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[l. Abstract

Non-healing (chronic) wounds are a major health problem; they are painful, cause considerable
morbidity and costs the NHS between £4.5 and £5.1 billion annually. New approaches to wound
healing that target tissue regeneration, rather than infection management, are urgently needed.
The cellular response to oxygen via the Hypoxia Inducible Factor (HIF) pathway is vital for
healthy wound repair and activates a number of processes important for wound regeneration
including; the recruitment of inflammatory cells, metabolic adaptation, cell survival and a
plethora of pro-angiogenic factors. Considering that patients with increased chance of
developing chronic wounds (e.g. diabetic and elderly patients) have an impaired response to
hypoxia, wound dressings that artificially targets the HIF pathway may offer some promise in
restoring chronic wound healing. Here we investigate if HIF mimetics (DMOG, DFO and cobalt)
and HIF mimicking bioactive glasses as a possible strategy for chronic wound repair.

To test the effect of these HIF mimetics an in vitro hyperglycaemic model, that mimics the
impaired HIF response observed in diabetic patients, was developed. HaCaT preconditioned
with high glucose levels for 28 days, resulted in an impaired response to hypoxia (reduced
VEGF expression and reduced HIF stabilisation, p<0.5). By comparing a range of glucose levels
and pre-conditioning periods, this study provides a comprehensive guide to in vitro modelling of
wound healing responses, not currently present in the literature. In the hyperglycaemic model,
HIF mimetics (DFO and cobalt), restored HIF-1a stabilisation and VEGF expression to a similar
(DFO) or greater level (cobalt) to that observed in the normal glucose response to hypoxia
(p<0.0001). DMOG also increased VEGF expression, but in mechanism that appeared to be
independent to HIF-1a stabilisation.

Considering that topical oxygen therapy of chronic wounds is a current treatment modality with
some evidence of success, despite the inevitable oxidative stress caused, it was investigated if
HIF mimetics would enhance cell survival and activate the regenerative approaches associated
with HIF stabilisation (regardless of the local oxygen pressure). HaCaTs were subjected to
100% O:2 which caused cell death within 48 hours. Interestingly, HIF stabilisation levels were
higher under hyperoxygen conditions in the hyperglycaemic conditions, when compared to
normal levels of glucose (p=0.003). This is in line with the increased cell survival observed in

hyperglycaemic cells at a prolonged exposure to 85% Oz (p>0.001).

Silica-based bioactive glasses containing cobalt (and other ions that may enhance wound
healing, Mg & Zn) were prepared via the melt-derived route. Controlled Co release from the
glasses was observed in the physiological range of HIF stabilisation. Zinc ions promoted cell
proliferation under hypoxic conditions but not normoxic conditions (p<0.01). The dissolution
products from the Cobalt-containing glasses stimulated VEGF secretion linearly to the
percentage of cobalt molarity in the glass compositions. Cobalt and zinc-releasing glasses

demonstrated the potential use in advanced wound dressings for chronic wounds.



lll.  Impact Statement

This thesis investigates the development of new chronic wounds treatments by targeting the
cellular pathway involved in responding to changes in oxygen pressure, the Hypoxia Inducible
Factor (HIF) pathway. The thesis will have a number of impacts:

1. Patientimpact

Chronic wounds disproportionately affect the diabetic and elderly population, having an
important impact in the patient’s quality of life. Chronic wounds are painful, unsightly, cause
morbidity and are leading cause of limb amputation. Despite a number of tissue engineering
and artificial skin substitutes emerging as potential treatments, they are expensive and there is
limited evidence of success in treating full dermal wounds in diabetic and elderly patients.
Wound dressings that provide signals that enhance the patient’s own wound healing capabilities
(by targeting an underlying mechanism that is impaired in these patients — namely the HIF
pathway) would offer a number of advantages in terms of cost, application in remote
communities and (possibly) efficacy. Using a model of the diabetic environment
(hyperglycaemia) this thesis has demonstrated that HIF mimetics can help restore the normal
wound response.

2. Societal impact

Chronic wound management costs the NHS between £4.5 and £5.1 billion annually.
Improvements in chronic wound healing rate would have substantial economic impact in terms
of the cost to health services. This thesis suggested a new approach to wound dressings (via
the controlled release of HIF mimetics) that would reduce chronic wound healing time through
increased anti-microbial activity, promotion of angiogenic factors and increased cell survival.

3. Commercial and translational impacts

The thesis advanced the translation of new diabetic wound healing treatments by the
development an in vitro model that resembles the diabetic phenotype in normal and low oxygen
levels (as wounds) in two important cell lines in wound healing. This enables a reliable in vitro
2-D model of chronic wounds (diabetic and elderly) for drug-development research. The
commercial creation of new wound healing dressings with the use of cobalt containing bioactive
glasses (as demonstrated in this thesis) or with the controlled release of other HIF mimetics
would have a considerable economic impact, the global advanced wound dressing market is
estimated at £8-20 billion by 2024. Here we describe a simple, off-the-shelf cost-effective
approach to wound dressings that avoids the expense and regulatory hurdles of using cells or
material (ECM) derived from animals.

