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Abstract 

Hypoxia Inducible Factor-1α (HIF-1α) stabilisation activates a number of pro-survival 

pathways that enables increased cell survival in adverse environments.  Hypoxic 

preconditioning (HP) is, therefore, a proposed strategy to increase cell survival for a number 

of clinical applications such as cell therapy, tissue engineering and organ transplantation.  

Changing the oxygen pressure can, however, cause undesirable cell behaviours including 

increased oxidative stress and cell death, in addition to practical difficulties in controlling 

oxygen levels in vitro (and in vivo).  Here we investigate if stabilising HIF-1α through the 

use of HIF stabilising mimetics in normoxia, will offer a practical solution to activating pro-

survival pathways, whilst limiting the undesirable effects of changing oxygen levels.   

Various cell survival models were investigated (cryopreservation, hypothermia, low 

nutrient condition), for their suitability to demonstrate enhanced cell survival following HP 

(1% O2, 24 h).  The hypothermic (4oC) stress model reproducibly demonstrated increased 

cellular survival, resuscitation and recovery following HP.  Using the same model, Hypoxia 

Mimetic Agents (HMAs): Cobalt (100µM) and DMOG (500µM) showed enhanced cell 

survival and recovery following hypothermic stress (P ≤ 0.001) in both liver hepatocellular 

carcinoma cells (HepG2) and adipose-derived mesenchymal stem cells (ADMSC).  

Interestingly HMAs treated daughter cells, which survived hypothermic stress for the first 

time, had enhanced cell survival when exposed to further cycles of hypothermic stress, 

suggesting an epigenetic effect.  The HMAs dependent enhanced cell recovery observed in 

2D culture was also observed in 3D (collagen type I hydrogel) culture.  In 3D culture, the use 

of HMAs also appeared to enhance spheroid formation (as determined by measuring 

spheroid size following hypothermic stress).  The mechanisms of enhanced cell survival 

were studied using functional assays and gene expression, where different HMAs showed 

different effects compared to HP.  HMAs treated cells showed increased prosurvival factors 

expression such as HSP90α, COX2 and BNIP3 to enhance cell survival in adverse 

conditions.  The use of HMAs could have an important role in improving the translation of 

regenerative medicine therapies. 
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Impact Statement 

One of the major challenges in regenerative medicine is addressing the high cell death 
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 Introduction Chapter 1

Increased cell survival is vital for many regenerative medicine strategies and improved 

organ transplantation outcomes.  Hypoxia Inducible Factor-1α (HIF-1α) stabilisation 

activates a number of pro-survival pathways that enables increased cell survival in adverse 

environments1.  For this reason, hypoxia preconditioning (HP) is a proposed strategy to 

increase cell survival for a number of applications such as organ transplantation and cell 

therapy2.  Changing the oxygen pressure can, however, cause undesirable cell behaviours 

including reduced proliferation3 and oxidative stress4, in addition to practical difficulties in 

controlling oxygen levels in vitro (complex oxygen regulation culture systems are needed) 

and on implantation in vivo where complex oxygen demands are dependent on the type of 

cell, its location and differentiation status (see table 1.2).  Here we investigate if stabilising 

HIF-1α through the use of HIF stabilising mimetics in normoxia, will offer a practical and 

controllable method of activating these HIF dependent pro-survival factors, while limiting 

the undesirable effects of changing oxygen levels. 

  

1.1 Why is enhancing cell/tissue construct survival important in 

regenerative medicine 

A recent definition of regenerative medicine describes it as an interdisciplinary field that 

applies engineering and life science principles to promote tissue or organ regeneration, to 

restore a level of functionality to diseased/damaged tissues or organs5.  It is an umbrella term 

that includes stem cell therapy, gene therapy and tissue engineering.  Regenerative medicine 

offers considerable promise to improve outcomes of existing technologies (e.g. permanent 

implants)6 and untreatable conditions (e.g. spinal cord injury)7.  One of the major challenges, 

in regenerative medicine is, however, keeping the implanted cells alive and functional.  High 

cell death is observed following implantation where the environment of the implanted 

cells/tissue construct core is often hypoxic, with associated low pH and high concentration of 

reactive oxygen species (ROS)8,9.   
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Another consideration is in improving cell survival during the expansion, storage and 

transportation of cells used for regenerative medicine.  A high number of cells are needed for 

both cell therapies and in tissue engineering. For instance, in a recent clinical trial for 

myocardium infarction patients, approximately 0.5-5 million MSCs (mesenchymal stem 

cells)/kg per therapy were used10.  The accumulation of cell damage is observed during 

storage/transportation and following resuscitation due to ischemic and reperfusion injury 

(Figure 1.1.). 

 

 

Figure 1.1. A general summary of the cell stress challenges in regenerative medicine. 
The major challenge in regenerative medicine is keeping implanted cells alive and 
functional.  There are four phenomena that cause substantial cell death: A. tissue construct 
diffusion limitation (~200µM) causes anoxic core, cell survival within the scaffold is reduced 
due to the lack oxygen and nutrients (e.g. glucose).  B. hypothermic preservation that is 
associated with significant cell death due to severe cryoinjury such as the formation of ice 
crystals, and cellular dehydration or shrinkage by the ionic imbalance at the cellular level.  
Further cell death can be observed in reperfusion injury due to the outburst of ROS that 
triggers cytochrome c release and leads to apoptosis.  C. The mechanical disruption of cells 
during injection, and also the cellular environment during implantation is often hypoxic 
leading to low pH and high concentration of ROS, which result in additional cell death.  

 

1.1.1  Why is increasing cell survival important in cell therapy 

Cell therapy has the potential to improve the treatment of a number of diseases such as 

muscular degeneration and type 1 diabetes11,12.  However, one of the bottlenecks for its 

A B C 
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effective utilisation is the poor cell survival following implantation.  Studies have shown that 

more than 80-99.1 % of cells had undergone apoptosis within the first days after 

implantation (Table 1.1).  The higher survival rate shown for human neural stem cell may 

relate to a difference in methodology and loss of label at the implanted site following cell 

division. 

 

Table 1.1. Summary of stem cells transplanted into an ischemic environment. 

Cell Type Implantation Period 
(Day) 

Survival Rate 
(%) 

Method 

EMDA neurons8  4, 7, 28 6.3, 5.9, 4.8 THir Survival 

Ventral mesencephalic 
cells13 

3, 7 4.4, 0.9 THir Survival 

Human neural stem 
cells14 

3 19.5 CFP+ IhNSC 
Counting 

Embryonic neurons15 4 6 TUNNEL  

 
EMDA  = Embryonic mesencephalic dopamine  
THir = Tyrosine hydroxylase (precursor enzymes inside the cells) - immunohistochemistry 
CFP = Cyan fluorescent protein 
IhNSCs = Telencephalic-diencephalic human neural stem cells 
TUNEL = Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end 
labeling 

 

The high levels of cell death following in vivo implantation may be partially caused by 

the poor vascularisation of the damaged tissues, resulting in low cellular oxygen tension and 

the depletion of glucose16.  The combination of low oxygen and glucose decreases adenosine 

triphosphate (ATP) availability to the transplanted cells, resulting in metabolic stress and 

acidosis.  ATP is generated during the oxidative phosphorylation process through the 

electron transport chain.  Metabolic stress causes Endoplasmic Reticulum (ER) stress, which 

induces excessive amounts of Ca2+ in the cytoplasm that stimulates both Nitric Oxide 

Synthase (NOS) and ROS generation, and further oxidative stress can activate the p53 

pathway to trigger G2 cell cycle arrest17.  Prolonged oxidative stress can lead to the induction 

of pro-apoptotic factors such as Bax and can trigger mitochondrial membrane 

permeabilisation18,19.  Mitochondrial intermembrane space proteins such as cytochrome c are 

released into the cytoplasm, interact with apoptotic protease activating factor (APAF) to 
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form apoptosome assembly that activates caspase-920.  Active caspase-9, in turn, activates 

caspase-3 and caspase-7, resulting in oxidative stress induced apoptosis20.  Anoikis maybe 

another important cause of cell death following implantation, this programmed cell death 

occurs in all anchorage-dependent cells when detached from specific receptor-integrin 

binding to extracellular matrix (ECM)8,21(Figure 1.2.).  Unless implanted cells find a suitable 

anchorage point following implantation or even during preparation for injection, anoikis can 

occur.  It is becoming clear that just the mere placement of cells in vivo is not enough to 

ensure cell survival.  Therefore, in order to maximise the clinical application of stem cells, 

strategies must be employed which retain their adhesion, retention, and engraftment abilities 

in vivo22,23,24,25.  

 

    

Figure 1.2. An overview of the cellular apoptosis pathway following cell stresses. 
Cell stresses lead to the induction of pro-apoptotic factor BAX activity to trigger 
mitochondrial membrane permeabilisation.  Mitochondrial intermembrane space proteins 
such as cytochrome c are released into the cytosol.  Cytochrome c interacts with apoptotic 
protease activating factor (APAF), triggering apoptosome assembly, which activates caspase-
9.  Active caspase-9, in turn, activates caspase-3 and caspase-7, leading to apoptosis.  



24 
 

A large number of cells (approximately 2x108 cells per kg of body weight) are needed for 

clinical applications and different fields of research26.  This demand calls for adequate 

storage and resuscitation of isolated cells.  Cryopreservation or vitrification is the common 

method for the majority of cell suspensions, the advantage is the prevention of gene mutation 

and long-term storage.  Even with the use of cryoprotectant in the cryopreservation 

procedure, significant cell death is often observed due to severe cryoinjury caused by the 

formation of ice crystal and/or cellular dehydration and shrinkage as a result of the ionic 

imbalance within the cell.  Dimethyl sulfoxide (DMSO)[CH3]2SO] is one of the most 

commonly used cryoprotectants in cryopreservation.  It penetrates into the cell and binds to 

water molecules to reduce the formation of ice crystal, which results in the maintainance of 

intracellular ions homeostasis27,28,29.  Furthermore, the protection of slowly cooled cells by 

DMSO is concentration dependent.  The toxic effects of DMSO however have been reported 

at concentrations of 0.01% and higher and can reduce the cellular attachment and cell 

viability30,31, and in the clinical field up to 50% of patients reported suffering nausea, 

vomiting and abdominal cramps32.  This toxicity, may in part, be due to its polar nature 

causing favourable association with hydrogen bonds, and instigating the dissociation of 

insoluble proteins and potentially the rupture of cellular membrane33.  Cryopreservation of 

3D constructs or tissues is even more challenging due to the differing water contents and 

expansion rates of the cellular and extracellular matrix, causing rupture of proteins and 

cellular damage34,35.  Another method of preservation is short term storage at low 

temperature (2–8oC) in preservation fluid (hypothermic preservation). This is the current 

approach for the preservation of solid organs/tissues used for transplantation.  While slowing 

down cell metabolism, it may also induce cell injury over a long period (cell-specific), which 

is, in many cell types, iron dependent and not counteracted by current perfusion fluids36 

(more detail is described in section 4.1.3.). 

Strategies have been promoted to counteract the stresses suffered by the implanted cells, 

such as the use of a biomaterial to allow cell attachment and avoid anoikis37, preconditioning 

cells in lower or higher temperature38, preconditioning with hypoxia39 or 

pharmacologically40.  These strategies are designed to promote prosurvival factors to help 

implanted cells become more resistant to stress (ischemic and reperfusion injury).  Thus, 

enhancing cell survival during expansion, storage or transportation, and following 

implantation could improve clinical effectiveness. 
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1.1.2 Why is increasing cell survival important in tissue engineering 

“Tissue Engineering is the creation of new tissue by the deliberate and controlled 

stimulation of selected target cells through a systematic combination of molecular and 

mechanical signals.”41.  Many tissue engineering approaches use scaffolds to mimic aspects 

of the native cellular environment and/or release biomolecules to direct desirable cell 

behaviour and promote tissue growth.  Within tissue constructs, cells are attached to 

materials via proteins and therefore avoid anoikis.  There are, however, other challenges in 

ensuring cell survival within 3D constructs both in vitro and in vivo.  Without a viable 

vasculature, tissue engineered construct size is limited by oxygen and nutrient diffusion rates 

(~200µm)9(Figure 1.3.).  In tissue construct larger than that cell survival within the scaffold 

is reduced due both to the lack of oxygen and nutrients (e.g. glucose) and also by high 

concentrations of lactate and reductive metabolites42.  Various approaches to enable oxygen 

and nutrient diffusion have been suggested, including prefabricated conduits43 and 

bioreactors44, but these also have drawbacks in terms of cost, ability to mimic native 

vasculature (control protein and cell transendothelial migration) and attach it to existing 

vasculature in vivo.  Even if the challenges of keeping cells alive in 3D constructs are met, 

cell survival, within the tissue engineered construct following implantation, remains a major 

issue until a viable vasculature is established usually within 7 - 14 days45,46.  Prior to the 

establishment of a viable vasculature cell death is observed in the hypoxic core of the 

scaffold47.  Therefore, prolonging cell survival following implantation would have a 

considerable impact on growth factor delivery by the implanted cells and thereby 

angiogenesis and/or new tissue formation. 
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Figure 1.3. Oxygen diffusion limits in tissue engineering.  
Cell constructs can only grow to oxygen diffusion limits in vitro before an anoxic acellular 
core forms.  Spheroids were stained for the Proliferation marker Ki-67 (Green) and oxygen 
sensor EF5 hypoxia (Red).  The proliferated cells were only found in a constantly sized 
boundary regardless of spheroid size.  An anoxic acellular core began to be formed at day 6 
and became more distinct at day 15 (a-c).  We postulate stabilisation of HIF-1α subunits can 
delay the development of an anoxic core and is due to the induction of prosurvival factors 
such as VEGF to enhance cellular adaptation to hypoxia condition (d-e).  Images obtained 
and modified from Grimes et. al48. 

 

1.1.3  Why is increasing cell survival important in organ transplantation 

The global shortage of organs for transplantation is one of the World Health Organisation 

(Geneva) major challenges (2012), and the report suggested that only approximately 10% of 

the worldwide need for organs was met49.  In the US, at least 1 in 10 patients dies while 

waiting for a liver transplantation (2017)50. Yet a large fraction of organs that could 

potentially be used for donation is discarded (for example, 3159 kidneys were discarded in 

201551) due to spending over 24 h in preservation and transportation.  Cold preservation 

results in cell damage (e.g. ATP synthase activity is lost) due to ischemia and reperfusion 

injury52,53.  Another major cause of injury is that organ grafts donated after cardiac death 

(DCD), are also exposed to warm ischemia which diminishes the quality and function of 

organ grafts54,55(Figure 1.4.a.). 
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During ischemia or hypoxia, ATP depletion inhibits the oxygen sensitive potassium 

channels, and also delay the K+ current, thereby impairing mitochondrial membrane potential 

(Ψ).  The effect of the depolarised membrane is to cause Ca2+ and Na+ overload within the 

cells.  The gradient imposed by imbalance ions and the accumulation of various 

intermediates (e.g. Lactate and H+), drives a large amount of water into the cytoplasm and 

produces cell swelling (ischemic oedema).  Ischemic oedema results in disruption of the 

mitochondrial permeability transition pore (PTP) releasing cytochrome C which in turn 

induces apoptosis and necrosis cell death mechanisms56,57.  In addition, cold ischemia leads 

to a reduction in cellular metabolic activity, and has a similar damaging impact on tissues 

and organs as warm ischemia58,59.  Further cell death can occur during reperfusion injury due 

to the outburst of ROS.  ROS triggers cytochrome c release and caspase activation60.  Thus, 

maintaining the metabolic shift in activity from aerobic to anaerobic and ensuring proper 

elimination of ROS improves cell survival. 

Current approaches have been developed to increase the number of organs available for 

transplantation including bioartificial organ support.  One of the suggestions is to promote 

organ survival by inducing cellular cytoprotective survival factors before the stresses.  This 

has been shown to reduce the extent of ischemia and reoxygenation injury, for instance: 

treatment with nitric oxide (NO) in modulating of mitochondrial function; application of 

baicalein in myocardial injury61; and ischemic preconditioning (IP) in mediating the Hypoxia 

Inducible Factor (HIF) pathway62,63.  IP is one of the most effective and reproducible 

treatments for ischemia and reoxygenation injury, as its early protection starts with 

prosurvival factors such as EPO and VEGF within minutes and lasts 2 to 3 h, and the 

delayed protection develops 12 to 24 h later and lasts 2 to 3 days64.  The disparate timescales 

suggested the involvement of different molecular events, including alteration in metabolic 

pathways such as inducible nitric oxide synthase and adenosine and transcriptional activation 

of molecular chaperones such as the heat shock protein (HSP) family and modification of the 

immune response upon implantation.  The metabolic shift is the primary intracellular 

orchestrator of IP-induced cytoprotection, as the opening of mitochondrial potassium 

channels (mitoKATP) that trigger anti-apoptotic response could prevent ion overloaded 

inside mitochondria65.  Ultimately, IP also contributes to cell survival by attenuating proton 

leakage (commonly known as superoxide radical (O2
!-)) to preserve mitochondrial membrane 

potential after ischemia and reperfusion injury66.  Taking advantage of the knowledge of the 

molecular mechanisms leads to cell survival during organ IP, in vitro simulation of this 
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strategy has been adopted to improve the resistance of cultured cells against the harmful 

condition of hypoxia (more detail of IP is mentioned in section 1.3.2.). 

Ischemia differs from hypoxia in that it is not only a decrease in the oxygen supply; it 

also involves a reduction of the blood flow which leads to a decline of nutrient supply and an 

accumulation of metabolic products, including CO2, lactic acid and ammonia.  To prevent the 

damage of ischemia, organs are usually placed at hypothermic temperature (~4oC) to 

minimise the cellular metabolic activities.  The length of organ preservation at hypothermia 

temperature varies from 4-24 h is organ specific67,68. Therefore, some degree of organ 

tolerance to extended cold ischemia is required to enhance logistic management. 
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Figure 1.4. Ischemic and reoxygenation injuries develop in cardiac cell death.  
Timeline of phases of ischemic and reoxygenation injuries for organ donation after cardiac 
death.  A, During storage, cells commonly suffer hypothermic ischemia/hypoxia (4oC) and 
warm reperfusion/re-oxygenation (37oC) injury.  B, This results in inhibition of K+ current in 
potassium channels and leads to membrane depolarisation and subsequent Ca2+ influx 
through voltage gated calcium channels. C, The leaking of cytochrome C from 
mitochondrion is the consequence of Ca2+ overload, with consequential cell loss.  MAP 
indicates mean arterial pressure.  The image is modified from ref. 69, 70 and 71. 
 

A 

B 

C 



30 
 

1.2 Cell survival pathway in hypoxia and hypothermia 

Oxygen is an essential element for the survival of aerobic organisms, as it serves as the 

final electron acceptor in oxidative phosphorylation to generate ATP, which is used to power 

physicochemical reactions in living cells, for instance, cellular metabolism and immune 

responses42,72.  Under normoxia, the cell maintains a constant cellular ATP/ADP ratio to 

survive such as by regulating metabolic shift in activity from aerobic to anaerobic.  During 

hypoxia, a decrease in the intracellular ATP/ADP ratios causes an increase in cellular K+ 

efflux and Na+ and Ca2+ influx, with osmotically obligated water73,74,75.  The ionic imbalance 

will cause an increase in mitochondrial membrane permeability and results in the generation 

of reactive oxygen species (ROS) and free radicals, which causes incremental cell death.  To 

curtail the damage caused by hypoxic conditions, cells alter metabolism to conserve energy 

and promote the expression of cell survival factors to encourage tissue regeneration.  To 

achieve this prosurvival response, both mRNA transcription and protein synthesis are 

modulated which involves many pathways such as Ca2+ signalling, mTOR pathway, MAP 

kinase pathway, and endoplasmic reticulum (ER) stress pathway.  The hypoxia inducible 

factors (HIFs) are, however, the central mechanism for cells to respond to changes of oxygen 

pressure. 

Hypoxia response can be (somewhat arbitrarily) divided into different scales and 

physiological oxygen tensions (Table 1.2.): anoxia (<0.1% O2), hypoxia (~1% O2) and mild 

hypoxia (1–5% O2).  Physiological hypoxia, or oxygen pressure, in the tissues varies 

between 2–15% O2 depending on the location and vascularity of the tissue whilst normoxia 

is often taken to be the atmospheric level (21% O2)76,77,78.  Different oxygen concentrations 

have different impacts on cell behaviour depending on the type of cell, location and 

differentiation status.  Within this thesis, “hypoxia” is the term used to describe when the 

cellular oxygen metabolic demand is greater than the supply.  Oxygen pressure has been 

shown to be important in embryonic development79,80 and tissue remodelling81 and 

regeneration such as stem cell recruitment82, differentiation83 and angiogenesis84,85,.    
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Table 1.2. Physiological oxygen tension in human tissue★. 

Condition pO2 (mmHg) O2% 
Normoxia (ambient) 159 21 
Physiological hypoxia 15-68 2-9 
Organ   
Trachea 150 19.7 
Alveoli 110 14.5 
Arterial blood 100 13.2 
Pulmonary arterial blood 40  5.3 
Brain 35  4.4 
Intestinal tissue 58  7.6 
Liver 41  5.4 
Kidney 72  9.5 
Muscle 29  3.8 
Bone marrow 49 6.4 
★Data derived from Refs. 86, 87 and 88. 
 

Cells, tissues and organs are either cryopreserved (-80 to -198oC) or hypothermically 

preserved (2 to 8oC) for clinical applications to ensure off-the-shelf availability.  The greatest 

challenge is the cooling and rewarming processes, as decreased temperature causes 

metabolic dysfunction, resulting in induction of necrotic or apoptotic cell death.  Thermal 

shock has been shown to promote cell survival and proliferation via the activation of heat 

shock proteins (HSPs).  HSPs are molecular chaperones that maintain cellular homeostasis 

during changes in the environment and enable stressed cells to cope with an increased 

concentration of denatured proteins89,90.  For example, HSP70 and HSP90 both have been 

showed to have a cytoprotective effect in response to hypoxia through stabilising HIF-1α to 

promote prosurvival gene production91,92,93.   

 

1.3 Hypoxia, HIF and cell survival 

HIF-1α activation plays an essential role in triggering cellular prosurvival pathways and 

metabolic shift to allow cells to survive in low oxygen environment for longer.  HIF-1α 

activation can confer protection to cells both in low oxygen conditions and against 

reperfusion injury (Table 1.3.).  This indicates that enhancing the expression of HIF-1α could 

be a beneficial therapeutic modality, as HIF-regulated gene expression may mediate the late 
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phase of preconditioning, and constitutively HIF activity may influence the expression of 

genes that are required for cells to be able to respond to acute preconditioning.  

Pharmacological intervention in the HIF-1α pathway in regenerative medicine might 

stimulate the body’s own regenerative capacity to regenerate and to restore tissues/organs 

functionality at the implanted site. 

 

1.3.1 Hypoxia Inducible Factor (HIF) pathway 

Hypoxia Inducible Factor-1 (HIF-1) is the key transcriptional factor that mediates the 

cells adaptation to low oxygen conditions and can protect cells by activating the expression 

of prosurvival and metabolic adaptation genes, for example, genes associated with 

angiogenesis, iron metabolism, glycolysis and growth factor signalling.  HIF-1 is an α, β-

heterodimeric protein complex. Whereas HIF-β, also known as aryl hydrocarbon receptor 

nuclear translocator (ARNT) is constitutively expressed, HIF-α activity is regulated by 

processes involving posttranslational hydroxylation, catalysed by Fe2+- and 2-oxoglutarate-

dependent oxygenases under normoxic conditions.  HIF-1α is the key member in the cellular 

and systemic adaptation to hypoxia.  It contains an N-terminal and a C-terminal portion in 

the oxygen-dependent degradation domain (ODD), which determines degradation through 

proline hydroxylation (Pro 463 and 538 in human HIF-1α) by prolyl hydroxylase domain 

(PHD) proteins.  The hydroxylated prolines promote binding of the von Hippel-Lindau-

containing ubiquitin E3 ligase complex and subsequently ubiquitination and degradation by 

the proteasomal system94,95.  HIF-1α also has two transactivation domains (TADs), an N-

terminal TAD (which overlaps with the C-ODD) and a C-terminal TAD. The transcriptional 

activity is regulated by the hydroxylation of a C-terminal asparagine residue (Asn 803 in 

human HIF-1α) by an asparaginyl hydroxylase termed factor-inhibiting HIF (FIH), and this 

modification prevents interaction of the HIF-1α C-TAD with the CH-1 domain of the 

transcriptional coactivator p30096.  Thus, the prolyl hydroxylation enables protein-protein 

interaction, while the asparaginyl hydroxylation prevents protein recruitment (Figure 1.5.).  

PHD and FIH contain 2-histidine-1-carboxylate coordination motifs for the ligand Fe2+ that 

in turn binds the molecular oxygen and the 2-oxoglutarate (2-OG).  The Fe2+ is bound to two 

histidines with one aspartic acid residue, and two oxygens are bound to the ferrous state that 

is maintained by ascorbate, where one oxygen is transferred to the target proline residue of 
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HIF-1α, and the second reacts with 2-OG to produce succinate and carbon dioxide.  Hence, 

the absence of oxygen leads to no enzyme activity, no modification to HIF-1α proline 

residues and no VHL/HIF binding, resulting in stabilised HIF-1α. 

