10%FBS and MSCBM-CD+SingleQuot, hBM-MSCs incubated with human serum showed
a significantly greater degree of proliferation, distinctly heterogenous morphology and different
PPARG and RUNX2 expression profile. Furthermore, morphology and PPARG and RUNX2
expression profile was different between hBM-MSC following incubation with DMEM+10%FBS
and MSCBM-CD+SingleQuot. These varied responses highlight the importance of considering the
downstream application of the MSCs following ex vivo expansion since the media in which they are
cultured may impact upon this.
The use of human derived supplements, such as serum, PRP and hPL, have been widely used to
supplement hBM-MSC culture media, and differences observed, compared to the in vitro hBM-MSC
response to media supplemented with FBS (§2.3.2). However, the use of human serum obtained
before and following exercise to assess the hBM-MSC response has, to the best of the authors
knowledge, only been conducted once before by Schmidt et al. (2009), which had considerable
limitations with the study design (§2.4.5). Therefore, the way in which the studies have been
conducted in this thesis, such as the control over the exercise duration and intensity, analysing the
hBM-MSC response in populations with different levels of physical fitness, and hBM-MSC
expansion with human serum without prior exposure to FBS adds further novelty to this approach,
and area, of research.
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The practical implications of these results are also of great interest. These in vitro results suggested
that hBM-MSCs may be encouraged to differentiate towards both adipogenic and osteogenic
differentiation lineages. Upon positive expression of PPARγ, is it reasonable to propose that
hBM-MSCs were developing into white preadipocytes, which was supported by the spherical
morphology of some hBM-MSCs within the culture conditions. PPARγ is a master regulator of
adipogenesis but the determination of whether MSCs differentiate into white or brown adipocyte
lineages is influenced by the presence of other coregulators alongside PPARγ. It is therefore also
possible, given that the serum used to supplement the hBM-MSC culture media was obtained from
recreationally active individuals, that perhaps hBM-MSCs may have also had the ability to
differentiate towards a brown adipocyte lineage. This is may be supported by hBM-MSCs, which
stained positive for PPARγ, also displaying a polygonal morphology (Reddy et al., 2014). Brown
adipose tissue has been associated with increased energy expenditure, reduced adiposity and lower
plasma lipids (Wang et al., 2015). Therefore, were brown adipocyte hBM-MSC differentiation to be
supported by serum obtained from a recreationally active population, it would have great
implications for the treatment of obesity and T2DM.
Under the same culture conditions, hBM-MSCs potentially displayed the ability to also differentiate
towards an osteogenic lineage. Where such differentiation is required for therapeutic purposes, it
may be of interest to isolate the hBM-MSC population further and separate hBM-MSCs that display
a preference towards an osteogenic lineage from hBM-MSCs favouring a potentially adipogenic
lineage as this may improve the therapeutic outcome.

Q2. Does serum obtained at rest, containing factors generated and altered through regular
exercise (active individuals) or physical inactivity (more sedentary), affect hBM-MSC
characteristics, in vitro?
Results in Chapter 6 demonstrated differences in hBM-MSC gene expression and morphology
following incubation with media supplemented with serum obtained from a recreationally active and
inactive population. These results therefore suggest that the effect of a repetitive exercise stimulus
on serum components may have an impact on hBM-MSC characteristics compared to the acute effect
of exercise. It is known that the microenvironment within an active individual differs to that of an
inactive individual. Physical activity can enhance the lipid lipoprotein profiles, improve insulin
sensitivity and glucose homeostasis and reduce systemic inflammation, among other factors
(Warburton et al., 2006). It is therefore suggested that these differences occurred as a result of
differences present within the serum, and therefore the microenvironment present within the body.
Physical inactivity has the ability to contribute to the development of a systemic CLGI environment,
which in turn is associated with the development of lifestyle related diseases, such as T2DM. It is
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suggested that T2DM negatively impairs the ability of MSCs to conduct their normal function
(Stolzing et al., 2009; Ilich et al., 2014). Given the known health benefits of regular exercise over
physical inactivity, it is assumed the hBM-MSC response to culture media supplemented with serum
obtained from a recreationally active population was more favourable compared to that obtained in
response to culture media supplemented with serum from a physically inactive population. It is
therefore possible that the results obtained in Chapter 6 demonstrated initial adverse hBM-MSC
events as a result of exposure to the microenvironment generated by physical inactivity.
To obtain a greater understanding of the differences in the hBM-MSC response to the two
environmental conditions created by these serum samples, further in vitro analyses would be useful.
This may include analyses of the hBM-MSC surface marker expression, receptor expression and
secretome content. Such information may lend itself to better understanding how MSCs respond and
change following reinfusion into similar microenvironments that are present in patients who undergo
MSC therapy.

Q3. Does a difference in hBM-MSC rate of protein synthesis and protein export occur following
exposure to commercially available standard culture media and supplements, and standard culture
media supplemented with human serum?
The study conducted in Chapter 7 investigated differences in the rate at which hBM-MSCs, under
different culture conditions, exported protein. hBM-MSC protein export into the media was greatest
following incubation with human serum, however this response was phasic. Differences in
hBM-MSC protein export may indicate differences in their metabolic function and growth as a result
of the microenvironment created by the culture media. This may have potential implications for the
ex vivo expansion of MSCs prior to infusion. These findings indicate that the media hBM-MSCs are
expanded in may influence their metabolic function, therefore it may be possible that this influences
their initial behaviour upon reinfusion. Furthermore, identifying at what point the peak protein export
occurs following exposure to the different media may lend itself to better analysis and identification
of the MSC secretome in response to the different microenvironments.
The use of the MSC secretome is of great interest in the exploitation of their therapeutic properties
since it alleviates the issues surrounding the infusion of MSCs. This is achieved though the
generation of MSC conditioned media, which in some cases, is generated through the incubation of
MSCs in basal media (Pawitan, 2014). The data obtained from Chapter 7 indicates that the protein
exported from MSCs under such conditions was extremely low. Therefore, it is necessary to consider
how this media affects the secretome and therefore the contents of the condition media and its
subsequent use in therapeutic applications.
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8.3.

Limitations of studies and recommendations for future work

8.3.1. Exercise prescription and participant population sample size
Exercise was prescribed at a relative intensity according to LT. Exercise within the heavy and
moderate intensity domains were achieved through exercise prescription at 115% and 85% of
individual’s LT, respectively. Physiological data obtained from these studies indicated that work rate
at 115% of LT was obtained, however work rate that corresponded to 85% of LT more closely
represented LT. While physiological differences occurred in response to the two intensities, the
difference in the physiological response between the two exercise intensities may have not been large
enough to observe differences in the subsequent in vitro hBM-MSC response. To further explore the
hBM-MSC response to exercise, future studies could prescribe exercise within other intensity
domains, in particular within the severe intensity domain, and use other exercise modes. Cycling was
prescribed to reduce exercise-induced tissue damage, which could have potentially confounded the
hBM-MSC response, but investigating the hBM-MSC response to other exercise modes, such as
running would generate a greater knowledge base about the hBM-MSC response to exercise. This
could be further supplemented by investigating the response in different participant populations, such
as elite athletes, sedentary individuals and those recovering from injury.
From the few studies that had been previously conducted in a similar area to this thesis, there was
insufficient data with which to conduct an a priori power analysis and ensure the participant sample
size generated sufficient statistical power. Although a subsequent power analysis from the
experimental data collected indicated that the sample size was large enough to generate sufficient
statistical power, participant numbers were not equal between ACTIVE and INACTIVE trials and
this was due to difficulty in recruiting participants. The recruitment of volunteers for the ACTIVE
trials was more straightforward compared to those for the INACTIVE trials because individuals who
met the ACTIVE eligibility criteria were often members of sports clubs through which the study was
advertised. Furthermore, this cohort were familiar with the exercise tests involved and were
interested in receiving their data which could aid their training. However, the time commitment
required for the ACTIVE trials and travel to the laboratory often deterred individuals from
volunteering. The recruitment of individuals for the INACTIVE trials was challenging for a number
of reasons. Individuals who met the INACTIVE eligibility criteria were not located in one cohort,
like sports clubs, so the trial was harder to publicise. In addition to this, finding males who did not
engage in physical activity, were injury free, did not smoke and were also willing to volunteer their
time was difficult since many individuals were engaged in, or had, at least one of these which
subsequently made them ineligible. They also had little to gain from participating, unlike the
ACTIVE participants, so there was also not much incentive for them to volunteer for the INACTIVE
trials. These aspects of the trials and participant recruitment made obtaining volunteers difficult and
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dictated the number of ACTIVE and INACTIVE volunteers within the studies, and ultimately the
sample sizes. This challenge with participant recruitment, and the number of laboratory trials that
were required to be completed for ACTIVE and INACTIVE cohorts, highlights the achievement
attained in successfully completing these studies.