4. Scientific impacts

There are a number scientific impacts that will further our knowledge of how cells behave in high
glucose and hypoxic conditions, and in how different HIF mimetics behave differently. The
capacity of the HIF mimetics is commonly evaluated under normal oxygen conditions in terms
of HIF-1a stabilisation and VEGF expression. However, this is the first report of the response of
three HIF mimetics (each with a different mechanism of HIF induction) under low oxygen and
hyperglycaemic conditions. HIF mimetics were able to increase HIF-1a accumulation in the
hyperglycaemic model and increased VEGF expression. HIF stabilisation under 100% O2 was
also found to be glucose dependent. These findings help develop our understanding of HIF and
high glucose, gaining knowledge that will enable new insight and new treatments for chronic
wounds.
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Chapter 1. General Introduction

1.1 The clinical need for improved chronic wound healing

A chronic wound, as defined by The Wound Healing Society, “is a wound that fails to
heal in a timely and orderly rate, without restoring functionality or anatomical integrity”.*
The timeliness is subjective, determined by the origin and complexity of the wounding,
however the orderliness relates to the sequential process of wound healing. Chronic
wounds can occur following trauma, from surgical procedures or can be caused by

pressure ulcers, diabetic ulcers and burns.?

Chronic wounds are painful, cause considerable morbidity and have large treatment
costs. In the US, the estimated treatment cost of chronic wounds is estimated to be $25
billion, whilst in the UK it is estimated that 2-3% of the health budget is spent on the
treatment of chronic wounds, with a prevalence if 3.7 per 1000 patients.>~" Furthermore,
it has been estimated that 85% of the lower limb amputations are related to chronic
wounds.® It was reported, by the Public Health England, that between 2015-2018 there
were 147,067 hospital spells for diabetic foot ulcers, where 33% of the patients were
admitted more than once for ulcer treatment and that 8.7% of this population had an
amputation.® Guest et al. (2016) estimated that 5% of the diabetic population within the
UK have a foot ulcer.® Ulceration not only reduces the quality of life of the patient, but
is also associated with increased mortality due to amputation and depression.'*? With
the increasing ageing population and the alarming increase in diabetes, it is expected
that chronic wounds will affect one person in 10 by 2040. The development of new
treatments and technologies for chronic wound healing are urgently needed®® and in
order to increase the translation of these new technologies, better in vitro models of

diabetic wounds are needed.

1.1.1 Wounds Classification

Chronic wounds are classified through different systems to diagnose, predict the clinical
outcome and selection of optimal treatment. Initially, the Wagner system classified the
wounds depending on their depth, the presence of gangrene, loss of perfusion and
introduced the ischemic index as a predictor factor of healing. A cut-off point in the
ischemic index between diabetics and non-diabetic patients was also set -0.45 and
0.35 a.u. accordingly-, where the difference populations is associated to the

comorbidities in diabetes such as vascular disease and basement membrane



thickening,'* affecting the re-oxygenation of the wounded tissue. The University of
Texas (UT) system classifies them into 4 stages with 3 grades each incorporating the
presence of infection and/or ischemia.’® The Site, Ischemia, Neuropathy, Bacterial
Infection, and Depth system (SINBAD) classifies wounds based on a score of 6 points
taking into account the wounded site and the presence of neuropathy as prediction
variables.’® As the stage and grade of severity increase along of the duration of the
wound, so does the risk of prevalence of microbial flora and biofilm development.t’ The
NICE? guidelines recommend the UT and SINBAD classifications, as they are
considered clinically descriptive, simple and applicable to the UK practice and already

widely used.'®

1.2 Current approaches for chronic wound healing

The first line of response to a wound is offloading (if a pressure ulcer), debridement and
the use of wound dressings. The main factors to be addressed in managing chronic
wounds are: 1) the identification of the physical cause of the wound, and when possible
the correction, 2) pressure control, 3) control of infection 4) restoration of pulsatile blood
flow and 4) metabolic control.*3° A number of different treatment approaches exist to
encourage wound healing depending on the site, type and size of wound*® defined as

adjunctive treatments (see Table 1-2).