 

Under hypoxic conditions, HIF-1α subunits accumulate and translocate to the nucleus, 

where the HIF-1 complex recruits the coactivators p300 and CREB-Binding Protein (CPB), 

which binds to the core sequence of RCGTC in hypoxia response elements (HREs), and 

activates the expression of more than 200 target genes involved in cell survival, adaptation 

and regeneration97.  The upregulated genes include for example: 

! Pyruvate Dehydrogenase Kinase (PDK) enhances anaerobic glycolysis for sufficient 

ATP production to maintain energy homeostasis, and also has a role in the regulation of 

intracellular pH as the increase of intracellular lactic acid concentration in hypoxic 

condition;  

! Heme Oxygenase-1 (HO-1) improves cell survival by imposing the response to 

oxidant stress98,99;  

! Vascular Endothelial Growth Factor (VEGF) has a role in the regulation of collateral 

vessel development100;  

! B-cell Lymphoma 2 (Bcl-2) is an important regulator of mitochondrial membrane 

permeability and also helps in inhibition of anoikis101;   

! Other HIF regulated genes are inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2), both of which have been shown to be associated with enhanced 

resistance to ischemia102 (Figure 1.6.). 
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Figure 1.5. The HIF-1α pathway. 
A. In the presence of oxygen, HIF-1α is hydroxylated by PHD2 and FIH, and undergones 
proteasome degradation.  B. Under hypoxic conditions, HIF-1α is stabilised and translocated 
to the nucleus and binds with HIF-1β and other coactivators that can trigger a number of 
hypoxia response element (HRE) genes involved in the adaptation of cells to hypoxic 
condition and promotes tissue regeneration. 
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Figure 1.6. Key prosurvival genes upregulated in the HIF pathway. 
In hypoxia, the HIF-1α subunits translocate to the nucleus to activate over 200 genes, 
many of these genes are involved in metabolism adaptation, angiogenesis, 
antioxidative and antiapoptotic mechanisms. 

 

1.3.2 Hypoxia/IP preconditioning mechanism 

Studies have demonstrated that preconditioning cells, tissues or organs with a short period 

of mild hypoxia (<5%) promotes an adaptive response to future stress.  This is termed as 

‘Hypoxia Preconditioning’ (Table 1.3 and 1.4).  After the preconditioning stimulus, there is 

an early window of acute protection that lasts 1 to 2 h, followed by a late window of delayed 

protection that lasts from approximately 24 to 72 h, with the result of attenuating the damage 

induced by ischemic insults103,104.  In-vivo organ pretreatment with short cycles of ischemia 

and reperfusion, known as “Ischemic Preconditioning” (IP), has been recognised as a 



36 
 

protective manoeuver.  The “delayed” IP protection may be due to the synthesis of protective 

proteins, including manganese superoxide dismutase and inducible nitric oxide synthase both 

of which have been shown to markedly reduced infarct size in induced infarction 

studies103,105. 

 

Table 1.3. Studies demonstrated that HP increases prosurvival factors in vitro. 

Model O2 
Level 
(%) 

Duration 
of HP 
(min) 

Adverse 
Condition 

Results / Compared to Untreated 
Condition 

Oxidative 
Stress106 

1 10 1% O2 !"10% cell survival; "2-fold survival 
protein survivin and MAPK expression  
!#0.7% cell death; #oxidative stress 
markers DCHFDA and DHE, 25% and 
50% respectively; #mobility of MSCs 

Myocardial 
Ischemia39,107  

0.5 1440 0.1% 02 for 
24 – 72 h 
or serum 
deprivation 

!"3.4-fold expression of pro-survival 
factors (HIF-1α, pAkt, surviving, and p21) 
and pro-angiogenic factors (VEGF, FIK-1, 
angiopoietin-1, EPO, CXCR4, and c-Met) 
!Enhanced differentiation morphology 
!#15% and 11% in cell death and  
caspase-3, respectively 

Aging-Related 
Functional 
Impairment108 

2 1440 0% O2 !"30-90% vascular density 
!"20% cell viability 
!Expression of VEGF (3-fold) and HIF-1α 
(2-fold) 

Acute 
Myocardial 
Infarction109,110 

1 1440 Hypoxia !"4-fold in HIF-1α 
!Enhanced migration via upregulated 
CXCR4 
!"Capillary-like structures on Matrigel 
compared to cells cultured under normoxic 
conditions 
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Table 1.4. Studies demonstrated that HP increases prosurvival factors in vivo. 

Model O2 
Level 
(%) 

Durati
on of 
HP 
(min) 

Adverse 
Condition 

Results / Compared to Untreated 
Condition 

Liver 
Transplantation111, 
112 

10% - 
21% 

10 Ischemia-
Reperfusion 
Injury 

!#Serum ALT and AST levels to 10-
30% 
!#TNF-α, IL-6 expression throughout 
the post-operation, which protected 
from damage and inflammatory 
cytokine production) 
!"MDA (ROS inductor), slightly 
higher, 4.67±0.49 (nmol/mg prot) 
!#SOD (Superoxide Dismutase), 
81.81±4.69 (U/mg prot) 

Brain 
Regeneration 113 

0.5% 1440 Traumatic 
Brain Injury 

!#Brain-damaged volume to 150mm3 
!"60% neurogenesis. 
!Improved motor and cognitive 
function performance 
!#50% TBI-induced neuronal 
apoptosis. 

Angiogenic 
Capacity in 
Aging114, 115 

0.5 – 
9% 

1440/ 
6 – 10 
 

Ischemic 
Hindlimb 
Model 

!"Vessel density (0.96±0.22) and 
engraftment (1.46±0.11) in older 
mouse (<50 years old) 
!#Decrease 1.5 fold hypoxia-induced 
ROS  
!#Damage in an ischemic limb model, 
1.4-fold rise in Doppler score. 
!"2.6-fold in PO2, "19.4% flap 
survival, and "19.1% blood flow 

Retina 
Regeneration 
116 

6 6  Retinal 
Degeneration 

!"up-regulated genes for 
neuroprotection such as 
metallothionein-1 and -2, 
adrenomedullin, antioxidative and 
cytoprotective enzyme paraoxonase I, 
and cyclin dependent kinase inhibitor 
p21. 

 

IP has not, however, reached routine clinical application, partly because of a lack of 

evidence to support the process but also because of the variability between different cell 

types in their response to different oxygen tensions (Table 1.2.).  The protective effect 

observed of IP also appear to be sensitive to the detail of the experimental design, such as the 
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duration of ischemia and reperfusion periods117,118,119.  Besides the target gene expression 

mediated by HIF-1α stabilisation observed under chronic hypoxia120, chronic hypoxia also 

triggers hypoxia-induced apoptosis via stabilising tumour suppressor p53 protein, which 

happened much faster than the induction of cellular protective proteins in tissues or organs.  

Concomitantly, upregulation of PHD2 and PHD3, terminating the HIF response to hypoxia, 

may provide a potential explanation for the uncertain therapeutic outcome of HP 

application121,122,123.  The need to understand the mechanisms/suitable methods inducing cell 

protection is crucial, as is the need to discover pharmacological treatments that can trigger 

the same intracellular signalling pathways leading to hypoxic adaptation.  The 

pharmacological stabilisation of HIF-α family members may, therefore, have clinical utility 

as specific targets for enhancing pro-survival pathways124. 

 

1.3.3  HIF-1α Stabilisation via Hypoxia 

HP/IP is more complicated than just the involvement of the transcription factor HIF-1α, 

as physiological reduction of oxygen has also been shown to be involved in many 

physiological processes (e.g. embryonic development79,80) and also in pathophysiological 

conditions (e.g. ischemic disease52,53).  Therefore, distinguishing the difference between the 

physiological significance of hypoxic responses (HIF Independent Pathway) and the role of 

the HIF family of transcriptional regulators (HIF Dependent Pathway)(Figure 1.7.) will have 

significant consequences for its proper clinical applications.  As 89% of the up-regulated 

genes (expression of prosurvival factors such as HSP-90α125,126, VEGF127,128, glycolytic 

enzymes, glucose transporters129, and NO129 (Figure 1.6.)), were dependent on the presence 

of HIF-1α, this transcription factor seems to be especially important in the up-regulation of 

genes necessary to cope with hypoxic and ischemic stresses and subsequently for the 

survival of cells under adverse conditions1.  The identification of the molecular control of 

hypoxia-inducible gene transcription, mediated by HIF-1α, has led to a novel 

pharmacological approach to cellular protection.   

Hypoxic responses (HIF Independent Pathway)(Figure 1.7.) can stabilise p53 apoptosis 

factor, independently of the HIF pathway, and this factor is involved in a number of different 

pathways that can lead to cell death via endoplasmic reticulum stress130,131,132 and stress-
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activated protein kinase c-Jun NH2-Terminal Kinase (JNK)133, as under hypoxia, PHDs and 

FIH are upregulated and act as the negative feedback loops to limit HIF-1α activation121,134.  

For example, the mammalian target of rapamycin (mTOR) is a kinase that can integrate 

signals from nutrient and growth factors to regulate cell growth and cell progression co-

ordinately.  Insulin, angiotensin-II and epidermal growth factor have been shown to up-

regulate HIF-1α in the presence of molecular oxygen135,136,137.  Conversely, mTOR signalling 

can also be affected by HIF independent pathway to promote cell death by inhibiting 

ribosomal biogenesis and cap-dependent translation94,95,96.  In a hypoxic inflammatory 

context, NFKB (HIF independent pathaway) and HIF-1α (HIF dependent pathway) seem to 

have overlapping pathways, as HIF-1α stabilisation at the protein level is affected by reactive 

oxygen species (ROS) from the oxidative burst, tumour necrosis factor α (TNF-α) and 

interleukin-18 (IL-18) NFKB pathway138,139,140,141.  NFKB has, in part, been showed to be 

regulated by hypoxia and hypoxic mimetics142,143, as several components of the NFKB 

pathway are hydroxylated by prolyl and asparaginyl hydroxylases by activating the inhibitor 

of KB kinase β (IKKβ, the NF-KB upstream and activating kinase) following hypoxia144,145,146.  

Furthermore, some studies have suggested a role for HIF-1α in the regulation of NFKB 

signalling147,148,149 and demonstrated that transcription factors seem to share extensive 

crosstalk in the regulation of several inflammatory genes such as cyclooxygenase142,150,151. 
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Figure 1.7. HIF independent pathway and HIF dependent pathway.  
HP could induce both HIF-independent pathways and HIF dependent pathways that make the 
outcome unpredictable.  Using HMAs target specific HIF dependent pathways might 
enhance the therapeutic application in the future. 

 

Pharmacological manipulation can mimic the therapeutic effect of HP, which also 

eliminates the side effects of HP by targeting the HIF dependent pathway alone.  

Pharmacological manipulation represents a more convenient alternative to HP/IP due to the 

ease of drug administration.  The most common hypoxic mimetic agents (HMAs) include the 

divalent cation cobalt (Co), the iron-chelator deferoxamine (DFO), and 2-oxoglutarate 

analogue Dimethyloxaloylglycine (DMOG)(Table 1.5.).  They are either substituting for Fe2+ 

or competiting with 2-OG to inhibit PHDs and FIH to enhance HIF activity152.  DMOG has 

been observed to upregulate HIF-1α proteins to increase cell survival through inhibition of 

cytochrome c release153, and enhanced transcription of target genes that have a role in the 

therapy of ischemic disease.  DFO preconditioned cells showed increased homing of 

implanted cells with restored angiogenesis in diabetic rats154,155.  Co treatment resulted in 
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reduction in infarct size, through increasing DNA-binding activity of HIF-1α within 1 h156.  

The second classical setup to study hypoxia is hypoxia induction in a CO2 incubator with a 

regulated level of oxygen (less than 1% O2).  To clearly distinguish the difference between 

HIF independent pathway and HIF dependent pathway might lead to improve the 

pharmacological induced HIF-1α therapy for effective and efficacious future application. 

 

Table 1.5. Increase cell survival following the use of HMAs in vitro. 

Drugs / 
Molecules 

Targets  Benefits 

Co 156,157,158 Binding directly to 
PHD2 active site 

!Stabilised HIF-1α proteins 
!Reduced infarct size 

DMOG159,160,161,16
2 

Binding to the 2-OG 
binding pocket of 
both PHDs and FIH 

!Increased HIF-1α protein 
!Increased numbers of bone-marrow-
derived progenitor cells 
!Enhanced HIF pathways 

DFO154,163 To minimalize the 
activity of both 
PHDs and FIH by 
reducing 
intracellular Fe2+ 
concentration 

!Stabilised HIF-1α proteins 
!Increased the mobilisation and 
homing of progenitor cells 

Diazoxide164,165,16
6 

Open mitoKATP !Attenuated mitochondrial Ca2+ 
overload 
!Prevented mPTP induction 

N(6)-
cyclopentyladeno
sine/NS1619167 

Adenosine A1 
receptor agonist/ 
Ca2+-activated K+ 
channel opener 

!Inhibited forskolin-stimulated cAMP 
accumulation 
!Inhibited the mitochondrial 
permeability transition pore 
!Reduced the generation of ROS 
!Stimulated anti-apoptotic effect 
!Triggered cell survival signalling, 
Akt and ERK1 

Gene Transfection HIF-1α Enhanced the HIF pathway 
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1.4 Summary 

HIF-1α stabilisation activates a number of pro-survival pathways that enables increased 

cell survival in adverse environments.   Accumulated evidence has demonstrated that HP 

treated cells have been shown to have improved resistance against cell death in adverse 

conditions168,169.  Likewise, some evidence has shown that cells pretreated with the most 

common HMAs (Co, DFO and DMOG) may have improved cell survival similar to the 

impact of HP pretreated cells in vitro154,158,159,160,161,162,163.  Developing pharmacological 

interventions that show similar effects to HP could represent a more efficacious way of 

promoting cell survival, rather than changing the oxygen (21% O2).  Here we investigate if 

stabilising HIF-1α, through the use of HIF stabilising mimetics (HMAs), in normoxia can 

promote cell survival.  This will offer a practical solution to activating these pro-survival 

factors, whilst limiting the undesirable effects of changing oxygen levels (HIF independent 

pathway)(Figure 1.7.). 

This work highlights the potential differences between stabilising HIF-1α via HP and the 

use of pharmaceuticals that target the HIF pathway.  The hypothermic (4oC) stress model 

reproducibly demonstrated increased cellular survival, resuscitation and recovery following 

HP.  Using the same model, HMAs: Co (100µM) and DMOG (500µM) showed significant 

increase in cell survival and recovery following hypothermic stress (P ≤ 0.001) in both 

HepG2 and ADMSCs.  Interestingly the HMAs treated daughter cells, which survived 

hypothermic stress for the first time, had enhanced cell survival when exposed to further 

rounds of hypothermic stress, suggesting an epigenetic effect.  The HMAs dependent 

enhanced cell recovery observed in 2D culture was also observed in 3D (collagen type I 

hydrogel) culture.  In 3D culture, the use of HMAs also appeared to enhance spheroid 

formation, however, Co was toxic to ADMSCs in the 3D culture that was not observed in 2D 

culture.  Therefore the use of 3D cell culture can help to improve predictability of cell 

behaviour in response to the stress model, and can also help to distinguish a key-set of 

prosurvival molecules that confront the adverse environments to enhance cell 

survival107,170,171.  In summary, the use of HMAs to enhance cell survival in adverse 

conditions could have an important role in improving the translation of regenerative 

medicine therapies. 
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  Aims of thesis Chapter 2

This thesis investigates if stabilising HIF-1α through the use of HIF stabilising mimetics 

in normoxia can increase cell survival.  Two primary strategies could be adopted:  1, to 

manipulate cell behaviour by culturing them in a range of HMAs (DFO, Co and DMOG) to 

enhance cell survival; 2, to use 3D hydrogel model to enhance the function of cell survival in 

our experimental stress model by incorporating HMAs. This study could enhance our 

understanding of the effect of HMAs on cell survival in 2D and 3D studies. 

 

The work in this thesis can be broken down into a number of specific aims: 

1. To create/modify an in vitro stress model to evaluate cell survival following HP 

- To investigate cell survival following:  

! Low oxygen and low nutrient (1% O2 and 0% FBS) 

! Cryopreservation (-80oC) 

! Hypothermic preservation (4oC) 

- To investigate whether HP increases cell survival following 24 h stress conditions 

 

Note: Hypothermic stress model was used in the future experiments as it reproducibly 

demonstrated cell survival, resuscitation and recovery following HP. 

 

2. To investigate the mechanisms of HP/HMA on HepG2/ADMSCs. 

- To investigate whether preconditioning or coconditioning with HMAs in normoxia 

or hypoxia enhances cell survival following the exposure to the hypothermic stress model. 

- To optimise the dosages of HMAs to assess the effect of biological intervention 

aimed at increasing cell survival 
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3. To investigate the cellular prosurvival mechanisms of HMAs 

- To determine if HMAs could increase the expression of HSP-90α via stabilising 

HIF-1α  

- To determine if HMAs regulate the expression of prosurvival genes: HSP90, COX2, 

CIRP, RBM3, PGK1 and BNIP3 in the prosurvival pathway using 100µM Co, 500µM 

DMOG or HP.  

 

4. To evaluate the effects of HMAs in promoting cell survival, resuscitation and 

recovery in 3D hydrogel cell culture model 

- To investigate the effects of HMAs in HepG2 and ADMCs in 2D and 3D hydrogel, 

respectively.   

 

Overall Hypothesis 

The use of HMAs (DFO, Co and DMOG) will improve cell survival, resuscitation and 

recovery following exposure to adverse condition in vitro. 
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 General materials and Chapter 3
methods 

3.1 Stress model 

To determine cell survival by stabilising HIF-1α through the use of HMAs in normoxia, 

various in vitro models of adverse conditions were developed, including low nutrient and 

low oxygen conditions (0% (v/v) FBS + 1% (v/v) O2), cryopreservation (-80oC) and 

hypothermia (4oC).  Chapter 4 describes the low nutrient and low oxygen and 

cryopreservation models, as the hypothermic model showed a reproducible result in 

enhancing cell survival following the treatment, this was used in chapters 4, 5, 6 and 7. 

 

3.1.1 Hypothermic (4oC) stress model 

The hypothermic stress model and outcome measurements consisted of (see Figure 3.1.): 

1. HepG2 cells and ADMSCs were seeded in 96-well plates (ThermoFisher Scientific, 

UK) with a density of 8x104 cells/cm2 (this cell density is based on the sensitivity of the 

assays used in this experiment (see supplementary chapter 4.4. and 4.5.) cultured for 24 h in 

normoxia incubator (Binder GmbH, Tuttlingen, Germany).   

2. Hypoxia pretreated cells (section 3.4.) were cultured at 1% O2 for 24 h by the 

following hypothermic stress treatment to create the model (Chapter 4).  To determine the 

effects of HMAs (DFO, Co and DMOG (section 3.5)), cells were co-conditioned in a fridge 

4oC (Lec medical, UK) for 24 h in the perfusion fluid, Soltran (Baxter, UK)(This partly 

replicated the hypothermic procedure in organ preservation) with and without HMAs at 

various concentrations (see Table 3.1.)(Chapter 5).  The concentration of HMAs was based 

on previously published researches154,172 (as described in Table 1.6.).  These cells were used 

to compare to the control healthy cells were cultured at normoxic condition.   

4. and 5. Cell survival, resuscitation and recovery measurements were performed after 

cells placed back to normoxic condition with fresh media.  Cell survival was determined by 

cellular metabolic activity (Alamar Blue Assay)(Chapter 4); cell resuscitation and recovery 
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were determined by cellular metabolic activity (Alamar Blue Assay), cellular proliferation 

(Total DNA contents)(CyQuant Assay in 2D)(Live and Dead assay in 3D) over a period of 7 

days (Chapter 4, 5 and 7).  Furthermore, cellular functions were determined by ALT activity 

assay and Albumin ELISA kit.  Other factors such as apoptosis was determined by Caspase 

3/7 ELISA Kit, and HIF-1α stabilisation was determined by Immunostaining and 

TransAM™HIF-1α.   

 

     

Figure 3.1. Diagram of showing overall research methodology in this study.  
1. Cells were seeded in 96-well plates with a density of 8x104 cells/cm2, and cultured for 24 
h in normoxic incubator.   
2. Cells were preconditioned or co-cultured in hypoxia (1% O2) or HMAs for 24 h prior to 
preplacing fresh media with clinically used organ perfusion fluid.   
3. Cell survival, resuscitation and recovery were performed after cells were placed back to 
normoxic condition in fresh media over a period of 7 days.   
4. They were determined by different parameters such as cellular metabolic activity (Alamar 
Blue assay) and cellular proliferation (CyQuant assay).  
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3.1.2 Synthesis of 3D hydrogel cell culture system 

The RAFT™ 3D Cell Culture System (LOZA, UK) is designed to study cells’ behaviour in 

3D and use rat-tail collagen type 1 (2.20 mg/ml, First Link, UK), along with patented 

absorber technology to mimic the cellular extracellular matrix scaffold.  RAFT™ 3D Cell 

Culture produces reproducible gel sizes and collagen density more similar to the density 

found in native tissue173.  80% (v/v) rail tail collagen 1 is mixed with 0.4% (v/v) of 10X 

MEM (Invitrogen, UK) and a few drops of 5mM NaOH (HEPES)(Invitrogen, UK) solution 

to neutralize the collagen, whereupon the colour changes from yellow to cirrus pink.  The 

remaining medium containing cells is then mixed with reagents, the absorbers is utilised to 

compress and absorb excess liquid from the collagen mixture.  For acellular gels, 19.6% (v/v) 

of medium containing no cells are mixed with the collagen solution.  The neutralised 

collagen suspension was pipetted into wells of 96-well plates and incubated at room 

temperature for 15 minutes (see Figure 3.1.). 

 

          

Figure 3.1. Diagram of how 3D compressed cell/collagen hydrogel using RAFTTM 
system. 
A. Cell/collagen mix dispensed to wells of tissue culture (TC) treated plate. B. Absorber 
insertion into plate well. C. Absorption of the medium, concentrating collagen and cells to 
vivo strength, creating an ~100µm thick hydrogel. D. Removal of absorber prior to 
dispensing fresh cell medium.  The figure is derived from Lonza webpage 
(https://www.lonza.com/raft-3d-culture). 
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3.2 Cell culture and maintenance 

3.2.1 Human hepatoma (HepG2) cell lines 

Primary hepatocytes lose their morphology and specific functions over a few days in 

culture and were therefore unsuitable for this study.  Hepatocyte-like (HepG2) cells are a 

commonly used alternative source, which despite some differences with primary cells have 

high proliferation, and have been shown to share many similarities and functions to primary 

cells (e.g. they share similar expression levels of cytochromes p450 which is important for 

drug metabolism)174.  High viability and high functionality of hepatocytes is vital for drug 

screening research, metabolism testing, and development of cell-based therapies for liver 

disease.  Primary hepatocytes, however, lose their morphology and specific functions over a 

few days in culture.  HepG2 was obtained from (Dr Natasha Maurmann, Liver Transplant 

Unit, UCL, originally from ECACC (Wilthsire, UK)).  HepG2 cells passage 50-53 were 

cryopreserved in 1.2mL cryopreservation vial (ThermoFisher Scientific, UK) with 90% (v/v) 

Foetal Bovine Serum (FBS) (ThermoFisher Scientific, UK) and 10% (v/v) Dimethyl 

Sulfoxide (DMSO) (Sigma-Aldrich, Gillingham, UK) and stored in liquid nitrogen (-196°C). 

HepG2 were expended in our laboratory according to a previously published study175.  

Briefly, the cryopreservation vial was removed from liquid nitrogen storage, quickly thawed 

in a 37oC water bath, prior to transfer to pre-warmed Dulbecco’s Modified Eagle Medium 

(DMEM) (ThermoFisher Scientific, UK) supplemented with 10% (v/v) FBS and 1% (v/v) 

penicillin/streptomycin (ThermoFisher Scientific, UK) in 15mL centrifuge tube.  The cells 

were pipetted and centrifuged at 300xg and re-suspended in fresh media before putting in T-

75 cm2 flasks, such as 5x105 cells/flask for further cell expansion.  The cells were placed in 

the CO2 incubator (Binder GmbH, Tuttlingen, Germany) at 37oC and humidified 5% 

CO2/Air.  The medium (15mL) was changed every 2/3 days to complete cell feeding.  

HepG2 cells were sub-cultured and used between passages 52-58 for all cell culture 

experiments. 

 



49 
 

3.2.2 Human Adult Dermal Fibroblast (HDFa) cell lines 

Primary human adult dermal fibroblast (HDFa), purchased from (UK Cell Culture 

Collection), and passage 1 – 3 were cryopreserved in 1.2mL cryopreservation vials 

containing 90% (v/v) FBS and 10% (v/v) DMSO and stored in liquid nitrogen storage (-

196°C) as a stock concentration.  Briefly, cells were thawed at 37oC in a water bath and 

cultured using DMEM GlutaMax medium (Invitrogen, UK) supplemented with 10% (v/v) 

FBS and 1% (v/v) penicillin/streptomycin in a 15mL centrifuge tube.  The cells were pipetted 

and centrifuged at 300xg, and re-suspended in new fresh media before putting in T-75 cm2 

flasks, such as 5x105 cells/flask for further cell expansion.  Then flasks were placed in the 

CO2 incubator with the condition of 37oC and 5% CO2/Air with humidity.  The medium of 

15mL was changed every 2/3 days to complete cell feeding.   

HDFa cells were sub-cultured and used between passages 0 – 9 for all cell culture 

experiments.  HDFa cells were maintained in T-75 flasks until subconfluent (70 – 80%).  

The cells were washed with PBS, after removing PBS; approximately 3mL of 0.25% trypsin-

EDTA (Thermo Fisher Scientific, UK) was added and allowed to incubate at 37oC for 2 – 3 

min.  Then, trypsin was neutralised by adding 7mL of fresh medium following which the cell 

suspension was collected in a 15ml centrifuge tube and spun at 300xg to concentrate the cell 

population.  The supernatant was discarded and the cells were re-suspended with 1 mL of 

fresh medium and re-suspended in new fresh media before putting in T-75 cm2 flasks.  The 

flasks were placed in the CO2 incubator at the condition of 37oC and 5% CO2/Air with 

humidity.  The medium was changed every 2 to 3 days to complete cell feeding.  HDFa cells 

were sub-cultured and used between passages 1 – 10 for all cell culture experiments. 

 

3.2.3 Human Adipose Derived Mesenchymal Stem Cells (ADMSCs) 

Human adipose derived mesenchymal stem cells (ADMSCs) were kindly provided by Dr 

Anna Wilson (Division of Surgery and Interventional Science, UCL). ADMSCs were 

expanded in T75 cm2 flasks.  Passage 1 – 3 cells were cryopreserved in 90% fetal bovine 

serum and 10% (v/v) DMSO in liquid nitrogen storage (-196°C) as stocks.  A stock vial was 

removed from liquid nitrogen storage, quickly thawed and placed into pre-warmed DMEM 

media with 20% FBS and 1% P/S.  Cells were spun at 300xg, re-suspended in fresh media 

and plated into a T-75 flask, such as 5x105 cells/flask for further cell expansion.  The cells 
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were placed in the 37oC incubator (Binder GmbH, Tuttlingen, Germany) with 5% CO2. The 

medium was changed every 2/3 days to complete cell feeding.  ADMSCs were sub-cultured 

and used between passages 2 – 8 for all cell culture experiments.  Furthermore, ADMSCs’ 

viability was tested by 0.4% trypan blue assay using haemocytometer followed cell seeding.  