8.3.2. In vitro hBM-MSC culture and analysis
Due to the number of hBM-MSCs available, potential variability introduced through different donors
and the requirement to conduct the study with hBM-MSCs at passage 2, it was necessary to conduct
the hBM-MSC studies simultaneously. This limited the number of participant serum samples that
were used to supplement hBM-MSC culture media in vitro in Chapters 5 and 6 to n = 6 and n = 7 for
the ACTIVE and INACTIVE trials, respectively. Had a larger number of the participant serum
samples that were collected in Chapter 4 been used in these in vitro hBM-MSC studies, the results
obtained would have generated a response that was more representative of the participant population,
and generated greater confidence in the results. Furthermore, greater confidence in the hBM-MSC
gene expression values would have been achieved had the primers used been validated against
positive controls, or the PCR product arising from these primers been sequenced. As this was not
performed, the hBM-MSC gene expression in the studies presented remains questionable.
Another factor that may have impacted the hBM-MSC gene expression results could have been the
length of time hBM-MSCs were cultured for in vitro before analysis. The length of time hBM-MSCs
are cultured for before analysis of differentiation markers ranges between 7 – 21 d. Therefore,
hBM-MSC gene expression analysis, which was conducted after only 9 d in culture in Chapters 5
and 6, was conducted at one of the earlier time points for such analysis. This was unavoidable due to
the growth characteristics generated by the supplementation of culture media with human serum.
Had the hBM-MSCs’ gene expression been analysed following a longer period in vitro, the gene and
protein expression analyses may have been more conclusive. However, due to the novelty of these
studies, the timescale in which PPARG and RUNX2 are expressed at the mRNA and protein level in
response to the culture conditions used has not been well established. Consequently, their expression
may not have coincided with the timescales established in response to the differentiation media
developed by manufacturers, and therefore, not analysed at an optimum time point for their
expression.
hBM-MSCs were purchased from a commercial supplier, instead of being harvested from
participants, and as a result, it was not possible to determine whether the donor was a physically
active individual. Physical activity has been reported to influence BM-MSC characteristics, including
the ability of MSCs to differentiate towards an osteogenic lineage, as well as their proliferation ability
(Hell et al., 2012; Marędziak et al. 2015). Therefore, the physical activity level of the donor may
have influenced the gene expression, morphology and proliferation results obtained.
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The transcription factor PPARγ is a master regulator for adipogenic differentiation, therefore its
positive expression in hBM-MSCs has long been used as an indicator for differentiation towards this
lineage. However, PPARγ has other functions ( 5.7); subsequently analysis of further downstream
adipogenic differentiation markers was required to confirm whether adipogenic differentiation was
occurring. Future studies could investigate this, and using markers that could also discriminate
whether hBM-MSCs are differentiating towards either BAT using PGC-1α, or WAT through
adiponectin (Reddy et al., 2014; Roman et al., 2014) would provide further insight into whether, and
to what extent, physical activity influences hBM-MSC adipogenic differentiation. Additionally, the
analysis of a chondrogenic differentiation marker, such as SOX9, and a different myogenic
differentiation marker like MYF5 would have enhanced the studies by providing greater clarity on
the impact of human serum obtained from recreationally active and inactive populations on
hBM-MSC gene expression. Aside from differentiation markers, analysing for markers associated
with other MSC functions, such as hBM-MSC migration through the expression of CXCR4, would
have generated information about whether physical activity influenced the ability for hBM-MSCs to
migrate, and whether this was different to the response obtained following incubation with standard
culture media in vitro. Other analysis that could have been performed was that of the hBM-MSC
secretome following incubation in the different culture media and supplements used. Such
information may have provided a greater insight the type of hBM-MSC response generated by
physical activity and between the culture conditions; this may have been inflammatory, migratory,
or adaptive, among others.
The supplementation of hBM-MSCs with serum fractioned from venous blood samples obtained
before and following exercise was used as a model for investigating the response of hBM-MSCs to
biochemical and metabolic factors, altered by exercise. It utilised the controlled environment
provided by in vitro experiments alongside the whole-body physiological response created by
exercise. Such models have limitations and assumptions, and simplify processes within the human
body which are infinitely more complex, which therefore has implications for the extrapolation of
the data to an in vivo environment. However, they provide an initial insight into the response that
occurs from which further experiments can be developed. One limitation and assumption of the
design used in this thesis was that the response of hBM-MSCs in vitro, when incubated with serum
added at a concentration of 10% to the culture media, and therefore at 10% of what was present
within the body, was representative of the in vivo response where hBM-MSCs would have been
exposed to a concentration of 100%. A further assumption was that the hBM-MSC response observed
was similar to that of hBM-MSCs in their 3D niche. While this model was an improvement of current
in vitro models because human hBM-MSCs and serum samples that contained a natural cocktail of
exercise-induced biochemical and metabolic factors were used, it could be improved upon through
the use of a 3D culture, and co-culture of hBM-MSCs with other cells that are present in their niche.
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8.3.3. Venous blood sample analyses
The constituent components contained within the serum fractioned from participant venous blood
samples were not analysed. Such information may have provided some inference into factors
involved in the changes in hBM-MSC gene and protein expression, morphology and proliferation
following exposure to serum obtained from the ACTIVE and INACTIVE population. However,
without further in-depth examination into the hBM-MSC response, the analysis of specific
components thought to be implicated in such hBM-MSC responses cannot be determined. Such
analysis would only enable a correlation to be drawn between the serum components and the
hBM-MSC response, which does not imply cause and effect. To better elucidate the components
contained within serum fractions implicated in the observed hBM-MSC response would require an
intermediary study, such as the analyses of pathways involved in the observed response, then the
known signalling molecules, receptors and ligands, associated with these would enable a more
informed decision to be made in terms of the serum components to analyse. Following this, further
studies to confirm the direct link between hBM-MSC response using physiologically relevant
concentrations, and the serum components would be necessary. This knowledge would be extremely
beneficial to determine the mechanisms behind the hBM-MSC response.

8.3.4. hBM-MSC protein fractional synthesis rate
It is necessary that future in vitro protein synthesis studies are conducted with a higher cell count to
enable measurement of intracellular protein synthesis as well as synthesised protein exported into
culture media. This study clearly indicated that a different rate of protein synthesis occurred between
culture conditions and time points. Determining whether a different hBM-MSC protein synthesis rate
occurs in response to serum obtained from a physically inactive population is warranted to further
understand how these different microenvironments may influence hBM-MSC characteristics.
Furthermore, future work is required to better understand the profile of protein synthesis rate over a
longer time frame and whether these varied protein synthesis rates are beneficial, or not, for
exploiting hBM-MSC therapeutic properties. Following the exposure of hBM-MSCs to different
culture environments, future work could also include proteomic or transcriptomic analysis of
microsomes, or, specific peptide synthesis analysis through targeted proteomic and isotope analysis.

8.3.5. Biomechanical exercise stimuli
An exercise stimulus does not just comprise of changes in biochemical and metabolic factors; a
biomechanical stimulus is also generated by exercise and this is known to affect hBM-MSC
characteristics. The influence of the biomechanical impact upon hBM-MSCs was not addressed in
this study. Investigating the hBM-MSC response to a biomechanical effect in vivo, is clearly
logistically difficult, but in vitro studies have provided a substantial body of research in this area.
Therefore, further researching the impact of the metabolic and biochemical changes in response to
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exercise, in conjunction with a biochemical stimulus would provide a more complete picture of the
impact of exercise upon hBM-MSCs.

8.4.