The majority of wounds are currently treated by debridement, considered to be a gold
standard step in wound bed preparation.'®2°-22 Debridement consists on the removal
of nonviable tissue and debris at the wound bed and margins, and can be through
surgery, wet-to-dry dressings, bio-surgery, enzyme preparations and hydrogels.?° After
debridement the use of a wound dressing is generally required. In the same manner, it
has been reported that advanced wound dressings efficiency improves after

debridement.18:20.23-26

1.2.1 Wound dressings

The purpose of wound dressings is to protect the wound from infection, absorb and
control the exudate and retain moisture whilst allowing gas exchange. Ideally, wound
dressings should be non-adhesive, prevent infection and biofilm formation and enhance
healing without forming a scar; at the same time, they should be cost-efficient and

manageable for the patient.?”8 There are a wide range of potential dressings currently

aThe National Institute for Health and Care Excellence (NICE) provides national guidance and
advice to improve health and social care.



available (Table 1-1, Figure 1-1). Although NICE has adopted wound classifying

systems and established recommendations on wound care, there is no specific

recommendation of the choice of dressing. NICE considered that the evidence

supporting different wound dressings (Table 1-1) is limited or inconclusive, although

they state that factors such as availability, wound severity, infection control and patient

decisions must be taken into consideration when selecting the wound dressing.!®

However, NICE acknowledges that the low-cost dressings currently used may not be

the most appropriate dressing for the patients, and thus can result in worsen of the

wound, patient dissatisfaction, and be a waste of resource.82329.30

Table 1-1 Characteristics of advanced wound dressings.1821.2331-34

Dressing Type

Characteristics

Companies/Suppliers

Gauze
(traditional,
non-advanced)

Foams

Transparent

films

Hydrocolloid

Capillary-

Action

Alginates

Antimicrobial

dressings

Absorbent and low cost, requires constant
replacement and do not protect from

exogenous bacteria

Absorb wound exudate, maintain moisture,
can include film coatings as barriers, can
occasion malodorous smell

Can act as bacterial barriers, permeable to
water and oxygen, retain moisture and
promote epithelialisation, may strip skin.
Promotes auto-debridement, absorbent,
may promote over granulation, long lasting,
can occasion bad smell and strip skin.
Highly absorbent, two low-adherent contact
layers with hydrophilic fibres core, prevent
maceration.

Highly absorbent, forming gel when in
contact with wound, maintain moisture, may

produce fibrous debris

Deliver antimicrobial agents (iodine, silver,
honey), effective against pathogens, high

cost.

Generic, Smith &
Nephew, Kendall,
MolInlycke

Smith & Nephew, 3M,

Braun, ConvaTec,

Mélnlycke,
Kendall, Johnson &
Johnson, Smith  and
Nephew, 3M

Smith and Nephew,
ConvaTec, Coloplast,
Hollister, Systagenix
Advancis, Protex,

McKesson.

Smith & Nephew, 3M,
ConvaTec, Covidien,
Bertek, Maersk,
Unomedical

Smith & Nephew, 3M,
ConvaTec, Coloplast,
Johnson and Johnson,

Medline, Healthpoint

The prescription costs for the NHS in one year to July 2018 in advanced wound and

antimicrobial dressing materials in primary care in England were almost £92 million.



Advanced wound dressings actively improve the environment of the wound through a
physical (e.g. moisture control) o chemical means? (see Table 1-2). The use of
antimicrobial dressings is advised by NICE when clinical signs or symptoms of infection
are present. It must also be considered that while antimicrobial dressings help manage
infection and thereby prevent worsening of the wound, they do not directly promote
tissue regeneration, and may even by cytotoxic to wound healing cells as well. This
issue may be important in patients that have reduced regenerative capacity e.g.

diabetic or elderly patients.

= Hydrogel Dressings
4.4% 1.7%

)y

/ -30-1% a alginate dressings
0.6%
O'O%i// = capillary-action dressings

2.2%

= Vapour-permeable films
and membranes
= Soft Polymer Dressings

Hydrocolloid dressings

u foam dressings

® odour absorbent
dressings

14.6%_J
m dressings doped with

honey, iodine and silver

14.0% = Other antimicrobials

Figure 1-1 Advanced wound dressing in England. The percentage of advanced wound
dressings used in primary care settings in England from August 2017 to July 2018. Original
figure data obtained from NICE 3°

1.3 Adjunctive treatments for chronic wound healing

The delay in the wound closure and tissue remodelling in diabetic patients, require not
only the regulation of the wound environment, but also the promotion of the healing
process, thus advanced wound therapies are complementary treatments to aid wound
regeneration in these patients. These treatments include the use of angiogenic growth
factors, (such as BFGF, the only FDA approved pro-angiogenic treatment for diabetic
foot ulcers), bioengineered skin grafts containing acellular ECM components of skin
(e.g. Integra) and cellular components (e.g. Apligraf®), physical stimuli (e.g.



mechanical stimulation) or oxygen therapies (Table 1-2). NICE have published
recommendations against the treatment of diabetic wounds through hormonal growth
factors, autologous PRP-gel, electrical stimulation and dalteparin (low molecular weight
heparin), unless as part of a clinical study as they considered not to prove a significant
effect in wound healing and/or are not cost effective.*®® They also report that negative
pressure therapy treatment has been found to improve significantly the wound outcome
and should be preceded by surgical debridement.8-3¢