Cell seeding procedure is described in detail in section 3.2.6. 

 

3.2.4 ADMSCs isolation 

ADMSCs were extracted from canine subcutaneous adipose tissue.  ADMSCs isolation 

was performed by a colleague (Dr Anna Wilson, Division of Surgery and Interventional 

Science, UCL).  The canine subcutaneous adipose tissue was washed with PBS.  Then, it was 

minced and digested with collagenase type I (1 mg/mL, Sigma-Aldrich) at 37oC for 2 h.  The 

digested tissue was cleaned in PBS and centrifuged at 192xg for 5 min to get the pellet.  The 

pellet was passed through a 100µm nylon mesh to remove cellular debris, and then incubated 

in DMEM overnight at 37oC.  The next day, the media was changed daily until cells were 

achieved 70 – 80% confluent.  Cells were either frozen at liquid nitrogen as a stock or 

continually subcultured. 

 

3.2.5 ADMSCs characterisation 

ADMSCs were characterised by flow cytometer and showed the positive expression of 

CD105 and CD44 markers.  Characterisation and analysis were performed by a colleague 

(Dr Agata Nyata, Division of Surgery and Interventional Science, UCL). The expression of 

surface markers was analysed with three colours FACs using a FACs-vantage flow cytometer 

(Becton-Dickinson, San Jose, CA, USA).  The cells were detached and added gently to 

500µL of cold DPBS, which contained protein and NaN3.  Cells were centrifuged at 300xg 

for 5 min, and then resuspended in 250µL of fixation buffer (BD Bioscience, UK) and 

incubated for 15 min at 4oC.  Cells were washed with stain buffer (BD Bioscience, UK), and 

centrifuged at 250xg for 10 min.  Cells were resuspended in chilled BD perm buffer (BD 

Bioscience, UK) and vortexed briefly and placed on ice for 30 min incubation.  Cells were 

washed twice with stain buffer, and centrifuged at 250g for 10 min, and then resuspended in 

stain buffer at 1x107 cells/mL.   100µL of cell suspension was then aliquoted to each flow 

tube for antibody staining.  5µL, 2.5µL and 1µL of AF488 mouse anti-human vimentin (BD 
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Bioscience, UK) were added into separated tubes.  The same volumes of AF488 mouse IgG1 

k isotype control (BD Bioscience, UK) 5µL, 2.5µL and 1µL were added to separated tubes.  

Each tube was vortexed gently to allow mixing and incubated for 60 min at room 

temperature.  Cells were washed by adding flow cytometry staining buffer and centrifuged at 

250xg for 10 min at room temperature and this procedure was repeated twice to complete the 

washing.  Cells were resuspended in an appropriated volume of flow cytometry staining 

buffer (1mL), and data were acquired on a flow cytometer (see supplementary figure 5.1. and 

5.2.). 

 

3.2.6 Cell seeding on 2D cell culture system and 3D hydrogel cell culture 

system 

All cells were grown to ~70% confluence and washed with warm 7mL phosphate buffer 

saline (PBS) (ThermoFisher Scientific, UK).  After washing, PBS was aspirated, and 

approximately 3mL of 0.25% (v/v) trypsin-EDTA (Thermo Fisher Scientific, UK) was added 

and allowed to incubate at 37oC for 2-3 min.  Then trypsin was neutralised by adding 7mL of 

medium, and the cell suspension collected in a 15ml centrifuge tube and spun at 300xg to 

concentrate the cell population.  The supernatant was discarded and the cells were re-

suspended with 1mL of fresh medium.  The sample was stained with equal amount of 0.4% 

(v/v) Trypan Blue (Sigma-Aldrich, Gillingham, UK) to determine the amount of live and 

dead cell using the improved Neubauer haemocytometer (VWR International, Leicestershire, 

UK).  The concept of trypan blue exclusion assay is that live cells do not take up the 

impermeable dye.  However, dead cells are permeable and take up the dye.  The cell 

suspension was diluted with different amounts of media to obtain cell concentrations for 

each application.  For 2D cell culture system experiment, cells seeded at 8x103 

cells/cm2/well in 96-well plate (The cell density 8x103 cells/cm2 is determined using 

AlamarBlue® Cell Viability Assay and CyQUANT® Cell Proliferation Assay in different 

concentration of cell numbers (0 to 2.5x105 cells/cm2) in a 96-well plate)(see supplementary 

chapter 4).  For 3D cell culture system, cells seeded at 1x104 cells/gel/well in 96-well plate 

((The cell density 1x104 cells/gel is determined using AlamarBlue® Cell Viability Assay and 

LIVE/DEAD® Viability/Cytotoxicity Kit in different concentration of cell numbers (1x104 

cells/gel to 1x105 cells/gel) in 96-well plate)(see Chapter 7). 
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3.3 Cell-based assays 

3.3.1 Assessment of cell metabolic activity on 2D TCP and 3D hydrogel 

AlamarBlue® Cell Viability Assay (Thermo Fisher Scientific, UK) was used to measure 

the metabolic activity of cells on TCP and 3D hydrogel at each time point.  Upon entering 

cells, the blue dye composed of resazurin is oxidised to a red coloured dye resorufin, which 

could be quantitatively detected using a fluorescent reader.  Viable cells continuously convert 

resazurin to resorufin, increasing the overall fluorescence and colour of the media 

surrounding cells.  AlamarBlue® stock solutions were diluted with cell culture medium at 

the concentration of 10% (v/v).  At each time point, 10% (v/v) AlamarBlue® in culture media 

was added into each well with minimal light exposure during aspiration.  The 96-well plate 

was wrapped with aluminium foil and incubated at 37oC with 5% CO2/95% air for 4 h.  After 

completion of incubation, a 100µL solution of each well was transferred into a black 96 well 

plate (Thermo-Fisher Scientific, Massachusetts, USA), and the fluorescence was measured 

with 530nm excitation and 620nm emission using a Fluoroskan Ascent FL (Thermo-Fisher 

Scientific, Massachusetts, USA). 

 

3.3.2 Cell number and proliferation 

Metabolic activity can be influenced by many factors such as cell type, cell cycle and 

passage number.  More importantly, for our studies, cell metabolic activity has been shown 

to be affected by oxygen pressure and HIF-1α stabilisation.  For these reasons, a metabolic-

based assay may not be ideal for measuring cell proliferation.  CyQUANT® Cell 

Proliferation Assay (ThermoFisher Scientific, UK) was instead used to determine cell 

proliferation by measuring the amount of total DNA in a given time period.  The assay was 

used according to manufacturer instructions; briefly, the culture medium was removed from 

samples and washed with PBS.  Then, the DNA binding fluorescent dye was prepared by 

dilution to 1mL of the 20X cell-lysis buffer with 19mL of nuclease-free distilled water.  Then 

50uL of the CyQUANT® Cell Proliferation dye stock solution was added and mixed 

thoroughly that was according to the company’s instruction.  Each sample was added 200µL 

of CyQUANT® Cell Proliferation working solution and incubated 10 min in room 
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temperature, protected from light.  The whole supernatant (200µL) was transferred to black 

96-well plates by mixing thoroughly with a multi-channel pipettes, and the plate was then 

subjected to fluorescent readings at 480nm excitation maximum and 520nm emission 

maximum using Fluoroskan Ascent FL (Thermo Fischer Scientific, Massachusetts, USA). 

 

3.3.3 Caspase 3/7 colorimetric assay 

To determine apoptosis a caspase-3 assay was performed according to manufacturer’s 

instruction.  Caspase-3 is a proenzyme involved in apoptosis (Figure 1.2.).  Cells were 

collected by centrifugation in 2mL of Eppendorf tube at 300xg for 10 min.  Then the 

supernatant was gently discarded while the cell pellet was lysed by the addition of 50µL of 

cold lysis buffer.  The cell lysate was incubated on ice for 10 min and then centrifuged at 

10000xg for 1 min.  The supernatant was transferred to a new Eppendorf tube and kept on 

ice.  The protein content of the cell lysate was estimated by using nanodrop (Nanodrop Lite, 

Thermo Scientific, UK).  50µL of cell lysate from each sample was loaded in a 96-well flat 

clear bottom microplate with 3 replicates.  Afterward, 50µL of 2X reaction buffer with 1% 

(v/v) fresh DTT was added to each well.  5µL of Caspase-3 colorimetric substrate (DEVD-

pNA) was added to each well and then incubated at 37oC for 1 h.  The plate was read on a 

microplate reader (TECAN GENios, Australia) with a wavelength of 405nm. 

 

3.3.4 Reactive Oxygen Species (ROS) measurement 

The intracellular ROS formation was measured using 2’, 7’-Dichlorofluorescin diacetate 

(DCEFHDA, Sigma) according to manufacturer’s instruction.  DCEFHDA was dissolved in 

anhydrous DMSO to a final concentration 1mM.  Cells were seeded at a cell density of 8x104 

cells/cm2 in 96-well black plates with clear bottom for 24 h in a normoxic environment (21% 

O2).  After exposure to the hypothermic condition (4oC) for 24 h, the supernatant was 

removed and cells washed with PBS followed by incubation in 5µM DCEFHDA diluted in 

PBS for 30 min, at 37oC in the dark.  Fluorescence was read at excitation 485nm/20 nm with 

emission 528/20nm using a Fluoroskan Ascent FL (ThermoFisher Scientific, Massachusetts, 

USA).  The measurements were taken after exposure to 4oC for 24 h, at 37oC for 0.5 h, 1 h 

and 2 h in after rewarming. 
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3.3.5 Cell viability in the 3D hydrogel model 

The total DNA (CyQUANT® Cell Proliferation Assay) assay used for 2D culture was 

unsuitable for determining cell number in the 3D hydrogels due to the difficulty of 

entrapment of DNA fragments within the gel, for this reason, the LIVE/DEAD® 

Viability/Cytotoxicity Kit (Thermo Fisher Scientific, UK) was used.  This is a two-colour 

assay used to determine the number of cells in the population with an intact membrane 

integrity and esterase activity: live cells stain with green-fluorescent calcein-AM to indicate 

intracellular esterase activity and dead cells with membrane permeability, bind to red-

fluorescent ethidium homodimer-1 to indicate loss of plasma membrane integrity.  3D 

hydrogels were washed with PBS prior to the assay to remove serum-supplemented growth 

media (serum esterases may cause some increase in extracellular fluorescence by 

hydrolysing calcein AM).  The LIVE/DEAD® reagent stock solutions are removed from the 

freezer and allowed to warm at room temperature.  2µL of the supplied 2mM EthD-1 stock 

solution added to 1mL of sterile PBS and combined the reagents by transferring 1µL of the 

supplied 4mM calcein AM stock solution to the 1 mL EthD-1 solution.  The resulting 

solution was vortexed to ensure thorough mixing.  The final concentration (approximately 

2µM calcein AM and 4µM EthD-1) of the working solution was then added directly to each 

3D hydrogel.  Live cells produced green fluorescent (ex/em ~ 495nm/~ 515) and dead cells 

produced red fluorescent (ex/em ~ 495 nm/~ 635 nm), which were read under fluorescence 

plate reader (EVOS, Life Technology, UK). 

 

3.3.6 Trypan blue exclusion assay and hemocytometer 

Cells were cryopreserved in a range of concentrations of DMSO at -80oC freezer for 24 h.  

Following resuscitation, live and dead cells were assessed by trypan blue exclusion assay 

and hemocytometer.  A final concentration of 50% (v/v) trypan blue assay was added to cell 

suspension with a final volume of 100µL, and 10µL was extracted and loaded on a 

haemocytometer, where four corners of the grids were counted under a phase contrast 

microscope.  The formula used to calculate number of cell death (cells that had taken up 

trypan blue) by the ratio of blue cells to the total number of cells; and the formula for the 

number of viable cells per mL of culture showed as below, 
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% cell death = no. of blue cells / (no. of blue cells + no. of viable cell) x 100 

Cells/mL culture = sum of viable cells of four corners of the grids / 4x104 x dilution 

factor 

 

3.3.7 Cell function 

3.3.7.1 Alanine'aminotransferase'activity'assay%

Alanine Aminotransferase (ALT) is a pyridoxal-phosphate-dependent enzyme which 

catalyses the reversible transfer of an amino group from alanine to α-ketoglutarate, and 

produces pyruvate and glutamate.  ALT is usually found in liver and serum.  High level of 

serum ALT is a marker for liver injury.  Samples were homogenised with 200µL of ALT 

assay buffer and centrifuged at 15,000xg for 10 min to remove insoluble material.  Next, 

20µL of serum samples were added directly to 96-well plates.  Master reaction mix was 

prepared according to the industry’s scheme (Table 3.2.).  100µL master reaction added into 

each well and pipetted up and down to mix the solution.  After 2–3 min, the initial 

measurement (Tinitial) was taken at a λex=535nm / λem=58 nm in a fluorescence plate 

reader (EVOS, Life Technology, UK).  A measurement was taken every 5 min until the value 

of the most active sample is greater than the values of the highest standard.  The 

measurement change is calculated from Tinitial to Tfinal for the samples and positive control.  

ΔFLU=(FLUfinal)–(FLUinitial). 

 

Table 3.1. Master Reaction Mix 

Reagent Volume (µL) 

ALT Assay Buffer 86 

Fluorescent Peroxidase Substrate   2 

ALT Enzyme Mix   2 

ALT Substrate 10 
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3.3.7.2 Human&albumin&DuoSect®!ELISA&kit%

Albumins are a group of simple proteins found in the body fluid.  Human albumin 

DuoSect® ELISA kit (R&D Systems, UK) was used to detect the human serum albumin 

production.  For the development of sandwich ELISA (enzyme-linked immunosorbent 

assay): the primary (capture) antibody was diluted in the working concentration in PBS, and 

loaded 100µL into each well at 96-well plates.  The plates were sealed and incubated 

overnight at room temperature.  The antibody solution was aspirated from each well and 

washed with 400µL wash buffer in a total of three washes.  After the last wash, 300µL of 

reagent diluent was added to each well to block the plates and incubated at room temperature 

for 1 h.  The plates were washed three times followed the addition of 100µL samples and 

controls in reagent diluent, then, the plates were covered with adhesive strips and incubated 

2 h at room temperature.  100µL second (detector) antibody diluted in reagent diluent was 

added in each well after the washes.  The plates were covered with adhesive strips and 

incubated 2 h at room temperature followed washing.  Before the final washing, 100µL of 

the working dilution of Streptavidin-HRP was added to each well, covered and incubated for 

20 minutes at room temperature.  In the final step, 50µL of stop solution was added to each 

well and the plate gently tapped to ensure thorough mixing.  The plates were read on a 

microplate reader set to 450 nm, with wavelength correction, 540/570 nm.   

 

3.3.7.3 HIF'1α#stabilisation)study%

3.3.7.3.1 Immunofluorescence,staining%

Cells were fixed in cold absolute ethanol following which the samples were washed twice 

with 1 mL of sterile PBS.  For the blocking step, 1mL of blocking solution (1% (v/v) BSA 

and 0.25% (v/v) triton X100) in PBS was added to reduce non-specific protein binding. The 

samples were incubated at room temperature for 1 h.  The diluted HIF-1α antibody (1:500 

dilution in 1X antibody binding buffer) solution was prepared; enough for all the samples.  

The plate was washed three times with PBS and loaded with 100µL of the solution in each 

well.  The plate was covered and incubated for 1h at room temperature without agitation.  

The wells were washed 3 times with 200µL 1X wash buffer followed by adding 100µL of 

diluted HRP-conjugated antibody (1:1000 dilution in 1X antibody binding buffer) to all 
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wells that had been used.  The plate was covered and incubated for 1 h at room temperature 

without agitation.  The samples were rinsed twice with PBS, and 1:200 phalloidin Alexa 

Fluor® 488 (Life-technologies, Paisley, UK) diluted in PBS and added to each sample. The 

incubation was performed at room temperature for 1 h, followed by rinsing twice with PBS 

as described previously.  Nuclear staining was achieved by using 0.01µg/mL Hoechst 33258 

(Sigma-Aldrich, Gillingham, UK) in PBS for 10 min as a final step in the staining procedure. 

 

3.3.7.3.2 TransAM™)HIF'1!kit%

TransAM™ HIF-1 kit (Active Motif, Belgium) was used according to the manufacturer’s 

instruction.  The mixture of 40µL complete binding buffer to 10µL of a sample was added 

per well.  The plate was covered and incubated at the fridge for overnight with mild agitation 

at 100 rpm on a rocking platform.  Then, each well was washed 3 times with 200µL 1X wash 

buffer.  The diluted HIF-1 antibody (1:500 dilution in 1X antibody binding buffer) solution 

was prepared, and 100µL of the solution was added to each well.  The plate was covered and 

incubated for 1 h at room temperature without agitation.  The wells were washed 3 times 

with 200µL 1X wash buffer followed by adding 100µL of diluted HRP-conjugated antibody 

(1:1000 dilution in 1X antibody binding buffer) to all wells that had been used.  The plate 

was covered and incubated for 1 hour at room temperature without agitation.  The wells were 

washed 4 times by using 200µL 1X wash buffer.  100µL developing solution added and 

incubated for 8 – 12 min at room temperature and protected from light.  During the 

incubation period, the blue colour was developed from light to dark blue in each sample 

according to the standard controls.  To stop the further colour changing, 100µL stop solution 

added to the samples and controls, as the presence of the acid in the stop solution where the 

blue colour turned to yellow.  The plate reader was blanked by a blank plate, then the plates 

were read on a spectrophotometer within 5 min at absorbance 450nm with a reference 

wavelength of 655nm. 
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3.4 Hypoxia preconditioning preparation 

Cells were seeded in 96-well plates with the density of 8x104 cells/cm2 (2D cell culture 

system) or 1x104 cells/gel (3D cell culture system) that was cultured for 24 h in hypoxia 

incubator (1% O2 at 37oC) (INNOVA® CO-48, Newbrunswick Scientific), performed as HP 

condition.  Afterwards, HP pretreated cells were used for the stress model studies (low 

oxygen and nutrient, cryopreservation, and hypothermia).  

 

3.5 Hypoxia mimicking agent preparation 

Each dosage was chosen based on previously published data demonstrating HIF-1α 

stabilisation and lack of toxicity128, 146 (Table 1.6.).  

 

Table 3.2. Composition of different HMAs concentration in organ perfusion fluid 
Soltran. 

Chemicals Concentration (µM/mL)  
Co 25 50 100 200 
DFO 25 50 100 200 
DMOG 125 250 500 1000 
 

3.5.1 Co solution 

Co (CoCl2!6H2)(Sigma-Aldrich®) is a transition metal (see Figure 3.2.) that is known to 

stabilise the HIF pathway157,158.  Co binds directly to Prolyl Hydroxylases 2 (PHD2)/Factor 

Inhibiting the HIF (FIH) active site to enhance HIF-1α stability176.  However, Co is cytotoxic 

in higher concentration, equivalent to long-term exposure at the lower concentration.  The 

stock concentration, 200mM/mL was made by dissolving 2.3793g of Co (CoCl2!6H2) stock 

powder (100g) with 50mL of cold PSB was diluted at a 50mL centrifuge tube.  Once the 

powder had dissolved completely, the solution was sterilised using 0.22 micro filter into a 
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new tube.  The sterilised stock solution was kept in a fridge for future usage.  A series of 

concentrations was prepared in perfusion fluid/media for future experiments. 

 

                                          

Figure 3.2. The diagram shows the structure of Co. 

 

3.5.2 DMOG solution 

DMOG (HIF-Hydroxylase Inhibitor, Calbiochem, UK) is a cell permeable analogy-2-

oxoglutarate which inhibits the interaction between 2-oxoglutarate (2-OG) and PHD2 (see 

Figure. 3.3.), results in decreased PHD2 activity that promotes HIF-1α 

stabilization159,160,161,162.  Also, DMOG can inhibit FIH-1 dependent suppression of HIF-1 

complex transcription activity.  The stock concentration 142.74mM/mL was prepared by 

mixing 50mg of DMOG powder in 2mL of cold PBS.  Once the powder dissolved 

completely, the solution was filter sterilised with 0.22 micron filters.   This sterilised stock 

solution was kept in a fridge for future use.  A series of concentrations was prepared in 

perfusion fluid/media for the experiments. 

 

 

Figure 3.3. The diagram shows the structure of DMOG. 
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3.5.3 DFO solution 

DFO (Deferoxamine mesylate salt, Sigma-Aldrich®) is an iron-chelating drug widely 

used in the treatment of chronic iron overload.  DFO is commonly showed to inhibit 

hydroxylation reaction in proline residues of PHD2 by reducing intracellular Fe2+ 

concentration within the range of 75µM to 300µM; which results in the reduction of HIF-1α 

ubiquitination and proteasomal degradation154,155,163,172.  The stock concentration of DFO, 

761.28 mM/mL was prepared from 1g of the stock powder dissolved in 2mL of cold PBS, 

and the stock solution stored in fridge for future use.  The dilution solutions were prepared in 

perfusion fluid/media.  

 

Figure 3.4. The diagram shows the structure of DFO. 

 

3.6 Statistics 

The data are presented as the mean ± standard deviation and analysed using GraphPad 

Prism version 6.0h. (2009)(GraphPad Software, Inc., California, USA).  Statistical 

significance of differences was evaluated by two-way ANOVA with Bonferroni’s multiple 

comparisons test. The data expressed in the percentage that normalised by Day 1 in each 

condition.  Unless otherwise stated values for Mean ± SD were obtained from triplicate 

samples in three individual experiments.  The level of significance was set at probabilities of 
★p ≤ 0.05, ★★p ≤ 0.01 and ★★★p ≤ 0.001. 
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 Models for cell survival Chapter 4

4.1 Introduction  

Cell survival is the major limitation of regenerative medicine (as described in detail in 

section 1.1.1 and 1.1.3, respectively).  Improving cell survival, resuscitation and recovery 

during cell expansion/preservation, and following cell implantation, would have a significant 

impact on regenerative medicine.  HIF stabilisation using HMAs in normoxia may offer a 

new approach to increase cell survival whilst mimicking the damaging effects.  Models of 

cell survival are, however, needed to understand and measure cell survival and recovery.  In 

this chapter we examined several cell survival models to compare the effect of HMAs and 

HP, these were: 1, low oxygen and low nutrient availability; 2, cryopreservation; 3, 

hypothermic preservation.  

 

4.1.1 Low nutrient and low oxygen cell culture 

Implanted cells and engineered tissues are required to endure anoxia and serum 

deprivation until a viable vascular system is established in the implantation site39,107.  The 

continued survival of implants, however, is depending on the ingrowth of host vascular 

system that usually takes 7 – 14 days to establish177.  Before this viable vascular system has 

formed, implanted cells are required to overcome the accumulation of ROS that can lead to 

cellular injuries (e.g. DNA damage178 and mitochondrial dysfunction179), and result in the 

triggering of cell death pathway180.  There is a growing evident that HIF-1α stabilisation can 

enhance cell survival by inducing the prosurvival factors such as VEGF and EPO to promote 

angiogenesis (Table 1.2.), in either low oxygen (0 – 1% O2) or serum deprivation conditions 

in vitro.  Therefore, our group would like to mimic the implantation site through the use of a 

low nutrient and low oxygen stress in vitro model, to study the impact of HP and HMAs in 

cell survival, as a viable vascular system takes 7 – 14 days in the implantation site45,46.  Fetal 

bovine serum (FBS) is derived from clotted blood, and it is an essential element to deliver 

nutrient, growth and attachment factors for cell growth in the basic cell culture practice.  To 
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set up the low nutrient and low oxygen stress model, firstly, our group will optimise the 

concentration of FBS for the model.  Once optimised, we will investigate the impact of long-

term (24 h) low oxygen and low nutrient in cell behaviour, as currently the models of low 

oxygen and low nutrient investigated is up to 16 h181,182.  It is good to compare both of 

models to understand the cell behaviours react to stresses in different timing. 

 

4.1.2 Cryopreservation 

Cell therapies require large quantities of stem cells to conduct the clinical applications26.  

Usually, these isolated stem cells are cryopreserved (-80 to -198oC), which is important to 

their commercialisation and clinical applications to ensure off-the-shelf availability.  

Cryopreservation allows for long-term storage and prevents gene mutation.  Even with the 

addition of 5 – 10% (v/v) cryoprotectant agent DMSO in the FBS, cells are still susceptible 

to cryoinjury including the formation of ice crystal and cellular dehydration or shrinkage as a 

result of the ionic imbalance28.  Another concern is the toxicity and characteristics of DMSO 

for treatment of stem cells for clinical use which remains questionable183.  DMSO has a polar 

aprotic feature that has the capacity to associate with hydrogen bonds of water molecules, 

and also its dual character (hydrophobic and hydrophilic) shows a preference to interact with 

the polar headgroups of dipalmitoylphosphatidylcholine (DPPC) lipid bilayer.  This can 

induce a dehydration of the headgroups results in the rupture of cellular membrane33,184.  