Conclusions

The research conducted in this thesis set out to investigate the impact that the exercise-induced
changes in metabolic and biochemical factors contained within the peripheral circulation, had upon
hBM-MSC characteristics, in vitro. It was hypothesised that the supplementation of standard culture
media with human serum, modified by exercise, would alter hBM-MSC characteristics, in vitro, and
that the information could be used to better inform methods to exploit the therapeutic properties of
MSCs.
The exercise stimulus prescribed to investigate the hBM-MSC response to exercise-induced changes
in metabolic and biochemical factors, in these studies was well controlled. This was evidenced by
the significantly different physiological responses obtained between the two intensities, such as [La]B
and HR. This therefore provided a better platform from which to establish direct causal relationships
compared to previous studies. Furthermore, in conjunction with this, investigating the hBM-MSC
response to exercise-induced changes present within the peripheral circulation, as a method, provided
information on their potential actions in response to exercise. The methods adopted in this thesis
therefore built and improved upon the data obtained in previous studies that have investigated the
MSC response solely through their quantification within the peripheral circulation.
This research has provided a number of novel contributions regarding the effect of metabolic and
biochemical factors, generated and altered by exercise that were contained within the serum, on
hBM-MSC characteristics. It has been shown that with the exercise mode, intensity and duration
prescribed in this thesis, the hBM-MSC morphological, proliferative, and PPARG and RUNX2 gene
expression response to acute exercise-induced changes within the serum were similar to those present
within serum obtained at rest. Furthermore, they showed that the physiological changes in response
to exercise within the moderate and heavy intensity domain appeared to induce similar hBM-MSC
characteristics. It had been suggested the exercise intensity may modulate the MSC response, but at
least in the variables analysed in this thesis, this did not occur, potentially suggesting that other
factors other than exercise intensity may be responsible. Differences occurred in hBM-MSC
characteristics when incubated with serum obtained from a recreationally active population
compared to an inactive population. It was shown that the hBM-MSC proliferation response was
similar, but PPARG and RUNX2 expression differed. With these transcription factors being master
regulatory switches for adipogenic and osteogenic differentiation, further establishing the
consequence of their different expression in response to the serum from the two populations is
important.
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When the hBM-MSC response to culture media supplemented with human serum was compared to
that of hBM-MSCs incubated with the commercially available media DMEM+10%FBS and
MSCBM-CD+SingleQuot, differences in morphology, proliferation and PPARG and RUNX2
expression were also apparent. These different hBM-MSC responses were further corroborated by
the varied rate at which hBM-MSCs exported proteins in response to the different microenvironments
created by the culture media. These differences further highlighted the impact that the culture media
had on hBM-MSC characteristics and also demonstrated that care should be taken when considering
what media is used for hBM-MSC ex vivo expansion along with their downstream application.
Collectively, these results suggest that, rather than the metabolic and biochemical changes generated
by an acute bout of exercise, those generated by regular exercise may generate different hBM-MSC
characteristics. Furthermore, the hBM-MSC response to culture media supplemented with human
serum induced different characteristics compared to commercially available culture media. For
hBM-MSC ex vivo expansion, these results suggest that when expanded in media supplemented with
human serum, or human derivatives such as hPL or PRP, the population from which the supplement
was isolated may influence the hBM-MSC response and downstream actions. This different
hBM-MSC response to the microenvironment generated by inactivity may have implications for the
normal function of endogenous hBM-MSCs, or that of MSC infused into patients. Assuming that the
microenvironment created by regular physical activity is more favourable for MSC function
compared to that created by physical inactivity, these results could suggest that treatment outcomes
may be more successful where patients can also engage in regular exercise. Furthermore, with no
effect of acute exercise at either intensity on hBM-MSCs within this thesis, and the demonstrated
potential for regular exercise to impact upon hBM-MSC characteristics, it could be suggested that
the increase in MSCs within the peripheral circulation in response to acute exercise is a phenomenon
as a result of increased bone blood flow moving hBM-MSCs into the circulation rather than a
functional response.
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Appendices
Appendix A – Human and feotal bovine serum composition
The table below details a number of factors, and their concentrations, which are present within human
serum and FBS. Due to batch-to-batch differences in the composition of FBS and inter-individual
variability of human serum composition, this list is not exhaustive and provides a guide on the
differences between the composition of the two serum sources.
Human serum and FBS composition and concentration.
Serum Component
Calcium

FBS
Human Serum

Chloride

Concentration

Range

13.6/100mL

12.6 - 14.3

8.9 mg/dL

FBS

103 meq/L

Human Serum

103 mEq/L

Inorganic Phosphorous

FBS

Phosphorous (Room Temperature)

98 - 108

9.8 mg/100mL

4.3 - 11.4

Human Serum

3.98 ± 0.24 mg/100mL

3.3 - 5.1

Phosphorous (4°C)

Human Serum

4.92 ± 0.86 mg/100mL

3.7 - 6.5

Phosphate

Human Serum

3.7 mg/dL

Magnesium

Human Serum

1.95 mg/dL

FBS

11.2 meq/L

Potassium

10.0 - 14.0

Human Serum

4 mEq/L

Iron

Human Serum

91.5 ug/dL

Selenium

FBS

0.026 μg/mL

0.014 - 0.038

FBS

137 meq/L

125 - 143

Sodium

Human Serum

141.5 mEq/L

Alkaline Phosphatase

FBS

255 mU/mL

111 - 352

Alkaline Phosphatase (Room
Temperature)

Human Serum

91.5 ± 5.4

84 - 100

Alkaline Phosphatase (4°C)

Human Serum

92.3 ± 10.4

78 - 104

Blood Urea Nitrogen

FBS

16 mg/100mL

14 - 20

Urea Nitrogen (Room Temperature)

Human Serum

19.1 ± 0.63 mg/100mL

18 - 20

Urea Nitrogen (4°C)

Human Serum

19.30 ± 0.84 mg/100mL

18 - 22

Creatine

FBS

3.1 mg/100mL

1.6 - 4.3

Direct Bilirubin

FBS

0.2 mg/100mL

0.0 - 0.5

Direct Bilirubin (Room Temperature)

Human Serum

0.25 ± 0.06 mg/100mL

0.2 - 0.4

Direct Bilirubin (4°C)

Human Serum

0.21 ± 0.06 mg/100mL

0.1 - 0.4

125 mg/100mL

85 - 247

Glucose

FBS
Human Serum

96.5 mg/dL

Glucose (Room Temperature)

Human Serum

112 ± 26.2 mg/100mL

90 - 120

Glucose (4°C)

Human Serum

92.3 ± 10.4 mg/100mL

78 - 104

11.3 mg/100mL

2.4 - 18.1

Haemoglobin

FBS
Human Serum

< 0.5 g/dL
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Human serum and FBS composition and concentration, continued.

Serum Component
Uric Acid

FBS
Human Serum

Total Cholesterol

FBS

Concentration

Range

2.9 mg/100mL

1.3 - 4.1

494.2 μM

302 ± 60 μM

31 mg/100mL

12 - 63

Human Serum

191.4 ± 8.11 mg/mL

Cholesterol (Room Temperature)

Human Serum

236 ± 4.7 mg/100mL

224 - 248

Cholesterol (4°C)

Human Serum

237 ± 5.7 mg/100mL

224 - 256

Cortisol

FBS

0.5 μg/mL

< 0.1 - 2.3

Follicle Stimulating Hormone

FBS

9.5 ng/mL

< 2 - 33.8

Growth hormone

FBS

39 ng/mL

18.7 - 51.6

Leutinizing Hormone

FBS

0.79 ng/mL

0.12 - 1.8

Parathyroid Hormone

FBS

1718 pg/mL

85 - 180

Progesterone

FBS

8 ng/100mL

< 0.3 - 36

Prolactin

FBS

17.6 ng/mL

2.0 - 49.55

Prostaglandin E

FBS

5.91 ng/mL

0.5 - 30.48

Prostaglandin F

FBS

12.33 ng/mL

3.77 - 42.0

Testosterone

FBS

40 ng/100mL

21 - 99

Thyroid Stimulating Hormone

FBS

1.22 ng/mL

< 0.2 - 4.5

FBS

3.8 g/100mL

3.2 - 7.0

Total Protein

Human Serum

84.4 ± 6.23 mg/mL

Total Protein (Room Temperature)

Human Serum

7.1 ± 0.20 g/100mL

6.8 - 7.8

Total Protein (4°C)

Human Serum

6.78 ± 1.27 g/100mL

6.8 - 7.4

2.3 g/100mL

2.0 - 3.6

Albumin

FBS
Human Serum

Insulin

FBS

37.2 ± 3.42 mg/mL
10 mU/mL

Human Serum

75.96 ng/mL

Human Serum

83.98 ng/mL

Human Serum

85.98 ± 9.75 ng/mL

Human Serum

185.4 ± 1114.7 ng/mL

Macrophage Inflammatory Protein-1α
(MIP-1α)

Human Serum

96.2 ± 22.0 pg/mL

Macrophage Inflammatory Protein-1β
(MIP-1β)

Human Serum

98.5 ± 64.0 pg/mL

Monocyte Chemotactic Protein-2
(MCP-2)

Human Serum

47.1 ± 11.3 pg/mL

Tissue Inhibitor of Metalloproteinase-1
(TIMP-1 )

Human Serum

106.3 ± 25.167 ng/mL

Macrophage Inflammatory Protein-3α
(MIP-3α)

Human Serum

17.1 ± 7.0 pg/mL

Regulated upon Activation Normal T-cell
Human Serum
Expressed and Secreted (RANTES)

22.0 ± 20.2 ng/mL

Insulin-Like Growth Factor-1 (IGF-1)

6 - 14
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Human serum and FBS composition and concentration, continued.