Stabilising HIF-1α can induce an array of prosurvival factors such as heat shock proteins, 

which can enhance cell survival following cryopreservation and resuscitation procedures, 

and this may allow the DMSO concentration to be reduced.    In addition, there are no 

current studies that demonstrate that HIF-1α stabilisation via HP or HMAs could enhance 

cell survival by preventing cryopreservation injuries.  In this chapter, we have tried to 

develop an in vitro model for cryopreservation stress to understand the impact of HP on cell 

survival following the 24 h cryopreservation at -80oC, and compare this to the effects of 

HMAs in future studies.  
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4.1.3 Hypothermic preservation  

Hypothermic preservation is a form of short-term storage performed at 2 - 8oC in 

preservation fluid developed for the storage of solid organs.  The perfusion fluid is adapted 

to the intracellular ion composition, possesses a high buffering capacity and contains 

antioxidants (supplementary table 4.1.).  The advantage of hypothermic preservation is that it 

slows down cellular metabolism leading to lower oxygen demand, hence preserving the 

viability of organs.  However, the timeframe for whole organs preserved in these perfusion 

fluid is limited to several hours (4 – 24 h) in a clinical setting67,68.  After this timeframe, 

hypothermia could induce cellular injuries.  For instance, cellular ATP deprivation induces 

mitochondrial membrane depolarisation leading to a breakdown of ion homeostasis 

(inhibition of the Na+/K+ ATPase) leading to cell swelling and increased ROS generation185 

(as described in detail in section 1.1.1.).  The interplay of these events eventually culminates 

in cell death via either apoptotic or necrosis pathways186.  In past decades, a great interested 

has been growing in the molecular mechanisms of cold shock proteins (CSPs) involved in a 

number responses which enhance cell survival, for instance, the modulation of transcription, 

translation, the cell cytoskeleton, the cell cycle and metabolic processes to adapt to the low 

temperature environment187,188.  Two of the CSPs of great interest are RNA-binding motif 

protein 3 (RBMS) and cold-inducible RNA-binding protein (CIRBP) that showed 

upregulation in response to hypoxia189,189 or low temperature stress190,190.  Another promising 

prosurvival factor is heat shock protein-90α (HSP-90α) that is involved in proteins 

reassemble and protected cells from adverse conditions.  A study demonstrated that 

upregulating the transcription of HSP-90α enhanced cell survival via HIF-1α stabilisation in 

hypothermic injury191.  Our current understanding allows us to postulate that stabilising 

CSPs and HSP in advance through HIF-1α stabilisation by HP and HMAs, will enhance cell 

survival following long-term hypothermic preservation.  The effect of stabilising HIF-1α 

through either HP or HMAs (Co and DMOG) has not been previously investigated on cell 

survival in hypothermic preservation.  The effect of DFO of cell survival in hypothermic 

preservation at 10°C has been shown to prevent cell death192.  Therefore, this study 

investigated the prosurvival mechanisms in vitro by developing a hypothermic stress model, 

and this can also innovate the current clinical procedure for cell therapy, tissue engineering 

and organ transplantation.  Furthermore, there is no solid evident demonstrating HP and 

HMAs enhancing both RBMS and CIRBP during hypothermic preservation to increase cell 
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survival.  However, we postulate that since HSPs have been shown to be upregulated through 

HIF-1α stabilisation, then CPS may respond similarly. 

 

In this study, we used HDFa and HepG2 cells to understand the effect of the stress models 

(low nutrient and low oxygen, cryopreservation and hyperthermia) on cell survival in in 

vitro.  This allows us to further investigate the impact of HMAs on cell viability and 

proliferation compared to physiological hypoxic regulation (HP), and ultimately to elucidate 

the HIF-mediated cellular prosurvival responses to discover a novel potential for 

regenerative medicine application.  

 

4.2 Materials and methods 

A summary of the experimental protocol is described as follow (see Figure 4.1.): 

1. HDFa or HepG2 cells were seeded in 96-well plates with a density of 8x104 

cells/cm2, cultured for 24 h in normoxia incubator.   

2. For low oxygen and low nutrient stress model (Figure 4.1.A.), cells were cultured in 

media with different concentration of FBS.  However, our data showed that oxygen pressure 

has influenced in the overall cell behaviours.  This suggested that the impact of hypoxia 

preconditioning (HP) might not have the chance to be observed or to be compared with 

HMAs in next chapter.  Therefore, HP pretreated cells were cultured at 1% O2 for 24 h 

followed by the stress models (cryopreservation (0% (v/v) DMSO in 90% (v/v) FBS at -

80oC) and hypothermia (4oC in clinical organ perfusion fluid)). 

3. After 24 h, cells were placed back to normoxic condition, where the treatment 

solutions were replaced with fresh media.  The samples were compared to the control cells 

cultured in normoxia.   

4. Cell recovery and survival analysis were performed over a period of 7 days.   

5. These assays included cellular metabolic activity (Alamar Blue Assay), cellular 

proliferation (Total DNA contents)(CyQuant Assay), cellular function (Albumin ELISA kit), 

apoptosis (Caspase 3/7 ELISA Kit) and ROS production (DCEFHDA assay).   
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Figure 4.1. Diagram of summary research methodology in this chapter. 
Low oxygen and low nutrient (A), cryopreservation (B) and hypothermic (C) stress model. 
1. HDFa or HepG2 cells were seeded with a density of 8x104 cells/cm2 in 96-well plates, and 
cultured for 24 h in normoxic incubator.   
2. Cells were preconditioned in hypoxia (1% O2) for 24 h prior to preplacing conditional 
cocktail depending on the stress model (for low oxygen and low nutrient with different 
concentration of FBS; for cryopreservation with different concentration of DMSO; and for 
cryopreservation with clinically used organ perfusion fluid). 
3. and 4. Cells were placed back to normoxic condition in fresh media, and then cell 
survival, resuscitation and recovery were performed over a period of 7 days. 
5. They were determined by different parameters such as metabolic activity (Alamar Blue 
assay), proliferation (CyQuant assay) and functionality (ALT activity assay and Albumin 
ELISA Kit).  

A 

B 

C 
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4.2.1 Cell culture 

4.2.1.1 HepG2%

HepG2 cells were maintained and expanded in our laboratory according to the 

recommended protocols that were described in detail in section 3.2.1. and 3.2.6. 

 

4.2.1.2 HDFa%

HDFa cells were maintained and expanded in our laboratory according to the 

recommended protocol that is described in detail in section 3.2.2. and 3.2.6. 

 

4.2.2 Low nutrition and low oxygen model 

4.2.2.1 FBS$concentration(optimisation%

Following subculture, HDFa cells were washed with PBS and detached using 0.25% (v/v) 

trypsin, later, centrifuged and resuspended in DMEM media with a range of FBS 

concentrations (see Table 4.1.), in 96-well plates at a cell density of 8x104 cells/cm2 (this cell 

density is determined based on assay sensitivity by using AlamarBlue® Cell Viability Assay 

and CyQUANT® Cell Proliferation Assay in different concentration of cell numbers (0 to 

2.5x105 cells/cm2) in a 96-well plate)(see supplementary chapter 4).  The seeded cells were 

cultured at 10% (v/v) FBS and DMEM under normoxic conditions.  After 24 h cell culture, 

cells were replaced in different concentration of serum (0% (v/v), 0.1% (v/v), 1% (v/v) and 

3% (v/v)) and compared to the control (10% (v/v) FBS) under normoxic (21% O2) and 

hypoxic (1% O2) conditions respectively.  This is to investigate the impact of FBS in cell 

growth over 7 days experiment.  

 

 

 



67 
 

Table 4.1. The concentration of FBS used in the development of low nutrient and low 
oxygen stress model. 

Cell Line Variable Testing Parameters 
HDFa FBS 

Concentration 
(v/v) 

0% 0.1% 1% 3% 10% 

 Cell Number 8x104 
 

4.2.3 Cryopreservation stress model 

4.2.3.1 DMSO%concentration%optimisation%

HDFa cells were maintained in T-75 flasks until subconfluent (70 – 80%).  Cells were 

washed with PBS and detached using 3 mL of 0.25% (v/v) trypsin.  After 3 min, 7 mL of 

fresh media was added to neutralise trypsin, then centrifuged and resuspended in media.  

Cell pellets directly resuspended in 1 mL of freezing solution with different concentration of 

DMSO in FBS (see Table 4.2.) and compared to a typical routine cryopreservation solution 

(10% (v/v) DMSO in 90% (v/v) FBS) as a control for this cryopreservation study.  The cell 

suspensions were transferred into cryovials followed by placing in an -80oC freezer (New 

Brunswick Scientific, UK) for 24 h. 

 

4.2.3.2 Trypan'blue'exclusion'assay'and'hemocytometer%

Cells were cryopreserved in a range of concentrations of DMSO at -80oC freezer for 24 h.  

Following resuscitation, live and dead cells were assessed by trypan blue exclusion assay 

and hemocytometer.  The detailed information for the procedure can be found in section 

3.3.6. 

 

4.2.3.3 HP#preparation!for$cryopreservation%

HDFa cells were cultured in normoxia for 24 h at a cell density of 2.5x105 cells/flask; 

media was replaced by fresh hypoxic media (preconditioned for 24 h at 1% O2) and cultured 

in hypoxia incubator (1% O2 at 37oC) for 24 h.  Cells were harvested, washed with 1 x PBS, 
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then cell pellets directly resuspended in 1mL of a freezing solution with a different 

concentration of DMSO in FBS for 24 h.  After 24 h, cells were thawed by rapidly 

immersing the cryovials in a 37oC water bath with gentle shaking for 2 min, followed by 

transferring cells into 9mL of warmed DMEM for wash and cells pelleted by centrifugation 

at 300xg for 5 min.  The pelleted cells were then suspended in trypan blue for cell viability 

assessment, followed by seeding in culture medium in 96-well plates for proliferation 

analysis.  

 

Table 4.2.  DMSO concentrations used to develop the cryopreservation model. 

Cell Line Variable Testing Parameters 
HDFa DMSO 

Concentration % 
(v/v) 

0 0.5 1 2 3 10 

 Cell Number 5 x 105 
 Cell 

Concentration  
5 x 105/mL 

 

4.2.4 Hypothermic stress model 

4.2.4.1 Hypothermic!experiment%

Cells were cultured in 96-well plates in normoxia for 24 h following which the culture 

media was changed to the perfusion fluid (Soltran).  The plates were kept at 4oC between 30-

1440 minutes (0.5-24 h).  Hypothermic preservation was time-dependent.  A visible 

difference in metabolic activity and total DNA (µg/mL) could be seen between different 

hypothermic preservation periods.  After 24 h in the hypothermic condition, cells were 

replaced with warm media and placed in a normoxic incubator.  Cell survival were 

investigated base on metabolic activity and total DNA content in the course of the 

experiment by using AlamarBlue® Cell Viability Assay and CyQUANT® Cell Proliferation 

Assay, respectively.  
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4.2.5 Cell metabolic activity and proliferation 

AlamarBlue® Cell Viability Assay used to analyse cellular metabolic activity.  The 

procedure is mentioned in detail in section 3.3.1.  Meanwhile, cell proliferation was 

determined by measuring the amount of total DNA in a given population, conducted by 

CyQUANT® Cell Proliferation Assay.  The number of surviving cells is determined by using 

a formula that is generated from the standard growth curve (see Supplementary Figure 4.2.).  

The procedure of CyQUANT® Cell Proliferation Assay is mentioned in detail in section 

3.3.2. 

4.2.6 Toxicity measurement  

4.2.6.1 Caspase&3/7&colorimetric&assay%

Caspase 3 usually exists as a proenzyme, a key enzyme required for the execution of 

apoptosis.  After lysing the cells, 50µL from each sample was collected and loaded in 96-

well flat clear bottom microplates with 3 replicates.  The detailed procedure can be found in 

section 3.3.3. 

 

4.2.6.2 ROS$measurement%

The intracellular ROS formation was measured using DCEFHDA according to 

manufacturer’s instruction.  The detailed procedure can be found in section 3.3.4. 

 

4.2.7 Statistics 

The data are presented as the mean and standard deviation and compared using a two-way 

ANOVA to evaluate the difference of cell viability and cell proliferation with post hoc tests 

using Bonferroni’s multiple comparisons test on each time point. All statistical analysis was 

performed on the data sets using GraphPad Prism version 6.0h (2009).  The data expressed in 

the percentage that normalised by Day 1 in each condition (mean ± SD obtained from 

triplicates in three individual experiments).  The level of significance was set at probabilities 

of ★p ≤ 0.05, ★★p ≤ 0.01 and ★★★p ≤ 0.001. 
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4.3 Results  

4.3.1 Low nutrition and low oxygen stress model 

FBS is an essential source of nutrients and growth factors for cell culture.  Both of FBS 

and oxygen have important roles in cellular survival, hence reducing these two key elements 

creates an in vitro stress model, that mimics (to a degree) the environment that cells may be 

exposed to on implantation.  Similar models have been previously used to assess cell 

survival in vitro39,106,107,108.   

 

4.3.1.1 Optimisation*FBS*concentration%

To determine the optimum FBS concentration for the low nutrition and low oxygen stress 

model, HDFa cells were cultured in different concentration of FBS (between in 0% (v/v) to 

10 % (v/v) in normoxia (21% O2) or hypoxia (1% O2) over 7 days.  We observed that cellular 

metabolic activity is FBS concentration dependent (p ≤ 0.01); HDFa cells in 0% (v/v) and 

0.1% (v/v) FBS, under normoxia or hypoxia had 50% lower metabolic activity compared to 

the control.  However, HDFa cells cultured in 0% (v/v) and 0.1% (v/v) FBS in hypoxia 

showed 50% higher metabolic activity than at those same concentration in normoxia (Figure 

4.2.).  A similar phenomenon was obersved for total DNA content (µg/mL); HDFa cells at 

0% (v/v) and 0.1% (v/v) FBS at hypoxia were 50% lower than the control.  By comparing 

HDFa cells at  0% (v/v) and 0.1% (v/v) FBS under hypoxia, we showed 70% and 40% higher 

proliferation respectively compared to the same concentrations in normoxia enviroment (p ≤ 

0.01)(Figure 4.3.). 
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Figure 4.2. HDFa cells metabolic activity in low nutrient and low oxygen (1% O2) 
condition. 
HDFa cells were cultured in a range of FBS concentrations (% v/v) for 24 h in normoxia 
(21% O2), then changed to hypoxia (1% O2) for 7 days culture.  Reduced cellular metabolic 
activities were observed in 0-1% FBS compared to 10% FBS in both (A) normoxia and (B) 
hypoxia.  The metabolic activity is FBS concentration dependent.  The values showed to 
represent mean ± SD obtained N=3, three individual experiments.  ★p ≤ 0.05, ★★p ≤ 0.01, 
and ★★★p ≤ 0.001, significance compared to 0% (v/v) FBS concentration. 
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Figure 4.3. HDFa cell proliferation in low nutrient and low oxygen (1% O2) condition. 
The data for total DNA content (µg/mL) in (A) normoxia and (C) hypoxia, and proliferation 
in (B) normoxia and (D) hypoxia (1% O2), corresponded to that for metabolic activity 
(Figure 4.1.).  The results demonstrated that oxygen concentration did not have any effect on 
cell recovery and proliferation over the course of experiment.  The main factor causing a 
decrease in cell recovery and proliferation was FBS concentration.  HDFa cells in 0% (v/v) 
and 0.1% (v/v) FBS in hypoxia environment showed 70% and 40% higher proliferation, 
respectively compared to the same concentrations in normoxia.  The data is expressed as a 
percentage normalised by Day 1 for each condition.  The values showed to represent mean ± 
SD obtained N=3, three individual experiments.  ★p ≤ 0.05, ★★p ≤ 0.01, and ★★★p ≤ 0.001, 
significance compared to 0% (v/v) FBS concentration. 
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4.3.2 Cryopreservation stress model 

Improved cryopreservation procedure can provide for good logistic management for 

advance cell therapies and tissue engineering applications.  Also, reducing the DMSO 

concentration in use could benefit its clinical applications.  In this section, different 

concentrations of DMSO (% v/v) in FBS solution were used as a cryopreservation solution to 

preserve HDFa cells at -80oC for 24 h.  From the results, we will be able to decide what is a 

suitable concentration that can provide a level of cell death conducive to its use as a 

cryopreservation stress model to understand the cellular prosurvival pathways via HIF-α 

stabilisation by using HP or HMAs. 

 

4.3.2.1 Optimisation*DMSO*concentration%

Cell survival was dependent on the concentration of DMSO in preservation solution; 

therefore we had studied the different concentration of DMSO in cell resuscitation and 

recovery.  HDFa cells, treated with the conventional cryopreservation cocktail (-80oC in 10% 

(v/v) DMSO and 90% (v/v) FBS), showed no significant adverse effect on cell viability 

compared to samples in different DMSO concentrations, except cells cryopreserved in 0% 

(v/v) DMSO which demonstrated 60% live cells and 40% of dead cells (p ≤ 0.05).  To study 

cell recovery followed resuscitation, post-thaw HDFa cells were seeded 8x104 cells/cm2 in 

96-well plates and cultured for 24 h in normoxia.  A similar tendency in metabolic activity, to 

that shown in the live cell/dead cell study, was observed.  HDFa cells preserved at 0% (v/v) 

DMSO showed 50% decrease in metabolic activity compared to the conventional 

cryopreservation solution (p ≤ 0.01), the remaining concentrations showed no difference 

(Figure 4.4.).  To maximise the potential difference among each condition, we proposed that 

0% (v/v) DMSO is used in cryopreservation stress model to study the impact of HP and 

HMAs on cell survival.  
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Figure 4.4. Optimisation of DMSO concentration in cryopreservation cell survival 
model. 
HDFa cells were cryopreserved in a range of DMSO concentrations (% v/v) for 24 h at -
80oC.  DMSO at 0% concentration showed significantly decrease cell viability compared to 
10% DMSO concentration.  The data was observed with trypan blue exclusion assay (A) and 
followed an analysis of metabolic activity (B).  The live and dead cells presented as 
percentage in a total number of cells (live cells + death cells). The values showed to 
represent mean ± SD obtained N=6, an individual experiment ★p ≤ 0.05, ★★p ≤ 0.01, 
significance compared to 10% (v/v) DMSO. 

 

4.3.2.2 The$ impact$ of$ HP! on" cell$ recovery$ and$ survival$ in$ 0%" DMSO"

cryopreservation-%

HP pretreated cells had a significantly increased cell survival following cryopreservation 

in 0% DMSO (Figure 4.5.A).  In HP pretreatment 95% of cells survived (determined by 

trypan blue haemocytomer) compared to the control untreated cells where only 60% of the 

cells survived (p ≤ 0.05). HP had similar effects on cell survival to the use of 10% DMSO.  

Followed 7 days recovery (Figure 4.5. B, C and D), HP pretreated cells at 0% (v/v) DMSO 

had increased 50% proliferation, however, only a 5% increase in metabolic activity and total 

DNA content (µg/mL) respectively, compared to the control that cells cryopreserved at 0% 

(v/v) DMSO concentration. 
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Figure 4.5. HDFa cells preconditioned at 1% for 24 h following 24 h freezing injury at 
different concentration of DMSO (%) in normoxia. 
After 24 h cryopreservation at -80oC, HP preconditioned cells showed 95% cell survival, 
compared to 60% cell survival in the control untreated cells, when cryopreserved at 0% (v/v) 
DMSO and assessed directly by trypan blue exclusion assay/hemocytometer (A).  In the cell 
recovery study, HP preconditioned cells showed 50% proliferation (B), however, only 5% at 
both total metabolic activity (C) and total DNA content (D) compared to the control 
untreated cells at 0% (v/v) DMSO.  The data expressed in a percentage that is normalised to 
the Day 1 in each condition.  Mean ± SD obtained N=3, three individual experiments.  ★p ≤ 
0.05, ★★p ≤ 0.01, ★★★p ≤ 0.001, and significance compared HP to the control in the same 
condition. 
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4.3.3 Hypothermic stress model 

Hypothermic preservation provides short-term storage in preservation solutions and is a 

potential alternative to the cryopreservation.  The perfusion fluid are adapted to the 

intracellular ion composition and possess high neutralising capacities such as maintaining pH 

level193 or antioxidant effect194 (the composition of Soltran perfusion fluid used in this 

experiment can be found in Supplementary Table 4.1.).  The advantage of hypothermic 

preservation is that it slows down cellular metabolism leading to lower oxygen demand, 

hence preserving the viability of organs.  However, the timeframe for whole organs 

preserved in these perfusion fluid is limited to several hours in between 4 h to 24 h (organ-

specific)67,68.  After this protective timeframe, hypothermia can induce cellular injuries such 

as cell swelling.  Our team has investigated an in vitro stress model (in this case, 

hypothermia) to understand the impacts of HP and HMAs on enhancing cell survival 

mechanism via stabilising HIF-1α.  

 

4.3.3.1 Optimisation%the%length%of!hypothermic+exposure!%

An in vitro stress model is required to investigate the impacts of HP and HMAs on the 

cellular prosurvival pathway.  Firstly, HDFa cells were used to establish this hypothermia (4 
oC) stress model.  These cells showed no significant difference in metabolic activity 

following 12 h and 24 h exposure to hypothermic condition.  In contrast HepG2 showed 

marked significant injury at 12 h and 24 h hypothermic preservation (Figure 4.6.).  The 

results showed that the cellular structures of HepG2 cells became increasingly disrupted, a 

sequence of ultrastructural changes such as nuclear membrane vacuolisation, plasma 

membrane breaks, and ball-like rounding were observed (Supplementary Figure 4.6.).  

HepG2 cell viability was affected by the length of hypothermic exposure.  After 24 h 

hypothermic incubation, post thawed HepG2 cultured in normoxia showed a substantial cell 

loss.  This was demonstrated by cellular proliferation which significantly decreased by 15.5 

fold (Figure 4.7.A.), and corresponded to a 14 fold decrease in metabolic activity and 39 fold 

decrease in total DNA content compared to the control (2 h hypothermic preservation) at 

Day 7 (Figure 4.7.B. and C.)(p ≤ 0.001).  To test the impact of perfusion fluid on cell 

viability during the hypothermic preservation, in here, DMEM media with supplements was 

used for the comparison (the composition of DMEM media can be found in supplementary 
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Table 4.2.).  Following 24 h hypothermia, HepG2 cell viability (total DNA content) was 

assessed directly by CyQUANT® Cell Proliferation Assay after washing the wells 3 times 

with PBS to remove all dead cells, and showed a reduction in cell survival to 50% in the 

perfusion fluid and 25% in DMEM media compared to their controls (healthy cells at 

37oC)(p ≤ 0.001).  Further cell loss was observed at the rewarming (37 oC), 50% in 

preservation solution and 67% in DMEM culture media, respectively (p ≤ 0.001)(Figure 

4.8.A.).  Caspase 3/7 activity increased with the length of the rewarming period; 10 fold 

increased at 0.5 h, 15 fold increase at 1 h and 60 fold increase at 2 h, compared to the value 

at 4oC (p ≤ 0.01)(Figure 4.8.B.).  At 4oC, ROS generation decreased gradually from 

hypothermic exposure through the rewarming stages relative to the number of cell loss in the 

rewarming stage.  Therefore, ROS production/cell were investigated and showed 50 fold 

increase in ROS generation/cell at 2 h rewarming stage, compared to cell at 4oC (p ≤ 0.05, p 

≤ 0.01)(Figure 4.8.C. and D.).  Cold incubation resulted in changes in cellular morphology 

such as nuclear shrinkage and ruffling of nuclear membranes during rewarming.  

 

            

Figure 4.6. HDFa cells appear quite resistant to hypothermia compared to HepG2 cells. 
Both HDFa and HepG2 cells were exposed in perfusion fluid to 12 h and 24 h hypothermic 
stress (4oC) respectively.  HDFa cells showed significantly higher metabolic activity than 
HepG2 cells.  Mean ± SD obtained N=6, one individual experiment.  ★★★p ≤ 0.001, 
significance compared to HepG2 cells at same time-point. 
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Figure 4.7.  HepG2 cells recovery following hypothermic stress. 
HepG2 cell recovery was dependent upon the duration of hypothermic exposure as assessed 
by metabolic activity (A), DNA (µg/mL)(B) and proliferation (C).  The data expressed in a 
percentage that is normalised to 2 h at 4oC.  Mean ± SD obtained N=3, three individual 
experiments.  ★p ≤ 0.05,★★p ≤ 0.01 and ★★★p ≤ 0.001, significance compared to 2 h at 4oC. 
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Figure 4.8. Further HepG2 cells damage observed in the rewarming stress. 
Perfusion fluid increased cell survival (at 4oC for 24 h) and resuscitation (reseeding and 
rewarming at 37oC for 24 h) compared to cells cultured at DMEM cell media (A).  For 
perfusion fluid study, a decrease in cell number was observed after rewarming together with 
an increase in caspase 3/7 activity (B). Intracellular ROS per cell also increased with 
rewarming following hypothermic exposure (C and D).  The data expressed in a percentage 
that is normalised to healthy cells on Day 1. Mean ± SD obtained N=6, one individual 
experiment.  ★p ≤ 0.05, ★★p ≤ 0.01 and ★★★p ≤ 0.001, significance compared to 24 h 4oC. 
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4.3.3.2 The$impact$of$HP!on"cell"recovery"and"proliferation%

HepG2 cells exposed to physiological hypoxic condition (1% O2, 37oC) for 24 h prior to 

the hypothermia (21% O2, 4oC), followed by rewarming (21% O2, 37oC) in cell culture 

media, the results showed HP pretreated cells had higher cell survival and recovery 

compared to the cells without treatment.  HP pretreated cells had better growth rate, 

metabolic activity and total DNA content by 30%, 20% and 30% respectively followed 

cultured in normoxia up to 7 days (Figure 4.9.).  
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Figure 4.9. Hypoxia (1% O2) preconditioned HepG2 cells showed increased recovery 
following 24 h hypothermic (4oC) shock. 
HP pretreated HepG2 cells increased cell recovery over 7 days cell culture in normoxic 
condition, as observed by 20% metabolic activity (A), 3% DNA (µg/mL) (B) and 30% 
proliferation (C), compared to control (stress).  The data expressed in a percentage that is 
normalised to the Day 1 in each condition. Mean ± SD obtained N=3, three individual 
experiments. ★★★P ≤ 0.001, significance compared to control (healthy HepG2). 
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4.4 Discussion  

To investigate if stabilising HIF-1α through the use of HMAs in normoxia enhanced cell 

survival, a repeatable and testable experimental model is required.  Various cell survival 

models were investigated for the suitability in determining the effects of HP (1% O2, 24h): 1, 

low nutrient and low oxygen condition, 2, cryopreservation (-80oC for 24 h) and 

hypothermia (4oC for 24 h). 

 

4.4.1 Low nutrition and low oxygen stress model 

FBS is an essential element delivering nutrient, growth and attachment factors for cell 

growth in cell culture practice.  In the in vitro studies presented, HDFa cells demonstrated 

that cellular metabolic and proliferation activities are FBS concentration dependent.  