Serum Component

Concentration

Range

864 mU/mL

260 - 1215

Lactate Dehydrogenase

FBS

Total Lactate Dehydrogenase (Room
Temperature)

Human Serum

309 ± 69

180 - 480

Total Lactate Dehydrogenase (4°C)

Human Serum

312 ± 103

100 - 480

Glutamate Oxalacetate Transaminase

FBS

130 mU/mL

20 - 2001

Total Bilirubin

FBS

0.4 mg/100mL

0.3 - 1.1

Total Bilirubin (Room Temperature)

Human Serum

0.68 ± 0.13 mg/100mL

0.5 - 0.9

Total Bilirubin (4°C)

Human Serum

0.4 ± 0.22 mg/100mL

0.2 - 0.9

Human Serum

3.13 ± 7.21 μg/mL

Human Serum

174 ± 44.2* ng/mL

Human Serum

0.11 ± 0.01 mg/mL

Granulocyte-Colony Stimulating Factor
(G-CSF)

Human Serum

29 ± 22* pg/mL

Granulocyte-Macrophage ColonyStimulating Factor (GM-CSF)

Human Serum

555 ± 267* pg/mL

Human Serum

206 ± 124* pg/mL

Human Serum

0.8 pg/mL

Human Serum

0.62 pg/mL

Human Growth Hormone (HGH)

Human Serum

164 ± 148* pg/mL

Interferon-α (IFN-α)

Human Serum

1 ± 1.3* pg/mL

Interferon-γ (IFN-γ)

Human Serum

3 ± 9* pg/mL

Interleukin-16 (IL-16)

Human Serum

62 ± 19* pg/mL

Interleukin-6 (IL-6)

Human Serum

7 ± 13* pg/mL

Interleukin-8 (IL-8)

Human Serum

7 ± 7* pg/mL

Tumor Necrosis Factor-α (TNF-α)

Human Serum

46 ± 35* pg/mL

Stromal Cell-Derived Factor-1β
(SDF-1β)

Human Serum

173 ± 156* pg/mL

Human Serum

11.6 ± 3.6 ng/mL

Human Serum

4.89 ± 0.36 ng/mL

Human Serum

0.024 ± 0.061 ng/mL

Human Serum

1.52 ng/mL

Human Serum

0.02 ng/mL

Human Serum

13.71 ± 0.01 pg/mL

Vascular Endothelial Growth Factor
(VEGF)

Human Serum

0.114 ± 0.061 ng/mL

Human Serum

0.063 ng/mL

Immunoglobulin G (IgG)

Human Serum

9.1 ± 0.7 mg/mL

Immunoglobulin M (IgM)

Human Serum

0.58 ± 0.09 mg/mL

Immunoglobulin A (IgA)

Human Serum

2.06 ± 0.30 mg/mL

Fibrinogen

Hepatocyte Growth Factor (HGF)

Transforming Growth Factor-1β
(TGF-1β)

Epidermal Growth Factor (EGF)
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Human serum and FBS composition and concentration, continued.

Serum Component

Concentration

Matrix Metallopeptidase-9 (MMP-9)

Human Serum

32.1 ± 23.5 ng/mL

Platelet Derived Growth Factor-BB
(PDGF-BB)

Human Serum

214 ± 225 pg/mL

Human Serum

2.38 ± 0.57 pg/mL

Human Serum

9.2 ± 4.8 ng/mL

Human Serum

4.64 ng/mL

Human Serum

5.2 ng/mL

Human Serum

0 ± 0* pg/mL

Human Serum

218 ± 175* pg/mL

Human Serum

0.0019 ng/mL

Human Serum

0.018 ng/mL

Platelet Derived Growth Factor-AB
(PDGF-AB)
Angiotensin-2 (Ang-2)
Basic Fibroblast Growth Factor
(b-FGF)

Range

*Values obtained from heat inactivated serum. Adapted from: Burnouf et al. (2012); Witzeneder et al. (2013);
Rauch et al. (2011); Ayache et al. (2006); Wilson et al. (1972); ThermoFisher Scientific, (2018b); Psychogios
et al. (2011).

191

Appendix B – Chronic low-grade inflammation markers
The table below details a list, which is not exhaustive, of the inflammatory mediators associated with
CLGI. The specific concentrations of these mediators are not defined due to the absence of diagnostic
criteria for CLGI, although the phenotype is not doubted (Calder et al., 2011).
Inflammatory markers associated with chronic low-grade inflammation (CLGI) (mean ± SD).

Direction of Marker
Change with CLGI

Marker Concentration
Associated with CLGI

Marker Concentration in
a Healthy Population

Cytokines and Chemokines
↑ IL-6

~ 10 (5 – 15) pg/mL#*

↑ IL-10

12.6 (8.5 – 16.7) pg/mL

↑ IL-18

Range of 10 pmol/L

↑ MIF

Nanomolar Range

~ 50 (0 – 180) pg/mL#*

↑ TNF-α
↑ IFN-γ

Range of 10 pmol/L

~ 30 (20 – 50) pg/mL#*
~ 150 (80 – 210) pg/mL#*

↑ MCP-1

Range of 10 pmol/L

41.5 (20.1 – 78.9) pg/mL

↑ MCP-3
↑ MCP-4
↑ CCL5

ND / LLOD
Nanomolar Range

5839 (5147 – 6089) pg/mL

↑ MIP-1α

7.1 (6.2 – 9) pg/mL

↑ MIP-1β

~ 70 (20 – 170) pg/mL#*

↑ Protein 10

Range of 10pmol/L

↑ TGF-β

12.6 ± 1.8 ng/mL

Acute Phase Proteins
↑ C-Reactive Protein

10 nmol/L

~ 0.5 – 1 mg/mL#

↑ Serum Amyloid A
Hormones
↑ Leptin

~ 5 - 25 μg/L#

↓ Adiponectin

~ 5000 – 6000 ng/mL#

#

Value has been estimated from graphs; *Value expressed as a median and range; ND: Not detected; LLOD: Under lower
limit of detection. IL: Interleukin; MIF: Macrophage migratory inhibitory factor; TNF-α: Tumor necrosis factor-α; IFNγ: Interferon-γ; MCP: Monocyte chemoattractant protein; MIP: Macrophage inflammatory protein: TGF-β: Transforming
growth factor-β; CCL5: Chemokine C-C motif ligand 5. Adapted from: Calder et al., (2011), Kleiner et al., (2013), Stewart
et al., (2007), Dirlewanger et al., (1999), Suzuki et al., (2000), and Højbjerre et al., (2007).
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Appendix C – Exercise trial participation forms
Appendix C-1: Informed consent

School of Sport and Service Management
Participant Informed Consent
Title of Project: The Impact of Serum, Plasma, Platelet-Rich Plasma and Mononuclear Cells Derived After
Exposure to Exercise, or Recombinant Human Erythropoietin (rHuRPO), on Mesenchymal Stem Cells.
Name of Researchers: Charlotte Coombs, Dr Peter Watt, Dr Anna Guildford, Professor Yannis Pitsiladis.