However, oxygen pressure has little impact on either.  Strikingly, cells cultured in an hypoxic 

environment showed 50% higher cellular metabolic activity and proliferation comparing to 

the cells cultured in normoxia environment when both were in 0% (v/v) and 0.1% (v/v) FBS 

respectively (Figure 4.3.).  We postulated that glucose, sodium pyruvate (an intermediate 

metabolite in the glycolysis pathway) and amino acids such as Arginine, Cystine or Leucine 

in the cell culture media (DMEM) acted as alternative sources to FBS for ATP formation to 

satisfy cellular energy requirements to confront oxygen deprivation195,196 (see Supplementary 

Table 4.2.).  Under hypoxia, cells can increase the conversion of glucose to pyruvate and 

ultimately lactate to increase ATP level197.  Also, cells can survive under hypoxic conditions 

through activating a variety of adaptive mechanisms such as altering bioenergetics, via 

inhibition of mTOR, to reduce cellular energy demands198.  However, the efficiency of 

survival mechanism switch under hypoxia is cell specific199.  Our data shows that oxygen 

pressure has little influence on the overall cell behaviours.  This indicates that the impact of 

HP may not be observable.  
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4.4.2 Cryopreservation stress model 

This study focused on the cytoprotective effects of HP on cell survival following 

cryopreservation, as no work so far has been done to look at HP or HMAs on cell survival on 

cryopreservation.  Even thought growth factors in FBS solutions have been shown to have 

protective effects on cell survival, through stabilising cellular membranes and adjusting 

osmotic pressure200,201, the results showed that cell death is not correlated with the 

concentration of DMSO (% (v/v)) in FBS, apart from using 0% (v/v) DMSO in FBS(Figure 

4.3.).  This lack of correlation makes it difficult to investigate the impact of HMAs in cell 

survival and thus achieve the primary goal of this study to develop a stress model, which is 

reproducible and accurately compares the effect of HP and HMAs on pro-survival 

mechanisms.  Therefore, an alternative stress model would be considered.   

 

4.4.3 Hypothermic stress model 

In the initial experiments, we attempted to study the length of hypoxemic incubation on 

HDFa cells and HepG2 cells respectively.  HDFa cells showed higher cell viability than 

HepG2 cells.  The explanation may lie in their characteristics; the HDFa cell is derived from 

the dermal layer of the skin with a responsibility to generate ECM202.  This may provide a 

reason why HDFa cells strongly resist injury during hypothermic preservation for 12 and 24 

h (see Figure 4.6.), as many studies have been shown that enhancing cell-cell contact and 

monolayer integrity203,204, and also increasing expression of junction proteins could prevent 

hypothermic injuries via efficient information (prosurvival signalling) share within ECM205.  

In contrast the HepG2 cell is a round hepatocyte-like cell with the responsibility of liver 

functions such as detoxification and regeneration.  Like primary hepatocytes, the HepG2 cell 

is fragile206. This was confirmed by using our hypothermic stress model, where significantly 

greater cell death was observed at 12 h and 24 h in HepG2 cells, when compared with HDFa 

cells at the same cell density.  Moreover, there was significant less cell-to-cell contact 

between HepG2 cells as compared to HDFa (Supplementary figure 4.6.), as apoptosis is 

induced by lack of correct cell/ECM attachment and interaction, which is commonly known 

as anokis21.  Furthermore, HepG2 cell lineage is one of most useful desire cell lineages in 
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liver regeneration; to improve HepG2 cell survival during transportation/storage can enhance 

future clinical applications. 

While hypothermic preservation is a potential and easy way to delivery cell therapeutic 

products to a clinical site and is commonly used in organ transplantation, it has been 

established that hypothermic ischemia may induce cell damage leading to apoptosis, and 

further induced cellular apoptosis/necrosis during rewarming207,208,209.  The revolution in 

perfusion fluid has helped to prevent ischemic injury including hypothermic-induced ionic 

shifts, with potassium added to prevent loss of cellular K+ in the absence of Na+, K+-ATPase 

activity, and recently, antioxidants added to reduce the ischemic damage210(see 

Supplementary Table 4.1.).  However, the preservation fluid as designed seem unable to 

protect from long-term hypothermic preservation211,212, which was also observe in our stress 

model (Figure 4.7.).  Moreover, the hypothermic-induced injury is time-dependent, ≥ 12 

preservation at 4oC showed irreversible damage to the cells (Figure 4.6.). 

Mitochondria are the key players in many types of apoptotic and necrotic cell injuries, as 

mitochondrial permeability transition (MPT) had been observed after hypothermic 

preservation213.  This MPT can lead to accumulation of the cytotoxic ROS from 

mitochondria on rewarming214.  Herein, we investigated the correlation between cell death 

and ROS production at hypothermic and rewarming conditions separately.  We employed a 

method using fluorescent dye DCEFHDA.  This showed an increase of ROS generation as a 

cause of cell death at the onset of rewarming.  A similar effect was seen with caspase 3, 

which is proenzyme required for the execution of apoptosis.  This showed an increase 

apoptotic cell death at the early stage of the rewarming condition. 

HIF-1α protein level has shown to reach the maximum value at 24 h of hypoxia (1% 

O2)215.  We implemented this methodology in our HP treatment and showed enhancing cell 

survival in both hypothermic and rewarming studies (Figure 4.8.).  One of the explanations 

for this may be that it prevents damage inflicted by ischemic and reoxygenation studies due 

to the induction of prosurvival factors such as VEGF216  before placing in adverse conditions 

(as described in detail in section 1.3.2.).  Our group is the first research group demonstrated 

that the impact of HP treatment on hypothermic and rewarming injuries in an in vitro model. 
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4.5 Conclusion 

Among the three models we investigated: 1. Low oxygen and low nutrient stress model, 

oxygen pressure showed less effect in overall cell behaviours.  This indicates that the impact 

of HP may not be observable.  2. Cryopreservation stress model, only 0% (v/v) DMSO in 

FBS showed significant cell death compared to the control 10% (v/v) DMSO, however, the 

condition without using 0% (v/v) DMSO is too difficult to repeat the experiment for further 

investigation on the impacts of HMAs in cell survival.  3. Hypothermic stress model, our 

study demonstrated that HepG2 cells displayed a substantial cell loss when hypothermic 

preservation was ≥ 12 h, and further 24 h hypothermic preservation showed cell survival rate 

less than 90%.  The cell recovery studies showed that cellular proliferation was only 35 fold 

for cells exposed to hypothermia 24 h compared the control cells at 2 h.  Finally, HP showed 

a significant reduction in cell death, which was confirmed by the assessment of 

hepatocellular mitochondrial membrane potential and proliferation parameters by Alamar 

Blue Assay (Metabolic activity) and CyQUANT® Cell Proliferation Assay (total DNA 

content) respectively.  The hypothermic stress model studies were repeated three times to 

ensure repeatability and suitability for use in future investigations on the effect of HMAs on 

cell survival (Chapter 5).  In general, though hypothermia has a protective effect on slowing 

down the cell metabolism, hypothermia itself inflicts cells and organs damage, which is often 

amplified by subsequent rewarming217.  

 

 

 



86 
 

 Pharmacological HIF Chapter 5
mimetics enhance cell survival 
during hypothermia in 2D cell 
culture       

5.1 Introduction 

5.1.1 HMAs (Co, DMOG and DFO) 

Increased cellular survival in adverse conditions is urgently needed for cell therapy, tissue 

engineering and organ transplantation.  HP has been reported to increase cell survival both in 

vitro (table 1.3.), in vivo (table 1.4.) and in our hypothermic stress model (Chapter 4).  

Utilising this hypothermic stress model, this chapter investigates whether coconditioning 

with HIF mimetic chemicals (factors which are know to enhance HIF-1α stabilisation by 

inhibiting the activity of proline hydrolysases (PHDs) and Factor Inhibited HIF-1 (FIH) 

(Figure 5.1.)) in normoxia results in improved cell survival and recovery from adverse 

environments.  Co, DMOG and DFO were chosen to study here, as they are commonly used 

to mimic the action of hypoxia, via inhibiting PHDs and FIH enzymes by replacing the Fe2+ 

at the 2-his-1-carboxylate centre with Co120, reducing the intracellular Fe2+ concentration by 

DFO119,218, or inhibition of 2-OG by DMOG146, resulting in the activation of the HIF-1α 

pathway to upregulate the transcription of target genes such as VEGF and EPO (as described 

in detail in section 1.3.1.).  The accumulated evidence suggests that these three HMAs 

enhance cell survival by not only inducing HIF-1α pathways but also by triggering many 

different pathways based on their characteristics.  For example, DMOG has been 

demonstrated to concomitantly activate both the NF-KB and HIF-1α pathways to play a 

protective role together219,220.  Other studies showed that DMOG activates glycolysis 

effectively producing ATP units for metabolic demands via modulating PHD or HIF-

dependent (reduced respiration) and HIF-independent (reduced ATP consumption) 

mechanisms221,222.  DMOG can also effectively manipulate HIF-1α subunits to switch 
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between metabolic mechanisms effectively by inhibiting pyruvate metabolism via the 

transcription of PDK1 and PDK3197,223,224.  DFO can upregulate the surface expression of the 

CXCR4 and CCR7 to increase homing of implanted cells, and increase the transcription of 

VEGF to restore angiogenesis mechanism154,155.  Co can reduce infarct size by stabilising the 

DNA-binding activity of HIF-1α within 1 h156, and can also enhance cell migration via 

upregulating a similar set of genes as DFO such as CXCR4 and CCR7225.  This suggests that 

DFO and Co both share similar pro-survival mechanisms. 

 

5.1.2 Epigenetic Studies 

Cellular adaptation to hypoxia alters the gene expression profile, which is associated with 

modulation of chromatin structure mediated by histone modification via an epigenetic 

mechanism226.  Two of Jumonji C (JmjC) domain-containing histone demethylases, JMJD1A 

and JMJD2B are regulated in a HIFα-dependent manner.  They are dioxygenases, which 

require the presence of Fe2+, a-ketoglutarate, and oxygen to perform their enzymatic 

activities, similar to the PHDs and FIH1227,228.  We predict that the enzymatic activities of 

JMJD1A and JMJD2B can be affected not only by oxygen tension but also by HMAs.  

Therefore, we have investigated whether the impact of HP and HMAs (Co and DMOG) on 

enhancing cell survival is via epigenetic memories that are established by the first 

hypothermic stress exposure, by exposing HMAS treated HepG2 cells to further 

hypothermic stress exposures without the use of any HMAs during these preservation 

periods.  We believe that we are the first research group to report such experiments, as no 

updated research papers could be found. 

 

In this chapter, the action of HMAs on HepG2 cell survival and recovery in our 

hypothermic stress model is employed as proof of concept for the use of HMAs in the future 

therapeutic applications.  We also used ADMSCs (multipotent stem cells which have the 

ability to differentiate a limited number of cell types) to monitor the effectiveness and 

feasibility of HMAs, and also their toxicities.  HMAs act in a dose-dependent manner on cell 

survival, resuscitation and recovery, therefore the concentration of HMAs used was based on 

evidences that indicated the stabilisation of HIF-1α subunits128, 146, 229 (see Table 1.6).  

Furthermore, different HMAs showed different effects compared to HP, the mechanism of 
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enhanced cell survival was studied using both functional assays and gene expression assays.    

For the epigenetic study, HepG2 cells were cocultured with HMAs (Co, DMOG and DFO) in 

perfusion fluid.  Those pre-treated cells surviving and recovering from the first hypothermic 

stress were reused and subjected to further exposures to hypothermic stress model. 

 

 

Figure 5.1. Schematic diagram of pharmacological HIF mimetics inactivation of PHD 
and FIH in different mechanisms in normoxia condition. 
HIF-1α has the basic helix-loop-helix-PER-ARNT-SIM (bHLH-PAS) domain, which 
contains an N-terminal and a C-terminal portion in the oxygen dependent degradation 
domain (ODD).  The degradation of HIF-1α is through proline hydroxylation (Pro 463 and 
538) by PHD and asparagine hydroxylation (Asn 803) by FIH.   The catalytic activity of 
PHD and FIH is required the presence of Fe2+- and 2-OG in normoxic condition.  DMOG 
acts as a competitive inhibitor of 2-OG, strongly binds to 2-OG binding sites of PHD and 
FIH230.  DFO reduces the activity of PHD and FIH by reducing intracellular Fe2+172, unlike 
Co which binds to the active site of the hydroxylases176.  Ultimately, these mechanisms 
enhance HIFs upregulated cytoprotective genes such as VEGF and GLU-1 to increase 
adaptation to adverse conditions92, 93, 94, 95. 
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5.2 Materials and methods 

The summary of experimental protocol is described as follow (see Figure 5.2.): 

1. HepG2/ADMSC cells were seeded at a density of 8x104 cells/cm2 in 96-well plates, 

and cultured for 24 h in normoxia incubator.   

2. HepG2/ADMSC cells were co-cultured with HMAs (Co, DMOG and DFO) in 

perfusion fluid for 24 h under hypothermic stress condition (4oC). 

3. After 24 h stress, cells were placed back to normoxic condition where the perfusion 

fluid was replaced with fresh media and cultured at 37oC.  The samples were compared to 

the control (stress) cells treated without HMAs or control (no stress) healthy cells.   

4. Cell recovery and survival analysis were performed over a period of 7 days.   

5. The assays used were: cellular metabolic activity by Alamar Blue Assay); cellular 

proliferation (Total DNA contents) by CyQuant Assay; cellular function by ALT Activity 

Assay and Albumin ELISA kit; apoptosis by Caspase 3/7 ELISA Kit and ROS production by 

DCEFHDA assay. 
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Figure 5.2. Diagram of the general research methodology in this chapter. 
1. HepG2 cells were seeded at a density of 8x104 cells/cm2 in 96-well plates, and cultured for 
24 h in normoxic incubator.   
2. For the cold shock injury, cells were co-conditioned with/without HMAs in perfusion fluid 
for 24 h at 4oC.   
3. For the rewarming injury, cells were placed back to normoxia (37oC).  Cell survival, 
resuscitation and recovery were performed over a period of 7 days.   
4. They were determined by different parameters such as cellular metabolic activity (Alamar 
Blue assay) and cellular proliferation (CyQuant assay).  

 

5.2.1 HepG2 cell culture 

The procedures for HepG2 cell maintenance, expansion and cell seeding are described in 

detail in section 3.2.2. and 3.2.6.  HepG2 cells were seeded at 8x104 cells/cm2 in 200µL of 

DMEM media within passage 51 – 58 in each experiment. 
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5.2.2 ADMSCs  

5.2.2.1 ADMSCs'isolation%

The ADMSCs isolation was performed by a colleague (Dr Anna Wilson, Division of 

Surgery and Interventional Science, UC), and the detail can be found in section 3.2.4. 

 

5.2.2.2 ADMSCs'cell'culture%

ADMSCs were maintained and expanded in our laboratory according to the 

recommended protocols that are described in detail in section 3.2.3.  Cell seeding procedure 

is described in detail in section 3.2.6.  

 

5.2.2.3 ADMSCs'characterisation+%

ADMSCs were characterised by flow cytometer and showed the positive expression of 

CD105 and CD44 markers.  Characterisation and analysis were performed by a colleague 

(Dr Agata Nyata, Division of Surgery and Interventional Science, UCL).  More detained 

information for the procedure can be found in section 3.2.5. 

 

5.2.3 Cell viability, proliferation and functionality 

5.2.3.1 Metabolic)activity'%

The AlamarBlue® Cell Viability Assay, based on metabolic activity, was used to 

determine cell viability.  Further information regarding the procedure is mentioned in detail 

in section 3.3.1. 

 

5.2.3.2 Cell$proliferation$%

Cell proliferation was determined by measuring the amount of total DNA in a given 

population conducted using the CyQUANT® Cell Proliferation Assay as detailed in section 

3.3.2. 
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5.2.3.3 Alanine'Aminotransferase'Activity'Assay%

Alanine Aminotransferase (ALT) is a pyridoxal-phosphate-dependent enzyme that 

catalyses the reversible transfer of an amino group from alanine to α-ketoglutarate, 

generating pyruvate and glutamate.  ALT is found primarily in liver and serum.  

Hepatocellular injury often results in an increase of serum ALT levels and serum ALT levels 

can be used as a marker for liver injury.  We used the ATL assay here, as an indicator of 

toxicity, to study the effect of the concentrations of each HMAs used on the cell culture 

systems.  The procedure detail can be found in section 3.6.1. 
 

5.2.3.4 Albumin(human(ELISA"kit%

Albumins are low molecular weight proteins found in body fluids. Albumins are 

commonly used as an indicator of hepatocyte functionality in in vitro studies.  Therefore, we 

used a solid-phase sandwich ELISA (enzyme-linked immunosorbent assay) to study the 

impacts of HMAs on HepG2 cells’ functionality.  The procedure can be found in section 

3.6.2. 

 

5.2.3.5 Caspase'3/7"colorimetric"assay%

Caspase 3 usually exists as a proenzyme required for the execution of apoptosis.  Each 

sample was collected and loaded in a 96-well plate with flat clear bottom in 3 replicates.  The 

procedure detail could be found in section 3.3.3.  

 

5.2.3.6 ROS$measurment!(Co,%DMOG,%Hypoxic%and%Reoxygenation%Injury)%

2’, 7’-Dichlorofluorescin Diacetate (DCEFHDA, Sigma) was used to determine the 

intracellular ROS formation.  It was dissolved in anhydrous DMSO to a final concentration 

of 1 mM.  The procedure detail could be found in section 3.3.4.  
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5.2.4 Statistical analysis 

The data are presented as the mean and standard deviation compared using a two-way 

ANOVA to evaluate differences in cell viability and cell proliferation with post hoc tests 

using Bonferroni’s multiple comparisons test on each time point. All statistical analysis was 

performed on the data sets using GraphPad Prism version 6.0h (2009).  More detail can be 

found in section 3.7.3. 
 

5.3 Results 

5.3.1 The effects of HMAs on cellular metabolic activity and proliferation 

 To determine the effect of HMAs on HepG2 cell metabolic activity and proliferation, 

cells were brought back from hypothermia (4oC) by rewarming to 37oC by replacing with 

warm media and culturing for up to 7 days.  Alamar blue assay was used to determine cell 

recovery following Day 1 cell culture (Figure 5.3. A), and CyQuant assay was used to study 

whether HMAs altered the rate of cell proliferation after 24 h hypothermia (Figure 5.3. B 

and C).  Notably, HMAs treated cells exhibited a significant increase in cell recovery than 

those without (Day1, 24 h at 4oC which indicated control cells placed at 4oC for 24 h in 

perfusion fluid without HMAs, and then cells resuscitated at 37oC for 24 h)).  When assessed 

by the metabolic assay, a significant increase in cell recovery was obtained at concentration 

of 200µM in Co, 500µM and 1000µM in DMOG respectively (p ≤ 0.05, p ≤ 0.01).  This set 

of the result was confirmed in total DNA (µg/mL) over 7 days cultured at normoxic 

incubator (37oC). However, DFO showed a substantial cell loss that was barely detectable by 

the assays.  Cells pretreated in Co solution or DMOG solution showed an increase in total 

DNA and proliferation potential compared with cells without HMAs.  Therefore, we decided 

to choose 100µM, 200µM in Co and 500µM, 1000µM in DMOG, respectively for the next 

experiments.  
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Figure 5.3. The impact of HMAs on HepG2 cell survival, resuscitation and recovery. 
The effect of HMAs treatment showed on cellular metabolic activity (A), DNA (µg/mL)(B) 
and proliferation (C) following each HMAs treatment.  Co and DMOG treated HepG2 cells 
showed a significant increase in cell survival following for 24 h at 4oC, which is normalised 
by Day 1 control stress (24 h at 37oC), where cells preserved in the perfusion fluid without 
HMA treatment, and then cells resuscitated at 37oC for 24 h.  In contrast, few cells were 
detected at DFO treatment.  The cell recovery was retained after HMAs treatments over 7 
days cultured at 37oC, where DNA (µg/mL) was compared to the control stress at Day 1 (B).  
The data expressed in a percentage that normalised by Day 1 in each condition for 
proliferation study (C).  The values showed to represent mean ± SD obtained N=3, three 
individual experiments.  The level of significance was set at probabilities of ★p ≤ 0.05, ★★p ≤ 
0.01, ★★★p ≤ 0.001 compared among each condition. 
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5.3.2 The impacts of Co and DMOG on caspase 3/7 activation and ROS 

production 

We conducted an experiment to understand the effect of HMAs on HepG2 cell survival 

after hypothermic and rewarming injuries.  HMAs-induced cellular apoptosis, demonstrated 

by caspase 3/7 activation, is a critical event associated with mitochondrial permeabilisation.  

Co treated cells showed similar trend of caspase 3/7 activation compared to untreated cells 

(control where cells stored at 4oC for 24 h in perfusion fluid alone) from 24 h at 4oC to 2 h at 

37oC.  In contrast, DMOG treated cells exhibited significantly decreased by 40% and 50% of 

caspase 3/7 activation, comparing to control untreated cells and Co treated cells respectively 

when cells placed back to 37oC for 2 h from 4oC (p ≤ 0.001)(Figure 4.8.B. and Figure 

5.4.A.).  Next, we assessed the formation of ROS by measuring with DCEFHDA dye, both 

Co and DMOG treated cells reduced ROS production per cell compared to untreated cells 

(control) at 37oC, particularly DMOG treated cells had less total amount of ROS formation 

compared to Co treated cells (p ≤ 0.05, p ≤ 0.01)(Figure 5.4.B.).  However, there was no 

difference in ROS generation per cell between these two HMAs (Figure 5.4.C.).  

Furthermore, untreated cells produced significant amount of ROS/cells, 50% to 250% more 

compared to HMAs treated cells when cells brought back to rewarming (37oC)(p ≤ 0.001), 

but not at 24 h at 4oC incubation (Figure 4.8.D. and Figure 5.4.C.). 
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Figure 5.4. HMAs reduced ROS and caspase 3/7 productions in rewarming stage. 
Co treated HepG2 cells at 37oC showed increased 5% and 25% of Caspase 3/7 activities at 1 
h and 2 h respectively, compared to DMOG treated cells (A).  However, HMAs treated cells 
showed 50% decrease in ROS formation at 37oC compared to the treated cells at 4oC.   
Furthermore, DMOG treated cells produced less ROS generally than Co treated cells at 37oC 
(B), however, there is no significant difference in ROS production per cell between the two 
HMAs (C).  The data expressed in a percentage that normalised by healthy cells.  Mean ± SD 
obtained N=6, one individual experiment.  ★p ≤ 0.05,★★p ≤ 0.01 and ★★★p ≤ 0.001, 
significantly different compared to control in the condition. 
 

 

5.3.3 The impacts of Co and DMOG on cellular functionality  

In this study, we investigated the cellular functionality of Co or DMOG treated cells after 

24 h at 4oC.  We demonstrated that CO or DMOG treated cells maintained their 

functionalities over 7 days cell culture at normoxic condition and, when assessed by ALT 

activity and albumin secretion, showed no different to healthy HepG2 cells (control)(Figure 

5.5.). 
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Figure 5.5. HepG2 cellular functionality after 24 h pretreatment of HMAs over 7 days 
of cell culture. 
The data showed that ALT activity (A) and albumin secretion (B) have no significant 
difference to fresh cells.  The data expressed in a percentage that normalised by control 
healthy cells.  Mean ± SD obtained N=6, one individual experiment. 

 

5.3.4 Epigenetic study 

To investigate the impact of HP and HMAs on enhancing cell survival was via epigenetic 

memory established by the first exposure hypothermic stress, Co and DMOG treated cells, 

which had survived hypothermic stress, were exposed to further rounds of hypothermic 

stress exposures in the absence of HMAs.  After a second 24 h hypothermic stress exposure, 

cells were cultured at 37oC for 7 days after changing perfusion fluid to fresh media.  The 

result of exposure to HMAs showed that cell survival and recovery, as expressed by cellular 

metabolic activity, total DNA (µg/mL) and proliferation, showed no difference compared to 

healthy HepG2 cells (Figure. 5.6.).  Furthermore, those cells which underwent a third 

hypothermic exposure after 7 days recovery period showed no difference in cell survival and 

cell recovery compared to the second hypothermic exposure.  This phenomenon was 

observed in untreated cells (control stress)(Figure 5.7.).  Similar results were obtained after a 

fourth hypothermic exposure (Figure 5.8.).  
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Figure 5.6. HepG2 daughter cells retained prosurvival properties, without further 
exposure to HMAs. 
Following 24 h hypothermic stress (4oC), HepG2 treated with/without HMAs (Co and 
DMOG), were resuscitated and cultured in normoxia (37oC) for 7 days.  Next, HepG2 cells 
were re-seeded in 96-well plates and re-exposed to hypothermic stress (24 h 4oC) in 
perfusion fluid without any HMAs.  An increase in cell survival and recovery was retained 
by those cells previously treated with HMAs or HP, with higher cellular metabolic activity 
(A), DNA (µg/mL)(B) and proliferation (C). Control (no stress) indicates healthy cells and 
control (stress) was cells survival from the first round of hypothermic exposure.  The data is 
expressed in a percentage normalised to Day 1 for each condition.  The values showed to 
represent mean ± SD obtained N=6, one individual experiment.  The level of significance 
was set at probabilities of ★p ≤ 0.05, ★★p ≤ 0.01, compared among each condition. 
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Figure 5.7. Epigenetic generation 3 in HepG2 cell survival, resuscitation and recovery. 
Previous HMAs treated HepG2 cells were exposed to a third cycle of hypothermic stress (24 
h 4oC).  An increase in cell survival and recovery was observed with higher cellular 
metabolic activity (A), DNA (µg/mL)(B) and proliferation (C).  The data is expressed as a 
percentage normalised to Day 1 for each condition.  Mean ± SD obtained N=6, one 
individual experiment.  The level of significance was set at probabilities of ★p ≤ 0.05, ★★p ≤ 
0.01, compared among each condition. 
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Figure 5.8. Epigenetic regeneration 4 in HepG2 cell survival, resuscitation and 
recovery.   
Previous HMAs treated HepG2 cells were expose to a fourth cycle of hypothermic stress (24 
h 4oC).  An increase in cell survival and recovery was observed with higher cellular 
metabolic activity (A), DNA (µg/mL)(B) and proliferation (C). The data is expressed as a 
percentage normalised to Day 1 for each condition.  Mean ± SD obtained N=6, one 
individual experiment.  The level of significance was set at probabilities of ★p ≤ 0.05, ★★p ≤ 
0.01, compared among each condition. 
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5.3.5 The effects of HMAs on cell survival is cell-specific 

To investigate whether the effects of HMAs on cell survival were cell specific, we also 

tested ADMSCs, as they are of increasing interest in regenerative medicine applications due 

to their capacity for self-renewal and ability to undergo multilineage differentiation.  

Moreover, compared to embryonic stem cells, they pose fewer ethical problems and are an 

easily accessible source of stem cells.  A similar outcome on ADMSCs was observed as on 

HepG2 cells, Co and DMOG treated cells showed significantly increased cell survival, 

resuscitation and recovery following 24 h at 4oC, particularly the concentration of Co from 

25µM to 200µM, and the concentration of DMOG on 500µM and 1000µM, respectively 

(Figure 5.9.). 
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Figure 5.9.  The impact of HMAs in AMDSCs survival in hypothermia. 
When HMAs (Co and DMOG) were present in the perfusion fluid during hypothermic stress, 
there was a significant increase in cell survival compared to control (cells treated without 
HMAs), as measured by cellular metabolic activity (A), DNA (µg/mL)(B) and proliferation 
(C). Furthermore, Co treated cells showed significant increased in cell resuscitation and 
recovery over 7 days at 37oC, comparing to DMOG treated cells.  The data is expressed in a 
percentage normalised to Day 1 for each condition.  Mean ± SD obtained N=3, three 
individual experiments.  The level of significance was set at probabilities of ★★p ≤ 0.01, 
★★★★p ≤ 0.001 compared among each condition. 
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5.4 Discussion 

5.4.1 The effects of HMAs on cellular survival and functionality on HepG2 

The present study demonstrated that Co in concentrations of 100µM to 200µM 

significantly improved cell survival and recovery after 24 h hypothermic stress.  A similar 

outcome was observed in cells treated with concentrations of DMOG of 500µM and 

1000µM.  However, DFO showed a substantial cell loss that was merely detected by the 

assays.  It has been previously suggested that “redox-active” F2+ plays a key role in the 

development of hypothermic-induced apoptosis and that the predominant iron-dependent 

mechanism could be eliminated by adding iron chelators to the perfusion fluid, to enhance 

cellular protection against hypothermia and rewarming injury214,231.  However, our results 

showed an opposite view to this study, as iron is an essential cofactor for many cellular 

enzymes (e.g. PHDs contain a non-heme-bound divalent iron (Fe2+) in their catalytic centre, 

and also enzymes responsible for the conversion of ribonucleotides to deoxyribonucleotides 

in cell cycle progress)232.  Therefore, in this case, this suggests to some extent that iron 

chelators DFO not only interferes with PHDs but also with enzymes which regulate the 

normal DNA synthesis and cell growth.  This may be given an explanation for a substantial 

increase in cell death associated with DFO in our stress model.  In general, the treatment of 

HMAs is dose-dependent in enhancing cell survival and recovery (see Table 1.5.).   Our data 

showed that the low concentration of Co (≤ 50µM) and DMOG (≤ 250µM) exhibited less 

effect on cell viability.  However, there are concerns over the use of Co, as its induction can 

not only activate HIF-1α pathway to increase prosurvival genes, but also caspase 3/7 to 

inactivate mitochondrial transmembrane potential (ΔΨm), results in cellular apoptosis229.  

Therefore, we considered using the concentration of 100µM Co in future experiment as it 

showed maximal prosurvival effects.  DMOG could induce multiple protective pathways 

together with the HIF-1α pathway to protect cells from adverse conditions, for example, by 

activating glycolysis effectively to produce ATP for metabolic demand via modulation of 

PHD or HIF-dependent (reduced respiration) and HIF-independent (reduced ATP 

consumption) mechanisms221,222 219,220.  ATP is generated via PHD or HIF-dependent 

(reduced respiration) by manipulating HIF-1α subunits to switch between metabolic 

mechanisms effectively by inhibiting pyruvate metabolism via the transcription of PDK1 and 
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PDK3197,223,224.  This may suggest that a reason DMOG treated cells had higher cell survival 

and cell recovery is that it is modulating metabolic activities to adapt the cells to stress 

conditions.  Mitochondrial permeability transition (MPT) is a common form of injury during 

hypothermic preservation.  It is due to cellular ATP deprivation that leads to breakdown of 

ion homeostasis (inhibition of the Na+/K+ ATPase)213.  This results in the accumulation of 

cytotoxic ROS at rewarming.  DMOG effectively switch the metabolic activities may 

suggest the enhancement of ATP production to satisfy the metabolic demand.  As expected 

Co induced the high generation of ROS and Caspase 3/7 that matches the literature.  Even 

with these negative effects, Co treated cells showed normal ALT activity and albumin 

secretion along with DMOG treated cells when compared to the untreated control.  To 

investigate whether the effects of HMAs on cell survival were cell specific, therefore we 

tested ADMSCs and observed similar outcome, as they are of increasing interest in 

regenerative medicine applications due to their capacity for self-renewal and ability to 

undergo multilineage differentiation.  Moreover, compared to embryonic stem cells, they 

pose fewer ethical problems and are an easily accessible source of stem cells. 

 

5.4.2 Epigenetic study 

Cellular adaptation to hypoxia is brought about by altering the gene expression profile, 

which is associated with the modulation of chromatin structure mediated by histone 

modification via an epigenetic mechanism226.  Two of Jumonji C (JmjC) domain-containing 

histone demethylases, JMJD1A and JMJD2B are regulated in a HIFα-dependent manner.  

They are dioxygenases, which require the presence of Fe2+, a-ketoglutarate, and oxygen to 

perform their enzymatic activities, similar to the PHDs and FIH227,228.  We postulated that the 

enzymatic activities of JMJD1A and JMJD2B could be affected not only by oxygen partial 

pressure but also by HMAs.  Our results indicated that HMAs (Co and DMOG) may regulate 

the epigenetic mechanisms enhancing cell survival in stressful environments in results of 

epigenetic memory.  However, further studies are required to fully understand the epigenetic 

mechanisms leading to cellular prosurvival pathways by HMAs.  
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5.5 Conclusions 

Our in vitro studies provide important new insights into the mechanisms of HMAs 

inducing cellular responses to this stress, opening up new possibilities to modulate these 

responses for medical therapeutic application.  We demonstrated that the application of Co 

and DMOG increased cell survival and recovery in the hypothermic stress model.  This 

suggests that the cell survival mechanism maybe underlying HIF-1α stabilisation via HMAs 

in normoxia.  To elucidate the difference at a genetic level, between HP and HMAs could be 

beneficial for the development of target therapies. 
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 Investigating the Chapter 6
cellular mechanisms of HMAs in 
cell survival 

6.1 Introduction 

 A stabilisation of the HIF pathway in normoxia by HMAs may offer advantages over 

manipulating physiological oxygen to enhance the expression of prosurvival factors, which 

enables cells to survive and adapt to stress conditions.  We observed that exposure to HIF 

hydroxylases inhibitors (e.g. Co) or 2-oxoglutarate-dependent inhibitors (e.g. DMOG) 

enhanced cell survival, resuscitation and recovery following hypothermic stress (4oC)(see 

Chapter 5).  Understanding how these HMAs are increasing survival, including confirmation 

that the induction of pro-survival factors is via the HIF-1α pathway, could enable further 

optimisation of HMAs treatment and possibly new more specific treatments.  To help 

understand how the HMAs are increasing cell survival via stabilisation of the HIF-1α, we 

qualified and quantified HIF-1α subunits with immunofluorescence staining and TransAM™ 

HIF-1 kit, together with a genomic and proteomic expression of prosurvival factors. 

Hypothermic stress (as used in our stress model to study the effect of HMAs on cell 

survival mechanisms - chapter 5) has been showed to cause a reduction in protein translation 

and mitochondrial function to enable energy (ATP) conservation and thereby improve 

survival233.  This co-ordinated series of events is modulated by stress proteins, which help 

adaptation to stress.  A study showed that these stress proteins are produced within 10-20 

min of hypothermia through activation of AMP-activated protein kinase (AMPK)233.  Among 

these stress proteins, Heat Shock Protein 90α (Hsp90α) is one of the well-characterised stress 

proteins, which plays a major role in recovery and adaptation to cellular stresses via the 

regulation of cellular signalling cascades (e.g. cell cycle, arrest at G1), maintenance of global 

protein functional structures and coordination of cellular repairs234,235,236,237.  Another two 

important stress proteins CIRP (cold-inducible RNA-binding protein) and RBM3 (RNA-

binding motif protein3) are commonly regulated in response to hypothermia by modulating 

post-transcription and protein translation.  Preferential translation control can help cells 
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survive from hypothermia.  It is regulated through the translation initiation factor eukaryotic 

initiation factor 2α (elF2α)238,239.  Activating elF2 kinases phosphorylates elF2α resulting in 

stress granule (SG) formation and the assembly of untranslated messenger 

ribonucleoproteins and mRNA-binding proteins240 which build preinitiation complexes to 

select specific proteins, such as those enhancing the translation of CSPs for cell survival and 

signal transductions241.  Prolonging hypothermia, however, induces cellular injuries such as 

cell swelling (see section 4.1.3.).  In chapter 5 we demonstrated HMAs treated cells 

increased cell survival and resuscitation following 24 h at 4oC.  As a study suggested that 

translation mechanism showed reinitiated after 2 h upon return to 37oC from 4oC, we assume 

that these protective proteins if produced in advance may provide cellular protection from 

oxidative stress happened at 37oC or even before the hypothermia stress233.  In this chapter, 

we investigate whether the expression to these stress proteins (Hsp90α, CIRP and RBM3) is 

part of these prosurvival mechanisms protecting cells from the hypothermia and rewarming.  

In addition, we would like to determine that CIRP and RBM3 genes might express under the 

regulation of HMAs on cell survival, as it has never been shown before.  Two other HIF-1α 

target genes, glycolytic gene PGK1 (Phosphoglycerate kinase 1)242 and pro-apoptosis gene 

BNIP3 (Bcl-2 adenovirus E1B 19-kDa interacting protein)243 are involved in this 

investigation to study the cell survival mechanisms.  These two genes are essential for 

adaptation to stress: PGK1 regulates cellular metabolism via glycolysis244, and BNIP3 is 

involved in the survival pathways through the attenuation of autophagic cell death 

processes245.  

Transforming growth factor beta (TGF-β) are multifunctional cytokines that modulate 

cellular mechanisms such as proliferation, differentiation and angiogenesis.  Studies have 

shown that TGF-β cooperates synergistically with HIF-1α to upregulate VEGF expression 
246,247.  Furthermore, TGF-β and ROS are both involved in contradictory roles, as they can 

upregulate each other’s expression to induce either cellular apoptosis or proliferation 

mechanisms.  TGF-β is able to enhance ROS levels via reducing antioxidant scavenging 

system activities248, while increased ROS levels, in turn, enhance the expression of TGF-β 

level, and the accumulation of ROS can result in cellular damage.   

In this chapter, we aim to show that the enhancement of HepG2 cell metabolic activity 

and proliferative rate is due to stabilisation of the HIF-1α protein.  We also want to compare 

the involvement of 5 prosurvival genes, CIRP, RBM3, HSP90, PGK1 and BNIP3 and their 

expression in the prosurvival pathway in the presence of 100µM Co, 500µM DMOG and HP. 
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6.2 Materials and methods 

A summary of experimental protocol in this chapter is described as follow (see Figure 

6.1.): 

1. HepG2 cells were seeded at a density of 8x104 cells/cm2 in 96-well plates, and 

cultured for 24 h in normoxia incubator.   

2. HepG2 cells were co-cultured with HMAs (Co, DMOG and DFO) in perfusion fluid 

for 24 h under hypothermic stress model (4oC). 

3. After 24 h stress condition, a group of cells were used to investigate the expression 

HIF-1α by immunofluorescence staining, TransAM™HIF-1α Kit and PCR.  Another group 

of cells were placed back to normoxia (37oC), where the perfusion fluid was replaced with 

fresh media and cultured at 37oC.  The expression of HIF-1α and other factors, such as HSP-

90α and TGF-β1, that are associated with HIF-1α were also investiaged.  The samples were 

compared to the control healthy cells cultured in normoxia.  
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Figure 6.1.  Diagram of the general research methodology in this chapter. 
1. HepG2 cells were seeded at a density of 8x104 cells/cm2 in 96-well plates, and cultured for 
24 h in normoxic incubator.   
2. Cells were co-conditioned with/without HMAs in perfusion fluid for 24 h at 4oC.   
3. After 24 h at 4oC (cold shock injury), cells were placed back to 37oC (rewarming injury).  
4. The expression of HIF-1α and other associated factors such as HSP-90α, TGF-β1 were 
determined in different timeframes of hypothermic and rewarming condition by 
Immunofluorescence staining, TransAM™HIF-1α Kit and PCR.  

 

6.2.1 HIF-1α stabilisation 

6.2.1.1 Immunofluorescence#staining%

HepG2 cell were seeded onto 24-well plates at a cell density of 8x104 cells/cm2 and 

incubated under normoxic condition for 24 h.  Then plates were placed at 4oC for 24 h.  After 

24 h 4oC, one plate was used to determine HIF-1α stabilisation directly by 

immunofluorescence staining.  The other plate was changed from the perfusion fluid with or 

without HMAs (Co and DMOG) to fresh culture media and placed at 37oC for 30 min, and 

then HIF-1α stabilisation was determined directly by immunofluorescence staining.  The 

immunofluorescence staining protocol is described in detail in section 3.7.1.   
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6.2.1.2 HIF'1α"protein(extraction(from(cells%

For protein analysis, cells were seeded into T150 flasks (8x104 cells/cm2).  After 

incubation with either Co or DMOG, the perfusion liquid was aspirated.  For whole cell 

protein extraction, a nuclear extract kit (Active Motif SA, La Hulpe, Belgium) was used 

according to the manufacturer’s instructions.  Briefly, cells were washed with ice-cold PBS 

with phosphatase inhibitors.  After washing, cells were scraped off, centrifuged for 5 min at 

300xg at 4oC and the cell pellet was resuspended in 50µL 1x hypotonic buffer and incubated 

for 30 min on ice.  The suspension was vortexed for 10 sec at the highest setting.  The 

suspension was then centrifuged for 20 min at 14000xg at 4oC. Protein levels were measured 

using NanoDrop LITE (ThermoScientific, UK). Then the total protein extracts were stored at 

-80oC until further use. 

 

6.2.1.3 TransAM™)HIF'1"Kit%

HepG2 cell were seeded into T-150 flasks at cell density of 8x104 cells/cm2 at 37oC for 24 

h followed the 24 h 4oC.  After 24 h 4oC, one flask was used to determine HIF-1α 

stabilisation straightaway.  The other flask was changed from perfusion fluid with or without 

HMAs (Co and DMOG) to fresh culture media and placed at 37oC for 30 min.  Then this 

flask was also used to determine HIF-1α stabilisation for 37oC 30 min.  The performance 

steps of the TransAM™ HIF-1 kit (Active Motif, Belgium) can be studied at section 3.7.2.  

 

6.2.2 HepG2 culture 

The procedure information on HepG2 cell expansion and cell seeding is mentioned in 

section 3.2.2. and 3.2.6. 

 

6.2.3 Hypoxia preconditioning treatment 

The procedure detail of hypoxic treatment can be found in section 3.4.   
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6.2.4 Human HSP90α platinum ELISA kit 

Human HSP90α Platinum ELISA (Affymetrix eBioscience, Austria) was used according 

to manufacturer’s instruction.  Samples were diluted in a ratio of 1 in 25 with sample diluted 

according to the following scheme: 10µL sample + 240µL sample diluent.  The microplate 

was washed twice with 400µL wash buffer per well with a thorough aspiration of microwell 

contents between washes. 100µL of sample diluent and 100µL of a prediluted sample were 

added to each well in duplication. The plate was covered with an adhesive film and 

incubated at room temperature for 2 h on a microplate shaker set at 50xg. The microwells 

were washed 5 times, then 100µL of diluted Biotin-conjugated was added to all wells.  The 

plate was incubated at room temperature for 1 h on a microplate shaker set at 50xg.  After 5 

times washes, 100µL of diluted Streptavidin-HRP was added to all wells and incubated at 

room temperature for 30 min, on a microplate shaker set at 50xg.  The plate was washed 5 

min followed by 100µL of TMB substrate solution added to each well, which incubated at 

room temperature for 30 min that avoided direct exposure to intense light.  The stop solution 

was added when the highest standard had developed a dark blue colour. Read absorbance on 

a spectrophotometer within 5 min at 450nm with a reference wavelength of 655nm.  Blank 

the plate reader according to manufacturer’s instructions by using a blank-well plate. 

 

6.2.5 Human TGF-β1 ELISA kit 

Human TGF-β1 (DuoSet® ELISA, UK) was used according to manufacturer’s 

instruction.  The capture antibody was diluted to the working solution in PBS without carrier 

proteins and was used to coat a 96-well microplate overnight at room temperature.  Each 

well was washed 3 times with 400µL wash buffer.  Next, the plates were blocked by adding 

300µL of block buffer, which was incubated at room temperature for a minimum of 1 h 

followed by another washing.  After the washing step, 100µL sample was added to each well 

covered and incubated 2 h at room temperature.  Each well was loaded 100µL of detection 

antibody diluted in reagent diluent, which then was covered and incubated 2 h at room 

temperature followed the washing.  The addition of 100µL of substrate solution in each well 

incubated at 20 min at room temperature.  During incubation, the plates were protected from 

direct light until the dark blue colour was developed, followed by addition of 50µL stop 
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solution to each well, and gently tapped to ensure thorough mixing.  The optical density of 

each well was determined immediately by using a microplate reader set to 450nm. 

 

6.2.6 RNA extraction from cells 

RNA was extracted using RNeasy Mini Kit (50)(QIAGEN, UK) according to 

manufacturer’s instruction.  A pre-extraction procedure was followed before running the 

assay: bench, pipettors and all equipment were cleaned with RNase Away (MβP Molecular 

BioProducts, USA) to minimise RNase contamination.  10µL of 14.3M β-mercaptoethanol 

was added in each 1mL of buffer RLT (lysis buffer).  1mL of buffer RLT was used per well 

of 6-well plates, afterwards, cells were collected in 15mL centrifuge tube by centrifuging at 

300xg for 5 min at 4oC, and the supernatant was removed by aspiration.  Cell pellets were 

added in buffer RLT, disrupted by pipetting up and down, then transferred into 2mL 

eppendorf tubes and put on ice.  An equal volume of 70% ethanol was added, mixed well and 

vortexed for 30 sec.  700µL of cell lysate was transferred up onto the RNeasy spin column 

that was centrifuged at 8000xg for 15 sec.  This procedure was repeated until the entire 

sample was processed through the same column.  The column was then washed with 700µL 

buffer RW1 and then centrifuged at 8000xg for 15 min to wash the spin column, and the 

flow-through was discarded.  The spin column was washed again with 500µL buffer RW1.  

The flow-through was discarded.  The RNeasy spin column was placed in a new 1.5mL 

collection tube.  30µL RNase-free water was added to the spin column and centrifuged for 1 

min at 8000xg to elute RNA.  RNA was collected at and stored at -80oC until further use.   

 

6.2.7 RNA quantification 

The concentration of extracted RNA was measured using a NanoDrop® 1000 

Spectrophotometer (Thermo Fisher Scientific, UK) using the NanoDrop® ND-1000 version 

3.7 software.  It measures the purity of isolated RNA by calculating the ratio between 

absorbance at 260nm and 280nm.  RNA absorbs light at 260nm, while protein, phenol and 

other contaminants are detected at 280nm.  The ratio of 2.0 shows pure sample and for 

further analysis ratios between 1.9 and 2.05 were accepted.  Briefly, to calibrate the machine 
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and to measure the blank, 1µL of samples was used.  Between measurements, the reader was 

cleaned with wipes.  RNA samples were stored at -80oC until further analysis. 

 

6.2.8 Quantitative polymerase chain reaction 

Quantitative polymerase chain reaction (q-PCR) was performed to synthesize cDNA from 

extracted RNA samples.  The qPCR protocol used here was established by Dr Dheraj 

Taheem (Craniofacial Development and Stem Cell Biology, KCL, UK).  Prior to the 

experiment, bench, pipettors and all equipment were cleaned with RNase Away to minimise 

RNase contamination.  The mixture of RNA-random primer solution and 4% (v/v) M-MLV 

reverse transcriptase (MLV-RT, Promega, UK) + 20% (v/v) MLV-RT butter (Promega, UK) 

+ 5.4% (v/v) PCR nucleotide mix (Promega, UK) all in molecular biology H2O (Sigma 

Aldrich, UK) were added to the RNA samples.  The final yield of 25µL cDNA was stored at 

-20oC. qPCR was performed in a CFX384 (Biorad): Each reaction mixture consisted of 4ng 

cDNA template + 50% (v/v) Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix 

(Agilent, UK) which was used in conjunction with 250/500nM primers (Thermos Scientific, 

UK) specific to genes of interest.  Primer sequences are described at Table 6.1.  Raw cycles 

of Ct values were transformed to the transcript copy number by the relative standard curve 

method of analysis, and expression level was normalised by the transcript level of Ribosomal 

Protein L 13A (RPL13A).  Expression levels were then normalised to untreated controls and 

the fold change of expression in each treatment determined.  The optimal primers for each 

cDNA were determined on the basis of expression level; a high level of expression indicating 

the primer was specific for the cell types.  Each primer set was tested following prediction of 

a binding target with Diethyl Procarbonate (NCBI) primer blast, which was used to amplify 

serial dilution of cDNA from these positive controls to generate standard curves.  These 

standard curves were used to distinguish the existence of a linear expression between input 

cDNA concentrations Ct value in addition to enabling qualification of the reaction efficiency.  

Selection for each gene of interest was by:  single predicted product in NCBI primer blast 

results, R2 value > 0.9, theoretical reaction efficiency of 90 – 110% and a single peak in melt 

curve compared to no-template control in which dH2O replaced the cDNA template 

(Supplementary figure 6.1.).  qPCR reaction conditions in 4 steps were: Step 1, 10 min at 

25oC; Step 2,  120min at 37oC; Step 3, 5 min at 85oC; and Step 4, cooling down at 4oC.  
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Primers were purchased from Thermo Fisher Scientific, UK. They are listed in Table 6.1. 

Each primer was diluted in DEPC H2O at a concentration of 100µM and stored at -20oC.  

Primer mix was prepared by mixing 10 fold dilutions of both forward and reverse primer in 

DEPC water (each giving a concentration of 10µM).  4µL of cDNA (giving a final 

concentration of 10ng/µL of RNA) was pipetted into the reaction plate.  A master mix was 

prepared by mixing 10µL of Agilent Green with 1.8µL of primer mix and 4.2µL of DEPC 

H2O (total 16µL).  These master mixes were then added to each sample cDNA (total 20µL).  

Each forward and reverse primer was used at a concentration of 450nM in the final reaction 

volume of 20µL.  Plates were briefly centrifuged to remove any bubbles.  The run was 

performed on an Applied Biosystems 7500 Fast Real-Time PCR system using 7500 software 

v2.0.6.  The run method included a holding stage of 20 s at 50oC, 10 min at 95oC and a 

cycling stage of 15 s at 95oC followed by 1 min at 60oC.  Each run was performed for 40 

cycles.  At the end of the run a melt analysis was performed to confirm the presence of one 

product.   

In order to use the 2-Ct model to analyse the qPCR results, the amplification efficiency of 

primers must be equal.  Primers amplification efficiency was measured from cDNA samples.  

A set of 5-fold dilution series was prepared and the average Ct was calculated from 

duplicates for each gene.  Ct values are shown on a logarithmic scale with even spacing 

between dilutions.  The Ct values were then used to plot log cDNA vs Ct values to determine 

amplification value and reaction efficiency. 

The following equations were used: 

Amplification value = 10[-1/slope] 

Reaction efficiency = [10[-1/slope]]-1 

A slope of value -3.322 gives a reaction efficiency of 1, which indicates 100% primer 

efficiency.  Primers used were of efficiency between 92 – 108% (slope between -3.535 and -

3.1458). 
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Table 6.1. Primer sequences used to amplify the respective genes of interest. 

Gene Sequence (5’- 3’) forward (f) reverse (r) Concentration (nM) 
RPI3A F: AGCTCATGAGGCTACGGAAA 

R: CTTGCTCCCAGCTTCCTATG 
500 

HSP90A F: GCTTGACCAATGACTGGGAAG 
R: AGCTCCTCACAGTTATCCATGA 

500 

COX2 F: TTCATGATCACGCCCTCATA 
R: TAAAGGATGCGTAGGGATGG 

500 

PGK1 F:TGGACGTTAAAGGGAAGCGG 
R:GCTCATAAGGACTACCGACTTGG 

500 

CIRBP F: CTGCTCAAGATCGTCCTTCC 
R: CAGGCTGGGTTTGACAAGAT 

250 

RBM3 F: ATTGGTTCTGGCAAGTTTGG 
R: CACCATGCCAGGCTAATTTT 

250 

BNIP3 F: CTGGACGGAGTAGCTCCAAG 
R: TCTTCATGACGCTCGTGTTC 

250 

 

6.2.9 Statistical analysis 

The data presented as the mean and standard deviation, using two-way ANOVA with 

Bonferroni’s multiple comparisons test compares to control healthy cells. All statistical 

analysis was performed on the data sets using GraphPad Prism version 6.0h (2009). More 

detailed can be found at section 3.7.3. 