Please initial box
I confirm that I have read and understand the information sheet dated for the above study and have
had the opportunity to ask questions.
I understand that my participation is voluntary and that I am free to withdraw at any time, without
giving any reason, without my legal rights being affected.
I am satisfied that the researchers have explained the purpose, principles and procedures of the study,
outlining any possible risks.
I am aware that for participation in this study I am required to provide blood samples as per the
collection schedule outlined in the information sheet referred to above.
I understand how my data will be collected, that it will be kept confidential and anonymous and that
the confidential information will only be seen by researchers and will not be revealed to anyone else.
I agree that if I were to withdraw from the study, the data collected up to that point may be used by
the researcher for purposes of this study.
I agree to take part in the above study.
I undertake to obey the laboratory/study regulations and the instructions of the experimenter regarding
safety, subject only to my right to withdraw declared above.
My replies to the above questions are correct to the best of my belief and I understand that they will
be treated with the strictest confidence. The experimenter has fully informed me of, and I have
understood, the purpose of the experiment and possible risks involved.

Name of participant

Date

Signature

Name of person taking consent

Date

Signature

(if different from researcher)
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Researcher

Date

Signature

In addition the above consent, I also give consent for the samples that I have provided in this study to
be used for future research projects investigating cell behaviour and characteristics in tissue culture.

Name of participant

Date

Signature

Name of person taking consent

Date

Signature

Date

Signature

(if different from researcher)

Researcher
(1 copy for participant; 1 copy for researcher)
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Appendix C-2: Medical questionnaire

School of Sport and Service Management
Medical Questionnaire
Name…………………………………………..

Date of Birth……………

Are you in good health?

Yes

No

(If No, give details)
Emergency contact Name:……………………………………………... Relation:……………………..
Number:……………………..
How often do you currently participate in vigorous physical activity?
< Once per month
Once per month
2-3 times per week
4-5 times per week
5+ times per week

Have you suffered from a serious illness or accident?

Yes/No

If yes, please give particulars:

Have you suffered a viral or bacterial infection in the last two weeks?

Yes/No

Do you suffer, or have you ever suffered from:
Respiratory Problems (e.g. Asthma, Bronchitis?)

Yes/No

Diabetes?

Yes/No
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Epilepsy?

Yes/No

High/Low Blood Pressure

Yes/No

Cardiovascular problems

Yes /No

Is there a history of heart disease in your family?

Yes /No

If yes, please give details:

Are you currently taking medication or dietary supplements?

Yes/No

If yes, please give details:

In the last 3 months, have you consulted your GP for any condition?

Yes/No

If yes, please give particulars:

Are you currently taking part (or have recently taken part) in any other
laboratory experiments?

Yes/No

Do you have any allergies?

Yes/No

Are you, or have ever been a smoker?

Yes/No

If yes, how many do/did you smoke per day?

Do you currently have any form of muscular or joint injury, or have you had
to suspend your normal training for the past two weeks prior to this test?
If yes, please give details:

Yes /No

Have you ever suffered from Hepatitis:

Yes /No

Have you been verified, documented as having any blood carried infections, such as
Hepatitis or HIV?

Yes /No

Is there anything to your knowledge to prevent you from successfully
completing the tests that have been outlined to you?

Yes /No

196

PLEASE READ THE FOLLOWING CAREFULLY
Persons will be considered unfit to participate in the study if they:
•

Have a fever, suffer from fainting spells or dizziness.

•

Have suspended training due to joint or muscle injury.

•

Have a known history of medical disorders, i.e. high blood pressure, heart or lung disease.

•

Are unsure of the test protocol and the possible risks and discomforts designated on the
subject information sheet.

•

Have been verified, or documented as having any blood carried infections (Hepatitis, HIV),
are diabetic or obese (Body Mass Index>30), or have a known history of haematological,
cardiac, respiratory, or renal disease.

•

Have symptoms of nausea or light-headedness to needles, probes or other medical-type
equipment.

•

The answers given on the medical questionnaire or informed consent form do not meet the
required criteria.

•

Are Pregnant.
DECLARATION

Title of Study: The Impact of Serum, Plasma, and Platelet-Rich Plasma, Derived After Exposure to
Exercise, or Recombinant Human Erythropoietin (rHuRPO), on Mesenchymal Stem Cells.
I …………………………………………………………hereby volunteer to be a subject in
experiments/investigations during the period commencing………..……………………2016
Signature of Volunteer ……………………………………………..…………...Date …………..
Signature of Experimenter ……………………………………………..……… Date …………..
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Appendix C-3: International physical activity questionnaire

School of Sport and Service Management
International Physical Activity Questionnaire
We are interested in finding out about the kinds of physical activities that people do as part of their
everyday lives. The questions will ask you about the time you spent being physically active in the
last 7 days. Please think about the activities you do at work, as part of your house and yard work, to
get from place to place, and in your spare time for recreation, exercise or sport.
Think about all the vigorous activities that you did in the last 7 days. Vigorous physical activities
refer to activities that take hard physical effort and make you breathe much harder than normal.
Think only about those physical activities that you did for at least 10 minutes at a time.
1. During the last 7 days, on how many days did you do vigorous physical activities like heavy
lifting, digging, aerobics, or fast bicycling?
_____ days per week

No

vigorous physical activities

Skip to question 3

2. How much time did you usually spend doing vigorous physical activities on one of those days?
_____ hours per day
_____ minutes per day

Don’t know/Not sure
Think about all the moderate activities that you did in the last 7 days. Moderate activities refer to
activities that take moderate physical effort and make you breathe somewhat harder than normal.
Think only about those physical activities that you did for at least 10 minutes at a time.
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3. During the last 7 days, on how many days did you do moderate physical activities like
carrying light loads, bicycling at a regular pace, or doubles tennis? Do not include walking.
_____ days per week

No moderate physical activities

Skip to question 5

4. How much time did you usually spend doing moderate physical activities on one of those
days?
_____ hours per day
_____ minutes per day

Don’t know/Not sure
Think about the time you spent walking in the last 7 days. This includes at work and at home,
walking to travel from place to place, and any other walking that you have done solely for recreation,
sport, exercise, or leisure.
5. During the last 7 days, on how many days did you walk for at least 10 minutes at a time?
_____ days per week

No walking

Skip to question 7

6. How much time did you usually spend walking on one of those days?
_____ hours per day
_____ minutes per day

Don’t know/Not sure
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The last question is about the time you spent sitting on weekdays during the last 7 days. Include time
spent at work, at home, while doing course work and during leisure time. This may include time
spent sitting at a desk, visiting friends, reading, or sitting or lying down to watch television.
7. During the last 7 days, how much time did you spend sitting on a week day?
_____ hours per day
_____ minutes per day

Don’t know/Not sure
This is the end of the questionnaire, thank you for participating.
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Appendix D – Percentile values for maximal aerobic power

Normative values for V̇ O2max (mL·kg-1·min-1) with specific reference to age.

Male
20 – 29 yrs

30 – 39 yrs

40 – 49 yrs

Superior

≥ 56.2 – 61.2

≥ 54.3 – 58.3

≥ 52.9 – 57

Excellent
Good

≥ 51.1 – 56.1
≥ 45.7 – 51.0

≥ 47.5 – 54.2
≥ 44.4 – 47.4

≥ 46.8 – 52.8
≥ 42.4 – 46.7

Fair

≥ 42.2 – 45.6

≥ 41.0 – 44.3

≥ 38.4 – 42.3

Poor

≥ 38.1 – 42.1

≥ 36.7 – 39.9

≥ 34.6 – 38.3

Very Poor

≥ 26.6 – 38.0

≥ 26.6 – 36.6

≥ 25.1 – 34.5

Adapted from the American College of Sports Medicine, (2008).