 

6.3 Results 

6.3.1 HIF-1α stabilisation in hypothermic stress 

Immunofluorescent staining and the Trans-AM assay revealed that hypothermic stress 

increased HIF-1α expression in the untreated cells independently of HMAs (Figure 6.2.A. 

and B.), demonstrating that hypothermia alone can cause HIF-1α stabilisation.  HMAs 

increased the expression of HIF-1α compared to both the untreated control and non-HMA-

treated cells exposed to hypothermia.  To test whether HepG2 cells react to hypothermia and 

rewarming by stabilising HIF-1α, immunofluorescent staining of HIF-1α stabilisation, on 

shifting from hypothermia (4oC for 24 h) to rewarming (37oC for 30 min), was carried out.  

This revealed that HIF-1α stabilisation from treatment with HMAs persisted for longer in 
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normoxic condition (up to 30 min) compared to the half-life of HIF-1α in untreated cells (<5 

min) (Figure 6.2.A and Figure 6.3.A).  A similar outcome was exhibited in the HIF-1α 

ELISA study after rewarming for 30 min (Figure 6.2.B and Figure 6.3.B) (p ≤ 0.05, p≤ 0.01).  

In addition, 100µL Co and 500µL DMOG both showed similar expression of HIF-1α in 

protein level, respectively during hypothermia and rewarming studies.  HIF-1α was 

expressed at a low level in normoxia but expression increased in hypoxia (supplementary 

figure 6.2.). 
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Figure 6.2. The expression of HIF-1α following HMAs treatment and hypothermia (24 
h at 4oC). 
No HIF-1α expression was observed in normoxia (A top left) but was observed following 
hypothermia without HMAs treatment (A top middle).  The HIF-1α ELISA kit showed that 
Co and DMOG increased HIF-1α expression and that HIF-1α was also expressed following 
24 h hypothermia (B).  (HIF-1α, F-Actin, DAPI, scale bar = 100µm).  Mean ± SD obtained 
N=3.  The level of significance was set at probabilities of ★p ≤ 0.05, compared to control 
(no stress). 
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Figure 6.3. Extending HIF-1α expression showed at 30 min at rewarming. 
No HIF-1α expression was observed in normoxia, or in cells exposed to 24 h hypothermia 
without HMAs treatment.  HMAs treated cells still showed HIF-1α stabilisation after 30 min 
at rewarming (A top left and middle).  HIF-1α ELISA kit has expressed HIF-1α stability 
consistently following 30 min at 37oC (B).  (HIF-1α, F-Actin, DAPI, scale bar = 100µm).  
Mean ± SD N=3.  The level of significance was set at probabilities of ★★p ≤ 0.01, compared 
to control (no stress). 
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Next we investigated two other proteins that have been suggested as HIF target genes for 

HIF-1α stabilisation: HSP90α and TGFβ, both of which are part of differentiation 

mechanisms, and also part of the HIF transcription mechanisms.  Both HSP90α and TGFβ 

ELISA kits were used to study their protein expressions.  The expression patterns of 

HSP90α, on shifting from hypothermia (4oC for 24 h) to rewarming (37oC for 30 min) 

revealed HSP90α stabilisation fro treatment with HMAs persisted much longer in normoxic 

conditions (up to 30 min).  A similar expression pattern of HIF-1 can be observed in Figure 

6.2. and Figure 6.3.  Hypothermia showed stabilisation of HSP90α (Figure 6.4., p ≤ 0.05).  

In the HSP90α ELISA study, rewarming for 30 min was observed to increase the expression 

of HSP90α under the same experimental circumstances (Figure 6.4.B.)(p ≤ 0.05).  In 

addition, HSP90α at low level in normoxia showed increased expression in hypoxia 

(supplementary figure 6.3.).  TGFβ showed increased expression at Day 1 (p ≤ 0.001) 

following the recovery, but not at Day 7.  
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Figure 6.4. Demonstration of HSP90α and TGF-β stabilisation in hypothermia and 
rewarming. 
HSP90α expression was observed after 4oC for 24 h (A) and carried on being expressed after 
rewarming at 37oC for 30 min (B).  TGFβ proteins were observed on Day 1, but not at Day 7 
at 37oC (C).  No cells survived in perfusion fluid alone.  Mean ± SD N=6, one individual 
experiment.  The level of significance was set at the probabilities of ★p ≤ 0.05, ★★p ≤ 0.01, 
★★★p ≤ 0.001, compared to control (no stress). 
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6.3.2 Gene expression under HP and HMAs 

To examine whether HMAs (100µM Co and 500µM DMOG) mimicked HP by increasing 

prosurvival factors for enhancing cell survival in the hypothermic stress model, we selected 

three transcripts CIRBP, COX2 and RBM3 that have ever been reported to be induced by Co, 

DMOG or HP, and also included another three transcripts HSP90α, PGK1 and BNIP3 that 

showed upregulation in the HIF-1α pathway.  The expression of these 6 gene transcripts after 

24 h at 4oC followed by 30 min at 37oC was studied by qPCR (Figure 6.5.).  In general, five 

transcripts (HSP90α, CIRBP, COX2, RBM3 and BNIP3) were shown to be highly induced by 

DMOG treatment at 24 h 4oC but were unaffected by HP.  PGK1 transcript was highly 

expressed by HP treatment (Figure 6.5.B and D).  Previously, BNIP3 showed to be induced 

by hypoxia in a HIF-dependent manner.  However, it was not matched to our study.  Taken 

together our results indicate that both Co and DMOG induced pro-survival pathways in 

different manners.  For example, Co treatment showed high expression of RBM3, PGK and 

BNIP3 at 24 h 4oC, and upregulated HSP90α and PGK at 30 min 37oC.    
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Figure 6.5. Comparison of the effect of Co, DMOG and HP on pro-survival genes 
expression at 24 h hypoxemia and 30 min rewarming. 
HepG2 cells in perfusion fluid alone (A), cells in Co (B), DMOG (C) and HP (D) were 
shown to have different levels of expression of prosurvival genes compared to control 
(healthy cells) or control stress (cells at 4oC for 24 h without HMAs treatment).  
Interestingly, the expression of PGK was under the detection threshold in cells with no 
HMAs treatment.  A representative graph of each mRNA normalised to the RPL13A (Mean 
± SD, N=3). 
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6.4 Discussion 

HMAs treatment enhanced HepG2 cells survival, resuscitation and recovery following 

hypothermic stress (see figure 5.3.1.).  We demonstrated here, that HMAs prevented the 

degradation of HIF-1α even after 30 min at 37oC (see Figure 6.3.), compared to the half-life 

of HIF-1α (<5 min) in normoxia249.  This suggested that stabilising prosurvival factors (e.g. 

PGK1 and BNIP3) in advance might help to prevent stress insults.  The propose of 

hypothermic preservation in organ transplantation is to slow down protein translations and 

cellular metabolisms, which results in lower oxygen demand that helps to conserve ATP233.  

Prolonging cellular ATP deprivation, however, results in the breakdown of ion homeostasis 

(inhibition of the Na+/K+ ATPase) and an increase in ROS generation.  Eventually, cell death 

is increased via apoptotic or necrosis pathway185,186.  A significant amount of works has been 

done to show that CSPs such as CIRBP and RBM3 are essential for cell survival when under 

environmental insults, particularly under hypothermic stress250,235,236,237.  CIRBP is a nuclear 

protein which, under stress, migrates from the nucleus to the cytoplasm in response to 

accumulation of SGs251 and oxidative stress (HIF-1-independent mechanism)189, where it 

promotes SG formation to partially suppress translation251;  RBM3 has shown to have a 

protective effect by augmenting protein synthesis via alteration of microRNA levels252.   

These suggest a cooperative system to mediate preferential translation selection effectively 

to increase cell survival252.  Our research team is the first team to demonstrate the 

expressions of these two CSPs may be associated with HMAs treatment.  The observed 

increase in expression of CIRBP and RBM3 with DMOG can be explained by its effect on 

regulating a metabolic switch which activates glycolysis to reduce ATP consumption to cause 

mild stress221,222.  Following this mild stress, rapid recovery of protein synthesis capacity 

would be expected to increase the requirement for molecular chaperones involving in protein 

folding, particularly in the cytoplasm.  In this in vitro experiment, we demonstrated HSP90α 

overexpression induced a significant accumulation of HIF-1α in the HepG2 cells, and 

accumulation of HIF-1α has also been shown to stabilise HSP90α125,253.  Our study supports 

the contention that HSP90α stabilisation can prevent the rapid degradation of HIF-1α, and 

also suggested that stabilising HSP90α may be involved in the recovery of global protein 

synthesis and coordination of cellular repair after the environment insults.   
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Cyclooxygenase-2 (COX-2) is an enzyme responsible for inflammation, and is involved 

in the regulation of tissue regeneration and cell restoration254.  COX-2 accumulated 

throughout hypothermic and rewarming stresses in DMOG treatment, but not in HP and Co 

treatment.  Another stabilised prosurvival factor BNIP3 which also increased in DMOG 

treatment, is involved in autophagic and apoptosis death programmes, which is believe to 

conserve ATP supply for essential cellular mechanisms operating for survival during the 

stress insults255.  DMOG has a greater effect on cell survival compared to Co due possibly to 

the inhibition of other members of the 2-OG-dependent dioxygenases, not only PHD and 

FIH256, but also JMJD1A and JMJD2B, both of which play key roles in epigenetic 

mechanisms that enhance pro-survival pathways.  Furthermore, our results are consisted with 

those of the Elvidge group who also showed regulation of gene expression by hypoxia and 

DMOG257, as hypoxia itself is involved in triggering p53 apoptotic pathway, induced a 

substantial cell loss (as described in detail in section 1.3.3).  In contrast, DMOG co-

administrated to increase HIF-1α and NF-KB activity, ameliorate the severity of injury and 

improve the repair and regeneration162.  Our study showed that even Co has the ability to 

stabilise HIF-1α, however, it may not be a completely correct model for mimicking HP, as it 

aberrantly induces various hydroxylases involved in HIF pathways258,  and also is of concern 

for clinical use.  Therefore, we suggest the use of DMOG to mimic HP to stabilise HIF-1α 

for enhancing prosurvival pathways in stress insults.   

Further work to expand our knowledge of the HIF-1α pathway is required.  Successfully 

inhibiting HIF-1α can lead to an understand of how HMAs impact on cellular survival 

pathways and enhance cellular adaptation to stresses.  A clearer and more comprehensive 

analysis of prosurvival pathways via HIF-1α stabilisation would be a useful step towards 

novel targeted treatments. 

. 

6.5 Conclusion 

Five transcripts HSP90α, CIRBP, COX2, RBM3 and BNIP3 that were highly induced 

after 24 h at 4oC in the presence of DMOG to protect HepG2 cells from exposure to 24 h at 

4oC, were unaffected or minimally affected by HP.  On the other hand, only the RBM3 

transcript was highly expressed in Co treated cells after 24 h at 4oC, while HSP90α and 

PGK1 were observed after rewarming for 30 min at 37oC.  Taken together our results show 
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that both Co and DMOG induced pro-survival pathways in different manners.  The target 

genes in the spectrum of the response induced by HIF stabilisation and the extent to which 

individual HIF target genes contribute to the observed protective effect of pharmacological 

HIF induction.  It is more likely that the combined activation of a whole set of target genes 

exerts more reproducible and stronger effects than that of single genes or their products.  
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 Do HMAs treatment Chapter 7
enhance cell survival in 
hypothermic stress in 3D? 

7.1 Introduction 

3D cell culture more accurately mimics the native in vivo microenvironment, compared 

to 2D cell culture259,260,261.  3D cell culture systems allow cell-to-cell interactions and cell-to-

ECM interactions on all cell membranes, and this can influence cell shape and, via mechano-

transduction, cause changes in cell behaviour21,262,263.  For example HepG2 cells cultured in 

conventional 2D culture have been shown to reduce their ability to metabolise drug, as they 

lose large amount of CYP450 enzymes and activities to perform the detoxification174. It has 

also been shown that cell survival mechanisms (e.g. proliferation, metabolic adaptation or 

HSP90 expression/survival factor expression) are different in 3D compared to 2D264.  

Particularly in oncology research, the complexity and heterogeneity of cancer are quite hard 

to capture in 2D cell culture265.  Furthermore, accumulated studies have demonstrated that 

cells cultured in 2D culture behave differently in 3D culture266,267, which is due to the 

expression of some genes being enhanced in 3D but not in 2D.  For example proteins 

involved in cell growth and survival (Akt and EGFR) showed a significant expression in 3D 

compared to in 2D268,269.  Therefore, if we want to increase cell survival in cell therapy, tissue 

engineering or organ transplantation, it is important to determine if the use of HMAs are 

beneficial to what is likely already to be 3D stress environment.  Particularly in cell therapy, 

cells are injected into 3D environments and those 3D environments can change cell survival.  

Here we repeated our hypothermic cell survival model in 3D cell-seeded compressed 

collagen type I gels (using the RAFT system).  The compressed gel is around ~100µm thick 

after removing interstitial fluid and increasing collagen density, which ensures the even 

diffusion of nutrient and O2 to maintain cell population expansion270.  We examined the 

effect of Co and DMOG on 3D models comprising multicellular spheroids after hypothermic 

stress.  Increased interest has been shown in ADMSCs for regenerative medicine 

applications.  This is due to their capacity for self-renewal and the ability to undergo 
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multilineage differentiation as well as being less ethically controversial and an easily 

accessible source of cells271,272.  Therefore, using ADMSCs cells to study the impact of 

HMAs on cell survival can improve our understanding for the future use of HMAs in 

potential clinical applications. 

In this chapter, we have studied the impact of Co and DMOG on cellular survivals on 3D 

cell culture system of both HepG2 and ADMSCs cells, which were demonstrated by 

metabolic activity and proliferative rate.  

 

7.2 Materials and methods 

A summary of experimental protocol in this chapter is described as follow (see Figure 

7.1.): 

1. HepG2 cells or ADMSCs were seeded at a density of 1x104 cells/collagen gel in 96-

well plates, and cultured for 24 h in normoxia incubator.   

2. HepG2 cells were co-cultured with HMAs (Co, DMOG and DFO) in perfusion fluid 

for 24 h under hypothermic stress model (4oC). 

3. After 24 h stress condition, cells were placed back to rewarming condition, perfusion 

fluid was replaced with fresh media and cultured at 37oC.  The samples were compared to 

the control healthy cells cultured in normoxia.   

4. Cell recovery and survival analysis were performed over a period of 7 days.   

5. These assays included cellular metabolic activity (Alamar Blue Assay) and cellular 

proliferation (Total DNA contents)(Live and Dead Assay).   
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Figure 7.1. Diagram of summary research methodology in this chapter. 
1. HepG2 cells or ADMSCs were seeded with a density of 1x104 cells/collagen gel in 96-
well plates, and cultured for 24 h in normoxic incubator.   
2. Cells were preplaced fresh media with clinically used organ perfusion fluid with/without 
HMAs.   
3. and 4. After 24 h at 4oC, cells were placed back to the rewarming condition (37oC).  Cell 
survival, resuscitation and recovery were performed over a period of 7 days, which were 
determined by different parameters such as cellular metabolic activity (Alamar Blue assay) 
and cellular proliferation (Live and Dead assay).  

 

7.2.1 3D HepG2 cell culture 

HepG2 cell maintenance, expansion and cell seeding were performed as described in 

section 3.2.2. and 3.2.6.  For each 3D collagen scaffolds, 1x104 cells were added and 

cultured for 7 days with no media change. 

 

7.2.2 3D ADMSCs cell culture 

ADMSCs cells were maintained, expanded and seeded between Passage 1-3 according to 

the procedures that are described in detail in section 3.2.3. and 3.2.6. 
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7.2.3 3D hydrogel Synthesis with/without cells 

The procedure of The RAFT™ 3D Cell Culture System systhensis is mentioned in section 

3.2.6. 

 

7.2.4 Cellular metabolic activity 

The AlamarBlue® Cell Viability Assay based on metabolic activity, was used to 

determine cell viability.  Further information regarding the procedure is mentioned in detail 

in section 3.3.1. 

 

7.2.5 Cell proliferation on 3D hydrogel 

The LIVE/DEAD® Viability/Cytotoxicity Kit is one of the best methods to study live and 

dead cells, as cells were embedded within the gels with a variety of pore sizes.  The 

procedure detail included cell seeding procedure is mentioned in section 3.3.4. 

 

7.2.6 Phase microscopy and image analysis 

Images of all spheroids were captured on Day 1 and Day 7 for growth determination 

using EVOS FL cell imaging system (ThermoFisher Scientific, UK) with a 10x objective.  

The scale of images was determined using a scale bar 1000 µm.  Spheroid sizes were 

assessed using the open-source software ImageJ (Fiji package) by a quantitative measure of 

30 spots of an image with three triplicates, one individual experiment.   

 

7.2.7 Statistical Analysis 

The data is presented as the mean and standard deviation and analysed using GraphPad 

Prism version 6.0h. (2009)(GraphPad Software, Inc., California, USA).  Statistical 

significance of differences was evaluated by The Mann-Whitney nonparametric test to 
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compare control (stress).  The data expressed in the percentage that normalised by Day 1 in 

each condition (mean ± SD obtained from triplicates in three individual experiments).  The 

level of significance was set at probabilities of ★p ≤ 0.05, ★★p ≤ 0.01 and ★★★p ≤ 0.001. 

 

7.3 Results 

7.3.1 To determine HepG2 cell density in the 3D cell culture system 

To investigate the cell density for future 3D cell culture studies, cells were seeded at 

densities between 1x104 to 1x105 cells/well in 96-well plates (2D), and between 1x104 to 

1x105 cells/gel in 96-well plates (3D) at normoxia.  A cell density of 1x104 cells/gel showed 

an increase in metabolic activity over the 7 days experiment at 3D, compared to the rest of 

the cell densities, which plateaued at Day 3.  In contrast, 2D cell culture system exhibited no 

different cellular metabolic activity among the different cell densities, as they all presented 

linear metabolic rates (Figure 7.2.).  

 

 

 

Figure 7.2.  The effect of cell seeding number on HepG2 cell viability in 2D (A) and 3D 
(B) cell culture systems in 21% O2. 
An increase in metabolic rate over 7 days was observed in both 2D and 3D cell culture 
systems, apart from the highest cell seeding density (1x105 cells/gel).  An obvious metabolic 
rate increase was observed at a seeding density (1x104 cells/gel) in both 2D and 3D cell 
cultures.  The data was expressed as a percentage normalised to Day 1 for each condition.
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7.3.2 HepG2 cell viability in 3D cell culture system at 21% O2 and 1% O2 

respectively.  

HepG2 cell viability of the cells in 3D cell culture was evaluated using the calcein AM-PI 

staining method.  The stained HepG2 cells were observed under a fluorescence microscope.  

Cells under normoxic conditions formed slightly bigger spheroids compared to cells under 

hypoxia (Figure 7.3.A.).  However, cells cultured under normoxia had lower metabolic 

activity and proliferation compared to cells cultured under hypoxia, the Alamar blue assay 

which was used to assess metabolic activity that reaching a plateau with a significant 

increase at Day 3 (p ≤ 0.01, p ≤ 0.001).  The same result was observed with proliferation that 

was assessed by LIVE/DEAD® viability/cytotoxicity (Figure. 7.3. B and C). 
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Figure 7.3.  Cell proliferation 3D HepG2 spheroids cultured at 21% O2 and 1% O2 
respectively. 
Calcein AM (Green) stained live cells and EthD-1 (Red) stained dead cells scale bar is 
100µm.  The sizes of cellular spheroids were compared when cultured in normoxic and 
hypoxic environments (A).  In addition, there was a sharp increase in metabolic activity (B) 
and proliferation (C) in hypoxic condition at Day 3 compared to normoxic condition.  Cell 
density was 1x104 cells/gel in each well of 96-well plates.  The data expressed in a 
percentage of Day 1 for each condition.  Mean ± SD obtained N=3, one individual 
experiment.  The significance of hypoxia compared to normoxia at the same time point ★★★p 
≤ 0.001. 
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Figure 7.4. The impact of Co and DMOG on HepG2 cell behaviour at 3D hydrogel 
system. 
Encapsulated HepG2 cells were stained with Calcein AM (Green) and EthD-1 (Red) in 
~100µm thick 3D hydrogel, scale bar is 100µm.  Live cells are green and dead cells are red 
(A).  Both Co and DMOG treated cells showed an increase in metabolic activity (B) and 
proliferation (C) in normoxia over 7 days experiment. Cell density was 1x104 cells/gel in 
each well of 96-well plates.  DMSO indicated cell death as negative control.  The data 
expressed in a percentage that normalised to Day 1 in each condition. Mean ± SD obtained 
N=3, one individual experiment.  The level of significance was set at probabilities of ★p ≤ 
0.05 compared to control stress. 
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7.3.3 The impact of HMAs in HepG2 cell behaviour in the 3D cell culture 

system 

We examined the effect of HMAs (Co and DMOG) treated on HepG2 cells in a 3D cell 

culture system following 24 h hypothermia.  Both 100µM Co and 500µM DMOG promoted 

HepG2 cells to form larger spheroids than the fresh cell (control) (Figure 7.4.A. and Figure 

7.5.). Co treated HepG2 cells also showed a significant increase in metabolic rate, when 

assessed by the Alamar Blue assay, compared to control (p ≤ 0.05)(Figure 7.4.B).  

Furthermore, the size of spheroids was verified by imagej64 with a quantitative measure on 

30 spots of an image with three replicates. 

 

        

Figure 7.5. The impact of Co and DMOG on the cellular spheroid formation. 
100µM Co and 500µM DMOG both promoted more significant spheroid formations at day 7 
compared to the control. The data are expressed as mean ± SD obtained N=3.  Mean ± SD 
obtained N=3. 

 

 

Day 1 Day 7
0

1000

2000

3000

4000

5000

Sp
he

ro
id

 a
re

a 
(μ

m
2 )

Control 100
200

500
Co (µM) DMOG (µM)

1000



135 
 

7.3.4 To determine ADMSCs cell density in the 3D cell culture system 

We determined ADMSC cell density for future 3D cell culture studies.  Cells were seeded 

at densities between 1x104 to 1x105 cells/well in 96-well plates (2D), and between 1x104 to 

1x105 cells/gel at 96-well plates (3D) at normoxic and hypoxic environments respectively.  

Similar results were observed with HepG2 cells in 3D cell culture systems: ADMSCs seeded 

at a density of 1x104 cells/gel showed a stable increase of metabolic activity over the 7 days 

experiment in 3D compared to the remaining cell densities which plateaued at Day 3 (Figure 

7.6.). 

 

 

Figure 7.6. A comparison of ADSMCs seeding density in 2D and 3D cell culture system 
respectively. 
The metabolic activity was analysed by Alamar blue assay, which showed that cell densities 
seeded in between 1x104 and 5x104 cells/well at 96-well plates showed a similar increase in 
metabolic rate in 2D (A) and in 3D (B). Cell density at 1x104 cells/well showed linear 
metabolic rate over the 7 days experiment. In contrast, cells seeded above 1x104 cells/well 
reached plateau at Day 3.The data expressed in a percentage that normalised by Day 1 in 
each condition.  Mean ± SD obtained N=3, one individual experiment. 
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We examined the effect of Hypoxia Mimetic Agents (Co and DMOG) on ADMSCs in a 

3D cell culture system following 24 h at hypothermia.  Treatment with Co at 100µM, DMOG 
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Day 1 Day 3 Day 7
0

50

100

150

200

M
et

ab
ol

ic
 A

ct
iv

ity
 %

10000
20000
50000
100000

Day 1 Day 3 Day 7
0

50

100

150

200

M
et

ab
ol

ic
 A

ct
iv

ity
 %

A B 



136 
 

7.7.A).  Cell proliferation in 500µM and 1000µM DMOG demonstrated that there was no 

difference to control (healthy cells).  

 

         

Figure 7.7. The impact of HMAs in AMDSCs cell survival, resuscitation and recovery. 
DMOG treated ADMSCs cells showed significantly increased cell survival following 24 h 
4oC.  The data demonstrated at cellular metabolic (A) and proliferation (B) at each treatment.  
The data expressed in a percentage that normalised by Day 1 in each condition.  Mean ± SD 
obtained N=3, one individual experiment.  The level of significance was set at probabilities 
of ★p ≤ 0.05, ★★★p ≤ 0.001 compared among each condition. 
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7.4 Discussion 

This preliminary study demonstrated that 3D cell culture system supported both HMAs 

Co and DMOG cell survival, resuscitation and recovery on both cell lineages HepG2 and 

ADMSCs in hypothermic stress.  This result also matched to the result observed and 

presented in 2D cell culture system (Chapter 5).  3D cell culture system showed improved 

cell survival and morphology and promoted self-assembly to form bigger HepG2 spheroids, 

particularly cells treated with HMAs (Co and DMOG) which showed significantly increase 

spheroid sizes (Figure. 7.4.A.).  A 3D cell culture system is built to mimic the in vivo 

architecture of natural environments and can induce natural cellular behaviours by 

increasing cell-to-cell interaction and cell-to-ECM interaction262,263.  This can prevent 

apoptosis induced by lack of correct cell/ECM attachment and interaction, and commonly 

known as anokis21.  2D culture provides a defined environment to study complicated cell 

behaviours and morphologies, which can limit our understanding of the native cellular 

responses.  Particularly in oncology research, where the complexity and heterogeneity of 

cancers are quite hard to capture in 2D cell culture265.  Furthermore, accumulated studies 

have demonstrated that cells cultured in 2D culture can behave differently in 3D 

culture266,267, as also demonstrated in our model in this chapter.  The addition of Co and 

DMOG also promoted HepG2 spheroid formation that mimicked the native organisation 

within the liver.  This suggests that HepG2 spheroids might be retaining the functional 

characteristics of the native organ.  However, further investigation is required to prove this.  

Potentially, these cellular spheroids can be modified into microtissues with complex shapes 

that can create new opportunities for clinical applications273,274.   