201

Appendix E – Data processing
Appendix E-1: MATLAB code – Determination of lactate threshold
Function: To calculate the mean VT, VE, VO2, VCO2, VE/VO2, VE/VCO2, RER and METS for the
last 30 s of each 3 min work rate increment that can be used to determine lactate threshold.
close all;
clear all;
clc;

% clears all variables from workspace
% closes all figure windows
% clears command window

%% Initialisation of POI Libs
javaaddpath('poi_library/poi-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-schemas-3.8-20120326.jar');
javaaddpath('poi_library/xmlbeans-2.3.0.jar');
javaaddpath('poi_library/dom4j-1.6.1.jar');
javaaddpath('poi_library/stax-api-1.0.1.jar');
%% [1] INPUT VARIABLES
participant=input('Enter Participant Number: ');
filefolder=[LOCATION OF DATA FILES];
file_name=sprintf('Participant%d/P%d Prelim/Participant %d LT and VO2max.xlsx',
participant,participant,participant);
f_file=[filefolder file_name];
[T1.Sig, T1.TStr]=xlsread(f_file, 'Sheet1','J4:J2000'); %retrieving time data and converting to seconds
T1.TNum=datenum(T1.TStr);
t=T1.TStr;
[Y, M, D, H, MN, S] =datevec(t);
ts=(H*3600)+(MN*60)+S;
tmin=ts/60;
tsmax=max(ts);
vo2data = xlsread(f_file, 'Sheet1','K4:DF2000');
% retrieving all other variables
vt=vo2data(:,2);
% assigning variables to 'live' data in each of the
columns
ve=vo2data(:,3);
vo2=vo2data(:,4);
vco2=vo2data(:,5);
vevo2=vo2data(:,8);
vevco2=vo2data(:,9);
rer=vo2data(:,11);
mets=vo2data(:,10);
t_start=input('Start of Trial (HH:MM:SS): ','s');
% user input at start of trial
[Y, M, D, H, MN, S] =datevec(t_start);
t_start=(H*3600)+(MN*60)+S;
i_tstart=find([ts] == t_start);
t_finish=input('End of Trial (HH:MM:SS): ','s');
% user input at start of trial
[Y, M, D, H, MN, S] =datevec(t_finish);
t_finish=(H*3600)+(MN*60)+S;
i_tfinish=find([ts] == t_finish);
%% [2] CALCULATIONS
%% PHASE 1
format short
202

if (t_start+180)<t_finish; % finds cell at end of 3 min interval (if not 180s, identifying closest cell)
tp1=t_start+180;
itp1_1=find([ts] == tp1);
itp1_2=find([ts] == tp1-1);
itp1_3=find([ts] == tp1-2);
itp1_4=find([ts] == tp1-3);
itp1_5=find([ts] == tp1-4);
itp1_6=find([ts] == tp1-5);
itp1_7=find([ts] == tp1-6);
tp1_mat=[itp1_1;itp1_2;itp1_3;itp1_4;itp1_5;itp1_6;itp1_7];
imat_tp1=find(tp1_mat>0,1,'first');
i_tp1f=tp1_mat(imat_tp1); % identifies cell index at 3 mins
tp1_f=ts(i_tp1f);
% finds cell 30s from end of 1st interval (if not 30s, identifying closest cell)
tp1_30=tp1_f-30;
itp1_30_1=find([ts] == tp1_30);
itp1_30_2=find([ts] == tp1_30-1);
itp1_30_3=find([ts] == tp1_30-2);
itp1_30_4=find([ts] == tp1_30-3);
itp1_30_5=find([ts] == tp1_30-4);
itp1_30_6=find([ts] == tp1_30-5);
itp1_30_7=find([ts] == tp1_30-6);
tp1_30_mat=[itp1_30_1;itp1_30_2;itp1_30_3;itp1_30_4;itp1_30_5;itp1_30_6;itp1_30_7];
imat_tp1_30=find(tp1_30_mat>0,1,'first');
i_tp1s=tp1_30_mat(imat_tp1_30); % identifies cell index at 3 mins - 30s
vt_1av=mean(vt(i_tp1s:i_tp1f)); % Calculates mean for each variable at the end of each 3 min interval
ve_1av=mean(ve(i_tp1s:i_tp1f));
vo2_1av=mean(vo2(i_tp1s:i_tp1f));
vco2_1av=mean(vco2(i_tp1s:i_tp1f));
vevo2_1av=mean(vevo2(i_tp1s:i_tp1f));
vevco2_1av=mean(vevco2(i_tp1s:i_tp1f));
rer_1av=mean(rer(i_tp1s:i_tp1f));
mets_1av=mean(mets(i_tp1s:i_tp1f));
end
[PROCESS REPEATS FOR 16 PHASES]
%% [3] SAVE RESULTS
fullfile=sprintf('P%d',participant);
if (t_start+180)<(t_finish)
xlwrite('MatLab Results.xlsx',vt_1av,fullfile,'B4');
xlwrite('MatLab Results.xlsx',ve_1av,fullfile,'C4');
xlwrite('MatLab Results.xlsx',vo2_1av,fullfile,'D4');
xlwrite('MatLab Results.xlsx',vco2_1av,fullfile,'E4');
xlwrite('MatLab Results.xlsx',vevo2_1av,fullfile,'F4');
xlwrite('MatLab Results.xlsx',vevco2_1av,fullfile,'G4');
xlwrite('MatLab Results.xlsx',rer_1av,fullfile,'H4');
xlwrite('MatLab Results.xlsx',mets_1av,fullfile,'I4');
end
[PROCESS REPEATS FOR 16 PHASES]
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Appendix E-2: MATLAB code – Determination of V̇ O2max
Function: To calculate mean VO2 and RER values at every 10 s time interval and to identify the
maximum values for each variable over the course of the trial. In addition, a 15 s average was taken
for each of the variables at the end of each 1 min time interval. This was used to determine the V̇ O2max
for each participant.
close all;
clear all;
clc;

%clears all variables from workspace
%closes all figure windows
% clears command window

%% Initialisation of POI Libs
javaaddpath('poi_library/poi-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-schemas-3.8-20120326.jar');
javaaddpath('poi_library/xmlbeans-2.3.0.jar');
javaaddpath('poi_library/dom4j-1.6.1.jar');
javaaddpath('poi_library/stax-api-1.0.1.jar');
%% [1] INPUT VARIABLES
participant=input('Enter Participant Number: ');
filefolder=[LOCATION OF DATA FILES];
file_name=sprintf('Participant%d/P%d Prelim/Participant %d LT and VO2max.xlsx',
participant,participant,participant);
f_file=[filefolder file_name];
[T1.Sig, T1.TStr]=xlsread(f_file, 'Sheet1','J4:J2000'); %retrieving time data and converting to seconds
T1.TNum=datenum(T1.TStr);
t=T1.TStr;
[Y, M, D, H, MN, S] =datevec(t);
ts=(H*3600)+(MN*60)+S;
tmin=ts/60;
tsmax=max(ts);
vo2data = xlsread(f_file, 'Sheet1','K4:DF2000');
vo2=vo2data(:,4);
columns
rer=vo2data(:,11);

% retrieving all other variables
% assigning variables to 'live' data in each of the

t_start=input('Start of Trial (HH:MM:SS): ','s');
% user input at start of trial
[Y, M, D, H, MN, S] =datevec(t_start);
t_start=(H*3600)+(MN*60)+S;
i_tstart1=find([ts] == t_start);
i_tstart2=find([ts] == t_start-1);
i_tstart3=find([ts] == t_start+1);
i_tstart4=find([ts] == t_start)-2;
i_tstart5=find([ts] == t_start)+2;
tstart_mat=[i_tstart1;i_tstart2;i_tstart3;i_tstart4;i_tstart5];
imat_tstart=find(tstart_mat>0,1,'first');
% identification of cell closest to the trial start time.
i_tstart=tstart_mat(imat_tstart);
t_finish=input('End of Trial (HH:MM:SS): ','s');
[Y, M, D, H, MN, S] =datevec(t_finish);
t_finish=(H*3600)+(MN*60)+S;
i_tfinish1=find([ts] == t_finish);
i_tfinish2=find([ts] == t_finish-1);
i_tfinish3=find([ts] == t_finish+1);

% user input at start of trial
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i_tfinish4=find([ts] == t_finish)-2;
i_tfinish5=find([ts] == t_finish)+2;
tfinish_mat=[i_tfinish1;i_tfinish2;i_tfinish3;i_tfinish4;i_tfinish5];
imat_tfinish=find(tfinish_mat>0,1,'first');
% identification of cell closest to the trial finish time.
i_tfinish=tfinish_mat(imat_tfinish);
%% [2] 10s AVERAGE – CALCULATIONS
%% PHASE 1
format short
if (t_start+10)<t_finish
tp1=t_start+10;
itp1_1=find([ts] == tp1);
itp1_2=find([ts] == tp1-1);
itp1_3=find([ts] == tp1+1);
itp1_4=find([ts] == tp1-2);
itp1_5=find([ts] == tp1+2);
itp1_6=find([ts] == tp1-3);
itp1_7=find([ts] == tp1+3);
tp1_mat=[itp1_1;itp1_2;itp1_3;itp1_4;itp1_5;itp1_6;itp1_7];
imat_tp1=find(tp1_mat>0,1,'first');
% identification of cell closest to each 10s interval
i_tp1f=tp1_mat(imat_tp1);
% cell index at 10s
vo2_1av=mean(vo2(i_tstart:i_tp1f));
rer_1av=mean(rer(i_tstart:i_tp1f));
end
[REPEATED FOR ALL 10s INTERVALS]
if (t_start+800)<t_finish
% presentation of all 10s averages based on total trial
time
vo2_av=[vo2_1av;vo2_2av;vo2_3av;vo2_4av;vo2_5av;vo2_6av;vo2_7av;vo2_8av;vo2_9av;vo2_10av;vo2_
11av;vo2_12av;vo2_13av;vo2_14av;vo2_15av;vo2_16av;vo2_17av;vo2_18av;vo2_19av;vo2_20av;vo2_21a
v;vo2_22av;vo2_23av;vo2_24av;vo2_25av;vo2_26av;vo2_27av;vo2_28av;vo2_29av;vo2_30av;vo2_31av;v
o2_32av;vo2_33av;vo2_34av;vo2_35av;vo2_36av;vo2_37av;vo2_38av;vo2_39av;vo2_40av;vo2_41av;vo2_
42av;vo2_43av;vo2_44av;vo2_45av;vo2_46av;vo2_47av;vo2_48av;vo2_49av;vo2_50av;vo2_51av;vo2_52a
v;vo2_53av;vo2_54av;vo2_55av;vo2_56av;vo2_57av;vo2_58av;vo2_59av;vo2_60av;vo2_61av;vo2_62av;v
o2_63av;vo2_64av;vo2_65av;vo2_66av;vo2_67av;vo2_68av;vo2_69av;vo2_70av;vo2_71av;vo2_72av;vo2_
73av;vo2_74av;vo2_75av;vo2_76av;vo2_77av;vo2_78av;vo2_79av;vo2_80av];
rer_av=[rer_1av;rer_2av;rer_3av;rer_4av;rer_5av;rer_6av;rer_7av;rer_8av;rer_9av;rer_10av;rer_11av;rer_12
av;rer_13av;rer_14av;rer_15av;rer_16av;rer_17av;rer_18av;rer_19av;rer_20av;rer_21av;rer_22av;rer_23av;r
er_24av;rer_25av;rer_26av;rer_27av;rer_28av;rer_29av;rer_30av;rer_31av;rer_32av;rer_33av;rer_34av;rer_3
5av;rer_36av;rer_37av;rer_38av;rer_39av;rer_40av;rer_41av;rer_42av;rer_43av;rer_44av;rer_45av;rer_46av;
rer_47av;rer_48av;rer_49av;rer_50av;rer_51av;rer_52av;rer_53av;rer_54av;rer_55av;rer_56av;rer_57av;rer_
58av;rer_59av;rer_60av;rer_61av;rer_62av;rer_63av;rer_64av;rer_65av;rer_66av;rer_67av;rer_68av;rer_69a
v;rer_70av;rer_71av;rer_72av;rer_73av;rer_74av;rer_75av;rer_76av;rer_77av;rer_78av;rer_79av;rer_80av];
end
[REPEATED TO ACCOMODATE DIFFERENT TRIAL DURATIONS]
[vo2max ivo2max]=max(vo2_av);
rer_max_vo2=rer_av(ivo2max);
rer_max=max(rer_av);
%%[3] SAVE RESULTS
fullfile=sprintf('P%d',participant);
xlwrite('MatLab Results.xlsx',vo2max,fullfile,'D23');
xlwrite('MatLab Results.xlsx',rer_max_vo2,fullfile,'H23');
xlwrite('MatLab Results.xlsx',rer_max,fullfile,'H29');
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%% [4] 15s AVERAGE - CALCULATIONS
% PHASE 1
format short
if (t_start+60)<t_finish;
% finds cell at end of 1 min interval (if not 60s, identifying closest cell)
ta1=t_start+60;
ita1_1=find([ts] == ta1);
ita1_2=find([ts] == ta1-1);
ita1_3=find([ts] == ta1-2);
ita1_4=find([ts] == ta1-3);
ita1_5=find([ts] == ta1-4);
ita1_6=find([ts] == ta1-5);
ita1_7=find([ts] == ta1-6);
ta1_mat=[ita1_1;ita1_2;ita1_3;ita1_4;ita1_5;ita1_6;ita1_7];
imat_ta1=find(ta1_mat>0,1,'first');
i_ta1f=ta1_mat(imat_ta1);
% identifies cell index at 1 min
ta1_f=ts(i_ta1f);
% finds cell 15s from end of interval (if not 15s, identifying closest cell)
ta1_15=ta1_f-15;
ita1_15_1=find([ts] == ta1_15);
ita1_15_2=find([ts] == ta1_15-1);
ita1_15_3=find([ts] == ta1_15-2);
ita1_15_4=find([ts] == ta1_15-3);
ita1_15_5=find([ts] == ta1_15-4);
ita1_15_6=find([ts] == ta1_15-5);
ita1_15_7=find([ts] == ta1_15-6);
ta1_15_mat=[ita1_15_1;ita1_15_2;ita1_15_3;ita1_15_4;ita1_15_5;ita1_15_6;ita1_15_7];
imat_ta1_15=find(ta1_15_mat>0,1,'first');
i_ta1s=ta1_15_mat(imat_ta1_15); % identifies cell index at 1 min – 15s
vo215_1av=mean(vo2(i_ta1s:i_ta1f)); % calculates mean for each variable at the end of each 1 min interval
rer15_1av=mean(rer(i_ta1s:i_ta1f));
end
[REPEATED FOR ALL 1 MIN INTERVALS]
if (t_start+60)<(t_finish)
xlwrite('MatLab Results.xlsx',vo215_1av,fullfile,'D32');
xlwrite('MatLab Results.xlsx',rer15_1av,fullfile,'H32');
end
[REPEATED TO ACCOMODATE DIFFERENT TRIAL DURATIONS]
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Appendix E-3: MATLAB code – Familiarisation and main trial analyses
Function: Code was used for both familiarisation trials and main exercise trials. The code was
applied to calculate averages of VO2, VCO2, and RER for the last minute of each 15 minute
increment. This was used to ensure the prescribed exercise intensities were achieved.
close all;
clear all;
clc;

%clears all variables from workspace
%closes all figure windows
% clears command window

%% Initialisation of POI Libs
javaaddpath('poi_library/poi-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-3.8-20120326.jar');
javaaddpath('poi_library/poi-ooxml-schemas-3.8-20120326.jar');
javaaddpath('poi_library/xmlbeans-2.3.0.jar');
javaaddpath('poi_library/dom4j-1.6.1.jar');
javaaddpath('poi_library/stax-api-1.0.1.jar');
%% [1] INPUT VARIABLES
participant=input('Enter Participant Number: ');
filefolder=[LOCATION OF DATA FILES];
file_name=sprintf('Participant%d/P%d
85/Participant
%d
MainTrial.xlsx',participant,participant,participant);
f_file=[filefolder file_name];
[T1.Sig, T1.TStr]=xlsread(f_file, 'Sheet1','J4:J2000'); % retrieving time data and converting to seconds
T1.TNum=datenum(T1.TStr);
t=T1.TStr;
[Y, M, D, H, MN, S] =datevec(t);
ts=(H*3600)+(MN*60)+S;
vo2data = xlsread(f_file, 'Sheet1','K4:DF2000');
% retrieving all other variables
vo2=vo2data(:,4);
columns
vco2=vo2data(:,5);
rer=vo2data(:,11);
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% assigning variables to 'live' data in each of the

tp1_end=input('End of 1st Phase (HH:MM:SS): ','s'); % user input identifying the start of each phase
[Y, M, D, H, MN, S] =datevec(tp1_end);
tp1f=(H*3600)+(MN*60)+S;
i_tp1f=find([ts] == tp1f);
tp2_end=input('End of 2nd Phase (HH:MM:SS): ','s');
[Y, M, D, H, MN, S] =datevec(tp2_end);
tp2f=(H*3600)+(MN*60)+S;
i_tp2f=find([ts] == tp2f);
tp3_end=input('End of 3rd Phase (HH:MM:SS): ','s');
[Y, M, D, H, MN, S] =datevec(tp3_end);
tp3f=(H*3600)+(MN*60)+S;
i_tp3f=find([ts] == tp3f);