The larger spheroids formed in 3D cell culture under normoxic conditions showed a 

decrease in both cellular metabolic activity and proliferation compared to the smaller 

spheroids produced under hypoxia.  The same phenomenon was observed in HMAs 

treatments, where both Co and DMOG treated cells showed lower cellular metabolic 

activity and proliferation with larger spheroids (Figure 7.5.A.).  This may be due to 

diffusion limitation, also a current challenge to the field of tissue engineering, where 

ensuring cell survival within 3D constructs both in vitro and in vivo is essential.  Without a 

viable vascular, spheroid construct thickness is limited to oxygen and nutrient diffusion 

rates of ~200µm275.  If the 3D structures/spheroids are larger than that cell survival within 
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the scaffold/spheroid is reduced both by the lack of oxygen and nutrients (e.g. glucose) and 

also by a high concentration of lactate and reductive metabolites42, a result of accumulated 

cell death.  In our 3D cell culture model, however, this may not be the case, as the size of 

our hydrogel is ~100µm276, which is within the range of diffusion of oxygen and nutrient to 

the cells.  The observation of decrease cellular mechanisms in our study model could be 

because of limitations in our assays.  Currently, the parameters used in the cell assays (e.g. 

the length of incubation and dye concentrations) are optimised for 2D cell culture systems, 

which may cause the dyes to stay on the surface of spheroid rather than penetrate to cells at 

the inner central area.  This may lead to false results277.  Furthermore, the range of cell 

density can be detected is between 4x104 and 2.5x105 cells/cm2 (Supplementary figure 4.4. 

and 4.5.).  To improve this study, adjusting the parameters, such as increasing the 

concentration of dyes from 10% (v/v) to 20% (v/v) of AlamarBlue® Cell Viability Assay is 

required to measure 3D spheroids; another adjustment can be done is by increasing the 

incubation from current 4 h to 5 h or above.  Or to use a mathematical model can help to 

further understand different aspects of spheroid formation on a real time basis (e.g. cell 

growth, differentiation, proliferation and apoptosis)278,279 and spheroid function (e.g. cell 

behaviour) by providing quantitative information with algothrim280.  The advantage of 3D 

cell culture is that it can not only mimic aspects of the native cellular environment but also 

act as a carrier to control the release of biomolecules to direct desirable cell behaviours (e.g. 

differentiation) and promote tissue organisation.  This flexibility can extend the 3D cell 

culture applications from in vitro to organ transplantation.   

 

7.5 Conclusion 

In conclusion, we have demonstrated that both Co and DMOG had significantly 

increased cellular spheroid formation HepG2 cells.  However, decreased cellular metabolic 

activity and proliferation were observed compared to the 2D cell culture model.  This could 

be due to the limitation of the assays.  In contrast, Co showed a cytoprotective effect on 

HepG2 cells but had opposite effects on ADMSC cells, which may indicate the efficacy of 

Co in stem cell relative therapeutic applications.  Furthermore, this established 3D cell 

culture model could be a potential stress model to help our understanding of the cellular 
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prosurvival pathway.  However, proper assessment of these assays is required to improve 

this knowledge. 
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 Summary and future Chapter 8

outlook 

Increased cell survival is vital for many regenerative medicine strategies and for 

improved organ transplantation outcomes.  A simple and safe strategy for increasing survival 

and favouring differentiation of grafted cells can pave the way for innovating interventions 

for tissue regeneration and restoration.  A growing study has shown HIF-1α stabilisation to 

enhance cells adaptation to environmental stresses (section 1.3.1.).  HP treated cells 

demonstrated increase cell survival and promoted cellular differentiation towards specific 

cell lineages (section 1.3.2.).  Changing the oxygen pressure can, however, cause undesirable 

cell behaviours including reduced proliferation and oxidative stress, in addition to practical 

difficulties in controlling oxygen levels in vitro and, on implantation in vivo.  Here we have 

demonstrated that stabilising HIF-1α through the use of HMAs in normoxia, offers a 

practical solution to activating pro-survival factors, while limiting the undesirable effects of 

changing oxygen levels.   

 

8.1 Summary 

Chapter 4:  Our established in vitro stress model (hypothermic stress at 4oC) showed a 

substantial cell loss in HepG2 cells after 24 h of exposure.  Further cell loss, observed on 

rewarming to 37oC, was associated with oxidative stresses207,208,209.  The preservation fluid 

could not effectively offer protection to cells during preservation, and the cell survival rate 

was less than 90% compared to cells preserved at 2 h 4oC (Figure 4.6.).  HP showed 

significantly reduction of cell death demonstrated by the metabolic activity and total DNA 

content studies respectively (Figure 4.6.).  

Chapter 5: Exploring the roles of HMAs as putative activators, on the cellular survival 

responses to hypothermia, we found that the addition of Co and DMOG into perfusion fluid 

significantly increased cell survival, resuscitation and recovery compared to HP 
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preconditioned cells (Figure 5.2.), which could be due to a reduction in ROS generation 

(Figure 5.3.).    The use of HMAs also demonstrated that there were no side effects on 

cellular functionality with concentration of Co of 100µM and 200µM, and DMOG of 500µM 

and 1000µM.  However, the use of Co is of concern due to its toxicity that is both dose-

dependent and time-dependent.  Thus, if a small dose is used then, with long-term exposure, 

damage could be caused.  The safe dose of Co used in general cell culture is between 50µM 

and 200µM for maximum inductive effect (Table 1.4.).  Therefore, an intermediate dosage of 

100µM was used for future experiments, along with 500µM DMOG that also showed the 

maximum inductive effect.  Interestingly the HMAs treated daughter cells, which survived 

from hypothermic stress for the first time, had enhanced cell survival when exposed to 

further hypothermic stress.  The protective effects of Co and DMOG were also observed in 

ADMSCs at 24 h 4oC.  

Chapter 6: We demonstrated that pharmacological activators of HIF-1α Co and DMOG 

stabilised the level of HIF-1α protein by utilising HIF-1α immunofluorescence staining and 

ELISA kits.  The data indicated that HIF-1α stabilisation was prolonged under treatment of 

HMAs (100µM Co and 500µM DMOG) at 24 h 4oC.  To understand the cellular prosurvival 

pathways that protected cells from hypothermic stress, we employed qRT - PCR to examine 

the gene expression changes in response to HP and to HMAs (100µM Co and 500µM 

DMOG) to get a more detailed and comprehensive analysis in order to understand the 

pathway.  The expression of five transcripts (HSP90α, CIRBP, COX2, RBM3 and BNIP3), 

was highly upregulated by DMOG treatment to protect HepG2 cells from exposure to 24 h at 

4oC.  By contrast, only three transcripts CIRBP, COX2 and PGK1 were upregulated in HP 

treatment at 24 h 4oC.  PGK1 is one of the upregulated genes in the HIF pathway, which is 

proposed to act as a metabolic switch to the glycolytic pathway for enhancing ATP 

generation19,45.  On the other hand, only the RBM3 transcript was highly expressed in Co 

treated cells after 24 h at 4oC, while HSP90α and PGK1 were observed after rewarming for 

30 min at 37oC.  The transcript of COX2 was highly expressed in untreated cells at both 

conditions, 24 h 4oC and 30 min 37oC, respectively.  Taken together our results showed that 

both Co and DMOG induced pro-survival pathways in different ways.  The target genes in 

the spectrum of the response induced by HIF-1α stabilisation through individual HMAs 

demonstrates specific protective effects to stresses. Therefore, it is suggested that the 

combination of HMAs (Co and DMOG) in treatments could exert more reproducible and 

stronger protective effects than that of a single HMA.  
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Chapter 7:  We demonstrated that the effects of both Co and DMOG was to 

significantly increase cellular spheroid formation at HepG2 cells, however, decrease cellular 

metabolic activity and proliferation were observed compared to the 2D cell culture model.  

This could be due to the limitation of the assays.  As they are designed for 2D cell culture 

system, the dyes may not have penetrated to the core of larger spheroids, resulting in a low 

signal below the limits of detection.  Another concern is the hypoxia core of the larger 

spheroids that may result form oxygen diffusion limitations in 3D structures, which might 

induce cell death.  Co showed a cytoprotective effect on HepG2 cells but had no effects on 

ADMSC cells, which might be due to the cell natural characteristics.  This also indicates 

that Co might lack of efficacy for stem cell therapeutic applications.  This established 3D 

cell culture model could be a potential stress model to help our more comprehensive 

analysis of cellular prosurvival pathways.  However, proper assessment of the assays is 

required to examine the model. 

 

8.2  General discussion 

The difference between HP and HMAs in cell survival and functionality 

This thesis demonstrated an increase cell survival following HP, and showed similar 

results as to others who been also demonstrated with various cell types in other type of stress 

models such as low nutrient and/or low O2 in vitro11,39,106,107,108,109 and in vivo119,120,121,122,123,124, 

with the only difference being our adverse condition: hypothermic stress.  HMAs, however, 

showed a considerable increase (~50 – 350%) in cell survival, resuscitation and recovery 

following hypothermia and rewarming compared to HP, in both 2D and 3D models.  This is 

similar to the previous reports showed that HMAs such as Co, DMOG and DFO increased 

the tolerance to stresses via expression of HRE such as EPO and VEGF159,160,281.  However, 

DFO showed little effect on cell survival in our hypothermic stress model (p<0.001).  This is 

in contrast to some studies where the addition of DFO in perfusion fluid increased cell 

survival in hypothermia, in an in vivo model214,231.  Iron is an essential cofactor for many 

cellular enzymes (e.g. PHDs contain a non-heme-bound divalent iron (Fe2+), and enzymes 

responsible for the conversion of ribonucleotides to deoxyribonucleotides during the cell 

cycle require iron)232.  Therefore, to some extent, iron chelators such as DFO, in this case, 



143 
 

may have affected DNA synthesis and cell growth proliferation.  Our group is the first to 

have demonstrated that both Co and DMOG treatments resulted in increased cell survival 

after 24 h at 4oC, while also preventing the degradation of HIF-1α for 30 min at 37oC (see 

Figure 6.2.) compared to the half-life of HIF-1α of <5 min in normoxia249.  This may suggest 

that enhancing the expression of prosurvival factors in advance, to prevent stress insults, 

results in enhancement of cell survival (see Figure 1.6.).  Cells have time-related and 

spatially-related functional requirements in utilising a range of oxygen partial pressures88.  

Therefore, the treatment of HP through manipulation of physiological oxygen pressure, 

compared with the treatment of HMAs through incorporation of tissue constructs to regulate 

time and spatial diffusion.  HMAs could represent a more efficacious and efficient tool to 

improve cell therapy and encourage tissue engineering as its precise target to specific cells.  

Furthermore, cells treated with Co and DMOG demonstrated similar level of ALT activity 

and albumin secretion followed 24 h at 4oC compared to the control cells cultured in 21% 

O2, and also promoted increase spheroid formation of HepG2 cells in 3D cell culture 

systems.  This is the first time such an effect of HMAs has been shown in HepG2 spheroids 

grown in 3D culture.  3D cell culture more closely mimics microenvironments, cell-to-cell 

interactions and biological mechanisms that occur in vivo than does 2D cell culture266,267, and 

can help to bridge the gap between 2D cell cultures and in vivo models.  

 

Is increased cell survival inherited from parental cells exposed to HMAs during 
stress? 

We had demonstrated that HMAs treated daughter cells, which survived from 

hypothermic stress for the first time, had enhanced cell survival when further exposed to 

hypothermic stress exposures, suggesting an epigenetic effect.  An epigenetic effect on 

cellular adaptation to stress insults is partly controlled by modifying the chromatin structure 

via epigenetic mechanisms226.  Recent studies have demonstrated that JMJD1A and JMJD2B 

(histone demethylases) are regulated in a HIF-1α dependent manner.  The dioxygenases, 

require Fe2+, a-ketoglutarate, and oxygen to perform their enzymatic activities, in a manner 

similar to the PHDs and FIH1227,228.  These histone demethylases therefore, could be affected 

not only by oxygen partial pressure but also by HMAs, partly explain the epigenetic.  Our 

results indicated that the influence of Co and DMOG enhanced cell survival may be through 

the regulation of epigenetic mechanisms via adaptation to hypothermic stress environments.  
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DMOG seems to have better cellular survival effect than Co in this study, as DMOG is likely 

to inhibit many other relative members of 2-OG-dependent dioxygenases, not only the 

hydroxylases enzymes PHDs and FIH256.  This suggests that DMOG might be involved in 

regulating JMJD1A and JMJD2B dioxygenases to enhance prosurvival pathway.  However, 

further studies are required to fully understand the epigenetic mechanisms that lead to 

cellular prosurvival pathways being affected by HMAs. 

 

Which HMAs shows the most promising effects on cell survival? 

  Three commonly used HMAs were tested at different concentrations (Table 1.6.).  

DMOG appeared to show increased cell survival and recovery compared to DFO and Co.  

Interestingly, the only commercially used pharmaceutical, DFO, showed the highest toxicity 

and lowest cell survival (P<0.001).  A significant amount of works has been done to show 

that CSPs such as CIRBP and RBM3 are essential for cell survival when they are under 

environmental insults250,235,236,237.  CIRBP is a nuclear protein which, under stress conditions, 

migrates from the nucleus to the cytoplasm, in response to accumulation of SGs251 and 

oxidative stress (HIF-1-independent mechanism)189, where it promotes SG formation to 

partially suppress translation251.  RBM3 has been shown to have a protective effect by 

augmenting protein synthesis via alteration of microRNA levels252.   This suggests a 

cooperative system to mediate preferential translation selection effectively increasing cell 

survival252.  Our research team is the first to demonstrate the expression of these two cold 

shock proteins in DMOG treatment.  The increased expression of CIRBP and RBM3 

observed with DMOG can be explained by the correlation of DMOG with stress protein 

induction for enhanced stress adaptation.  However, whether this correlation of DMOG with 

CIRBP and RBM3 underlies in the HIF-1α pathway requires further studies to clarify it (see 

future work section).  In vitro experiments have demonstrated HSP90α overexpression 

induced a significant accumulation of HIF-1α in the HepG2 cells, and accumulation of HIF-

1α has also been shown to stabilise HSP90α125,253.  Our study supported the statement that 

HSP90α stabilisation can prevent the degradation of HIF-1α, which suggested the 

stabilisation of HSP90α was involved in the recovery of global protein synthesis and 

coordination of cellular repair upon exposure to the rewarming insult.  COX-2 has been 

shown to be involved the regulation of tissue regeneration and cell restoration254.  The 

accumulation of COX-2 and BNIP3 had been observed throughout hypothermic and 
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rewarming stresses in DMOG treatment.  DMOG co-administrated to increase HIF-1α and 

NF-KB activity, ameliorates the severity of injury and improve the repair and regeneration162. 

 

The validity of in vitro cell model – would this be applicable for regenerative 
medicine? 

We demonstrated the effects 100µM Co and 500µM DMOG, both of which significantly 

increased cellular survival, resuscitation and recovery on both HepG2 and ADMSCs cell 

lineages following hypothermic stress in 2D with no toxic effects.  Improving hypothermic 

preservation could also improve the efficiency of logistic management of cell therapy and 

tissue engineering application geographically.  In addition, HMAs such as DMOG, 

encapsulated within artificial 3D scaffold, might provide a key-directing cue to generate, 

timely and spatially, a systemic combination of molecular and mechanical signals to 

deliberately control the selected target cells.  Through Co enhanced cell survival, 

resuscitation and recovery in the stress model on HepG2 cells, its carcinogenic properties 

such as oxidative DNA damage, prevent the administration of Co in anything other than 

preclinical studies.  This might explain the effect of Co on ADMSCs had lower cell survival 

compared to the control.  As the temporal and spatial modulation of HIF-1α in vivo is 

different from in vitro, for instance, HIF-1α reaches maximal levels after 1 h and gradually 

decreases to baseline levels after 4 h of continuous hypoxia in liver and kidney282.  

Functionality tests are required to understand the efficiency and efficacy of HMAs, such as 

differentiation potential on HMAs treated ADMSCs after hypothermia.  Recent paper 

suggested that ADMSCs retained their characteristics (such as proliferation and migration) in 

hypoxia compared to normoxia283.  However, a study demonstrated that using DFO and Co 

in long-term period (more than 24 h) had a bad influence in cell behaviours249.  It is 

reasonable to assume that HMAs treated ADMSCs in our protocol can retain their 

differentiation capacity in 2D and 3D cell culture systems as the longer incubation period 

was up to 24 h, but it is desirable to verify this in a further study. 
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8.3 Future work 

HIF-1α silencing to confirm and understand the role of HMAs and HP on cell 
behaviour 

Whilst we demonstrated HMAs enhanced cell survival, resuscitation and recovery 

following hypothermic stress, we were unable to show these beneficial effects were through 

HIF-1α stabilisation.  Therefore, a suggestion for future study would be to see whether 

inhibiting HIF-1α could lead to a better understanding of the impact of HMAs on cellular 

survival pathways to promote cellular adaptation to adverse conditions.  A a more clarified 

and comprehensive analysis of cellular prosurvival pathways via HIF-1α stabilisation would 

be a useful step towards novel targeted treatments.  Inhibition of HIF-1α can be tentatively 

divided into five sections to approach it’s modulation: 1, mRNA expression284,285, 2, protein 

translation286,287, 3, protein degradation288,289, 4, DNA binding290 and 5, transcription 

activity291.  A study that used a polypeptide commonly known as EZN-2698 to target mRNA 

expression demonstrated improved specificity of HIF-1α inhibition285.  Therefore, for the 

future improvement, we could use EZN-2698 to inhibit HIF-1α, as successful inhibition of 

HIF-1α could also lead to understanding the impact of HMAs on cellular survival pathways 

enhancing cellular adaptation to adverse conditions.  As such, a more clarified and 

comprehensive analysis of cellular prosurvival pathways via HIF-1α stabilisation would be a 

useful step towards the novel targeted treatments. 

 

Investigating and understanding the potential epigenetic effects of HMAs 

We demonstrated that HMAs treated cells, after the first exposure to hypothermic stress 

showed an increase in cell survival following further stress exposures.  We hypothesize that 

cells inherited epigenetic memory from the first exposure to protect from stress insults.  

Epigenetic information storage is via histone methylation that modulates posttranslational 

histone modifications involved in the regulation of gene transcription292.  It has been shown 

that HIF-1α had an impact on epigenetic information storage by inducing the expression of 

two jumonji family histone demethylases JMJD1A and JMJD2B293.  JMJD1A and JMJD2B 

may also amplify the HIF-1α gene expression program to enhance metabolic adaptation, 

cellular growth and regeneration293, an alternation direction to understand the HIF-1α 
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pathway.  JMJD1A and JMJD2B are dioxygenases which require the presence of Fe2+, a-

ketoglutarate, and oxygen to perform their enzymatic activities, similar to the PHDs and 

FIH227,228.  In addition, hypoxia might limit their enzymatic functions294.  However, a recent 

study reveals that JMJD1A and JMJD1B can tolerate relatively low oxygen, for example, 

0.2% O2 does not inhibit the histone demethylase functions293.  This might explain the short 

cytoprotective effect of HP on cell survival in adverse conditions.  Therefore, the observed 

increase in cell survival following treatment with Co and DMOG, in the hypothermic stress 

model, may result from a similar impact of both HMAs on these histone demethylases as do 

PHD and FIH.  Further studies need to be conducted to examine the biological functions of 

both JMJD1A and JMJD1B in HMAs (Co and DMOG) and to dissect the molecular 

mechanism by which JMJD1A regulates epigenetic information storage in HMAs.  We could 

test whether the induction of JMJD1A and JMJD2B by HMAs or HIF-1α stabilisation can 

affect the global histone methylation levels.  This may lead to an understanding of how the 

epigenetic memory persists once the cells re-exposure to hypothermic stress without any 

treatment of HMAs.  This can help us to tailor the therapy for patient-specific requests.  

Using a chromatin immunoprecipitation (ChIP) assay, study the chromatin structures 

following treatment with HMAs, which can elucidate epigenetic regulation via histone 

methylation and demethylation in response to HMAs may provide new insight for the 

understanding of cells adaptation to environmental stresses. 

 

Improved in vitro models 

Using our established hypothermic stress model to study the impact of HMAs in cell 

survival has leveraged our understanding of prosurvival mechanisms to adapt to stress insults 

via HIF-1α stabilisation.  This study can enhance the application of hypothermic preservation 

for the delivery of cell therapeutic products to a clinical site, which is also commonly used in 

organ transplantation.  The current challenge is that prolonged periods of hypothermic 

preservation can induce ischemia which leads to cell damage, with further reduction in cell 

numbers on rewarming207,208,209.  The addition of HMAs to preservation solution might 

provide protection against the damaging effects of long-term hypothermic preservation.  Our 

preliminary experiments showed that HMAs in preservation fluid enhanced human liver 

samples survival.  However, these experiments could not be carried forward due to the 

limited access to human tissue.  Therefore, increasing the number of organ samples is crucial 
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to study HMAs associated with HIF-1α stabilisation in cell survival.  This may be a possible 

solution to the shortage of organs for transplantation that is still the global issue49. 

 It may be possible to expand the knowledge gained here to other common stress insults 

such as revisiting the low oxygen and low nutrient stress model, as implanted cells and 

engineered tissues experience enduring anoxia and serum deprivation until a viable vascular 

system is established in the implantation site39,107.  The continued survival of implants, is 

dependent on the ingrowth of host vascular system that usually takes 7 – 14 days to 

establish177.  Before this viable vascular system has formed, implanted cells are required to 

overcome the accumulation of ROS that can lead to the consequence of cellular injury (e.g. 

DNA damage178 and mitochondrial dysfunction179), and results in the triggering of the cell 

death pathway180.  The experimental protocol would require that HMAs are cocultured with 

cells during the stress, which is the same protocol as established within this thesis.  This may 

enable HIF stabilisation throughout the tissue and limit the damage of oxidative stress by 

increasing the production of prosurvival factors (e.g. HSP, antioxidant) and metabolic 

adaptation, prior to the onset of actual hypoxia. 
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Supplementary Chapters 

Supplementary Chapter 4. 
Models for cell survival 

                   
Supplementary Figure 4.1.  Metabolic activity standard curve. 
A linear relationship showed between HDFa cell number / cm2 and AlamarBlue® Cell 
Viability Assay absorbance to determine the cell density base on the assay sensitivity. 
 

 

Supplementary Figure 4.2. Cell growth standard curve. 
A linear relationship showed the sensitivity range between HDFa cell number / cm2 and 
CyQUANT® Cell Proliferation Assay absorbance. 
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Supplementary Figure 4.3. HDFa cell attachment tested in Trypan Blue exclusive assay. 
The density of 15,000 of HDFa cells seeded in T-25 flasks in normoxia incubator and 
hypoxia incubator, respectively.  Cells were counted by Trypan Blue exclusive assay with 
hemocytometer under light microscope in different time frames.  Oxygen partial pressures, 
1 % O2 and 21 % O2 have showed no effect on cell attachment in the time points selected for 
the experiment. 

 

 

                     

Supplementary Figure 4.4.  Alamar Blue standard curve. 
A linear relationship showed between HepG2 cell number / cm2 and AlamarBlue® Cell 
Viability Assay absorbance to determine the cell density base on the assay sensitivity. 
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Supplementary Figure 4.5.  CyQuant cell proliferation standard curve. 
A linear relationship showed to determine the sensitivity range between HepG2 cell number 
and CyQuant cell proliferation absorbance.   
 

Supplementary Table 4.1. Composition of organ perfusion fluid (Soltran). 

Components Concentration g/L 
Potassium Citrate 8.60 
Sodium Citrate 8.20 
Mannitol BP 33.80 

Magnesium Sulphate 10.00 

  

Others  

Osmolality 486 mOsm/L 

pH 7.1 
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Supplementary Table 4.2. The composition of DMEM cell culture medium. 
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Supplementary Figure 4.6.  Phase contrast micrographs of HepG2 cells at 4oC for 2 h, 
12 h, and 24 h. 
Arrows point to cell budding, apoptotic-like cells (p53-dependent mechanisms requires 
mitochondrial permeabilisation), magnification 20x. 
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Supplementary Chapter 5 
Pharmacological HIF mimetics 
enhance cell survival in 
hypothermic preservation in 2D cell 
culture 

  

 

 

 

A 

B 

Supplementary Figure  5.1.   ADMSCs Characterisation. 
A. Antibody staining for vimentin acts positive control.  B. Negative control  
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Supplementary Figure  5.2.  ADMSCs characterisation. 

A. CD31 is specific antibody marker for epithelial cell. B. CD105 and CD44 are specific 

antibody marker for ADMSCs. 
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Supplementary figure  5.3. HepG2 cell preconditioned with HMAs in media at 21% O2. 
The data has demonstrated that no difference on cellular survival / recovery on 24 h 
rewarming phase followed 24 h severe hypothermia. (A) Metabolic activity from the severe 
hypothermia preconditioned in perfusion fluid with HMAs (Co2+, DMOG or DFO in 37oC 
for 24 h.  Only 50µM of Co2+ showed significant different compared to control (stress) on 
Day 7. (B) Cell proliferation from each treatment. (ns = non-significant, ** P ≤ 0.01) 
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Supplementary  figure 5.4.  HepG2 cells preconditioned with HMAs in media in 
hypoxic incubator (1% O2). 
The result has showed there is no difference on cellular survival / recovery on 24 h 
rewarming phase followed 24 h severe hypothermia. (A) Metabolic activity from the severe 
hypothermia preconditioned in perfusion fluid with HMAs (Co2+, DMOG or DFO in 37oC 
for 24 h. (B) Cell proliferation from each treatment. (ns = non-significant, ** P ≤ 0.01) 
 

Control (Stress) 25 50 100 200 175 250 500 1000
0

50

100

150

M
et

ab
ol

ic
 A

ct
iv

ity
 A

sb
or

an
ce Day 1 Day 3 Day 7

****
**** ****

****

****

****

***

Control (Stress) 25 50 100 200 175 250 500 1000
0

20

40

60

80

D
N

A
 (

µg
/m

L
)

Day 1 Day 3 Day 7

Day 1 Day 3 Day 7
0

100

200

300

400

500

Pr
ol

if
er

at
io

n 
%

Control (Stress) 25uM
50uM

100uM
200uM

175uM
250uM

500uM
1000uM

Co2+ (µM) DMOG (µM)

A 

B 

C 



191 
 

Supplementary Chapter 6 
HMAs enhance cell survival via 
stabilisation HIF-1α pathway 
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Supplementary figure  6.1. Genes calibration curves.  
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Supplementary figure  6.2. Positive control and negative control for HIF-1α ELISA kit. 

 

                    

Supplementary figure  6.3. Positive control and negative control for HSP-90α ELISA 

kit. 
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