% [2] CALCULATIONS
format short
tp1c=tp1f-60;

% finds cell at end of 1st interval (if not 60s, identifying closest cell)
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tp1c_1=find([ts] == tp1c);
tp1c_2=find([ts] == tp1c-1);
tp1c_3=find([ts] == tp1c-2);
tp1c_4=find([ts] == tp1c-3);
tp1cmat=[tp1c_1;tp1c_2;tp1c_3;tp1c_4];
imat_tp1c=find(tp1cmat>0,1,'first');
i_tp1c=tp1cmat(imat_tp1c);
vo2_1av=mean(vo2(i_tp1c:i_tp1f));
vco2_1av=mean(vco2(i_tp1c:i_tp1f));
rer_1av=mean(rer(i_tp1c:i_tp1f));

% CALCULATES MEAN FOR 1ST PHASE VALUES

[REPEATED FOR EACH PHASE]
%% [3] SAVE RESULTS
fullfile=sprintf('P%d',participant);
xlwrite('MatLab Results.xlsx',vo2_1av,fullfile,'D57');
xlwrite('MatLab Results.xlsx',vco2_1av,fullfile,'E57');
xlwrite('MatLab Results.xlsx',rer_1av,fullfile,'H57');
xlwrite('MatLab Results.xlsx',vo2_2av,fullfile,'D58');
xlwrite('MatLab Results.xlsx',vco2_2av,fullfile,'E58');
xlwrite('MatLab Results.xlsx',rer_2av,fullfile,'H58');
xlwrite('MatLab Results.xlsx',vo2_3av,fullfile,'D59');
xlwrite('MatLab Results.xlsx',vco2_3av,fullfile,'E59');
xlwrite('MatLab Results.xlsx',rer_3av,fullfile,'H59');
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Appendix F – Supplementary micrographs
Additional micrographs of the hBM-MSC response to the culture conditions utilised in §5 and §6 are
presented.
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Appendix F-1: DMEM+10%FBS and MSCBM-CD+SingleQuot controls

DMEM+10%FBS

MSCBM-CD+SingleQuot

A

B

hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with: DMEM+10%FBS and MSCBM-CD+SingleQuot.
DMEM+10%FBS (n = 1) and MSCBM-CD+SingleQuot (n = 1) images are representative of one experiment. Scale varies between micrographs; DMEM+10%FBS left and middle micrographs
are at a higher magnification.
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Appendix F-2: Pre- and post-exercise ACTIVELT85

MSCBM-CD+10%SERUM

LT85PRE

LT85POST

A

B

hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with: MSCBM-CD+10%SERUMLT85PRE and
MSCBM-CD+10%SERUMLT85POST.MSCBM-CD+10%SERUM images are representative of one experiment where each participants’ serum sample at each time point (n = 1) was used to
supplement MSCBM-CD; The MSCBM-CD+10%SERUM images presented for pre- and post-exercise time points are from a number of participants.

211

Appendix F-3: Pre- and post-exercise ACTIVELT115

MSCBM-CD+10%SERUM
LT115PRE

LT115POST

A

B

hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with: MSCBM-CD+10%SERUMLT115PRE and
MSCBM-CD+10%SERUMLT115POST. MSCBM-CD+10%SERUM images are representative of one experiment where each participants’ serum sample at each time point (n = 1) was used to
supplement MSCBM-CD; The MSCBM-CD+10%SERUM images presented for pre- and post-exercise time points are from a number of participants.
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Appendix F-4: INACTIVE

MSCBM-CD+10%SERUM

INACTIVE

A

B

hBM-MSC viability and morphology (green) (A), with corresponding PPARγ expression (red) (B), following in vitro incubation with MSCBM-CD+10%SERUMACTIVE,
MSCBM-CD+10%SERUMINACTIVE. MSCBM-CD+10%SERUM images are representative of one experiment where one participants’ serum sample (n = 1) was used to supplement MSCBM-CD.
The MSCBM-CD+10%SERUM images presented are from a number of participants.
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Appendix G – Mesenchymal stem cell signalling pathways
Below details some of the stimulatory molecules, key transcription factors and the signalling
pathways through which MSCs differentiate towards an osteogenic or adipogenic lineage.
Mesenchymal stem cell osteogenic and adipogenic signalling pathways.

Name

Stimulatory
Molecule

Wnt
Signalling

Wnt ligand

TGF-β/BMP
Signalling

Notch
Signalling

BMP

Receptor

Pathway

Transcription
Factor

Outcome

FZDs,
LRP5/6 and
DSH

Canonical

RUNX2

↑Osteogenesis

Non-Canonical

RUNX2

↑Osteogenesis

Smad1/4

PPARγ

↑Adipogenesis

P38-MAPK

PPARγ

↑Adipogenesis

Smad1 and Smad5

RUNX2

↑Osteogenesis

BMPR-II
and IA
BMPR-II
and IA
BMPR-IA
and IB

Blocked

Notch

PTENPI3K/AKT/mTOR

PPARγ

↑Adipogenesis

Notch ligand
jagged 1

Notch

Notch

PPARγ
blocked

↓Adipogenesis

Notch Ligand

Notch

Inhibit Wnt/β-catenin
signalling

Notch Ligand

Notch

Cross talk with
BMP2 signalling

RUNX2

↑Osteogenesis

Hedgehog
downregulated

↓ expression
of Gli1, Gli2,
and Gli3

↑Adipogenesis

Hedgehog activated

Inhibit PPARγ
expression

↓Adipogenesis

Hedgehog
Signalling

Patched and
Smoothened

↓Osteogenesis

↑Osteogenesis

Hedgehog
Hedgehog signal
cross talk with BMP2 signal

Modulate
Smad

↑Osteogenesis

RUNX2

Osteogenesis

FGF2, FGF4,
FGF8

FGF
Receptor

ERK1/2, P38-MAPK,
SAPK/JNK, PKC and
PI3K pathways

FGF1, FGF2,
FGF10

FGF
Receptor

ERK1/2, P38-MAPK,
SAPK/JNK, PKC and
PI3K pathways

FGF
Adipogenesis

Wnt: Wingless-type MMTV integration site; FZD: Frizzled receptor; DSH: Dishevelled; BMP: Bone morphogenic protein; BMPR:
Bone morphogenic protein receptor; p38-MAPK: p-38 mitogen-activated protein kinase; PTEN: Phosphatase and tensin homolog; Akt:
v-Akt murine thymoma viral oncogene; mTOR: mechanistic target of rapamycin; PPARγ: Peroxisome proliferator-activated receptorγ; RUNX2: Runt-related transcription factor 2; ERK1/2: Extracellular signal-regulated kinase 1/2; SAPK/JNK: Stress-activated protein
kinase/c-Jun NH2-terminal kinase; PKC: Protein kinase C; PI3K; Phosphatidylinositol 3-kinase; FGF: Fibroblast growth factor; TGF-β:
Transforming growth factor-β. Adapted from Chen et al. (2016), Muruganandan et al. (2009) and Bhaskar et al. (2014).
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Mesenchymal stem cell osteogenic and adipogenic signalling pathways, continued.

Name

IGF and
Insulin

Stimulatory
Molecule

Receptor

Pathway

Transcription
Factor

Outcome

IGF1 alone or
synergistically
with BMP-2

IGFR

MAPK and protein
kinase-D dependent
pathway, and IRS1a
and IRS2 adaptor
proteins

OSX

Osteogenesis

IGF1 and
Insulin

IGFR

MAPK, and Perf1
overexpression

PPARγ

Adipogenesis

IGF1 and
Insulin

IGFR

PI3K pathway, and
IRS1 and IRS2
adaptor proteins

PPARγ

Adipogenesis

IGF: Insulin-like growth factor; IGFR: Insulin-like growth factor receptor; IRS: Insulin receptor substrates; OSX: Osterix. Adapted
from Chen et al. (2016) and Muruganandan et al. (2009).
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