Table 1-2 Adjunctive treatments for chronic wound healing (* FDA approved)
Type Subtype

Dalteparin® (heparin mechanism) 183738 *
bFGF (basic Fibroblast Growth Factor) 394!
EGF (commercialised as REGEN-D) 4244 *
Topical PDGF (Becaplermin- Regranex Gel) 254546
TGF-B (transforming growth factor beta)*’~%°
G-CSF (Neupogen® & Leucomax®)51-53 *
VEGF (topical) 5
VEGF (Gene encoding growth factor) 555

treatments

Insulin>7-¢°
Platelet-Rich Plasma (PRP) 266162
Apligraf® / Graftskin® 63-66 *
Grafts?*% Dermagraf® 6467.68 x
(bioengineered Urgostart®?"69-71

alternative tissues) | Grafix®"*"
Integra Dermal Regeneration Template®47 *

External Phototherapy”®77
physical Negative pressure therapy’8-81
stimuli Acoustic energyst-84

Electrical stimulation®-87

Agueous oxygen-20
Oxygen Hyperbaric oxygen'89:
therapies Topical oxygen 92795
Continuous diffusion of oxygen®-°

Several skin substitutes and graft systems exist, as reviewed and classified by
Davidson-Kotler et al. (2018), who separated these according to their base material, if
cellular content is present and the permanence of the graft. However, not all of them

have FDA approval or according to the U.S. Department of Health and Human

® NICE report (2015): Recommendation 55



Services, have enough supporting evidence of their efficiency.*329-% Nevertheless,
NICE recommends the consideration of skin substitutes when the healing has not
progressed, while the use of regenerative wound matrices is not recommended unless
part of a clinical study.*®© Dermagraft® is a nenonatal dermal fibroblast in a polyglactin
bio-absorbable mesh, that allow the native cells to migrate into the scaffold. The use of
cells within skin substitute is likely to act via its secretome (production of growth factors,
cytokine and chemokines).®”1%° Urgostart® is an interactive dressing that inhibits
protease activity, specifically matrix metalloproteinases, whilst controlling the wound
humidity.5+¢7:%8 Apligraf® -previously called Graftskin®- is a collagen and cultured
allogeneic fibroblast and keratinocytes.®*-%¢ Of the skin substitutes listed in Table 1-2,
only Apligraf®, Dermagraft® and Integra Dermal Regeneration Template® have
obtained the premarket approval (PMA) by the FDA (2019).* There are twenty six
products that have a 510(k) premarketing submission, as they are based on synthetic
and animal sources, and 45 products derived from human cadaver skin and placental

membranes are have a HCT/P submission®, both regulated through the FDA.*

The use of phototherapy, which involves applying ultraviolet and near infra-red light into
the wounded site, causing a reported increase in cell metabolic activity and proliferation
(which could be associated to ROS production).”®7"19! Phototherapy is not considered
by NICE to have a significant difference when compared to standard care and has not
sufficient evidence supporting its use,'® however, it is considered by the FDA to have a

positive effect.”®

High oxygen therapies are growing in use as adjunctive therapies. They increase the
oxygen pressure in the wounds, obeying Henry’s law, which states that the amount of
dissolved gas in a liquid is directly proportional to its partial pressure.®*°2 The
oxygenation of a healthy tissue can vary between 25-100 mm Hg, and when wounded
the oxygen partial pressure drops to between 5-20 mm Hg.81% However, in a chronic
wound the ischemic tissue can reach 0-5 mm Hg. Topical oxygen therapy consists on
the application of a high concentration of oxygen at an atmospheric pressure, while
continuous diffusion of oxygen consists of applying a highly oxygen concentration flow,
increasing the tissue oxygen pressure between 100- 250 mm Hg. Hyperbaric oxygen

treatment, is where patients are placed in chambers where the ambient oxygen

© NICE report (2015): Recommendation 54

@ “A submitter of a premarket notification submission (510(k)) must demonstrate to the Food
and Drug Administration (FDA) that the “new device” is “substantially equivalent” (SE) to a
legally marketed predicate device.” 536

© An FDA regulation for human cells or tissue intended for implantation, transplantation,
infusion, or transfer into a human recipient.5%’



pressure is higher than atmospheric, which is reported to increase tissue oxygen
levels.’®* The oxygen increase in the treated tissue results in an increased in ROS
production, and associated increases in angiogenic (e.g. VEGF) and stem cell
recruiting factors (e.g. SDF-1),93102.105

1.4 Pathogenesis of diabetic and elderly chronic wounds

1.4.1 Why are diabetic wounds less likely to heal?

Diabetes Mellitus is characterised by hyperglycaemia, having a multifactorial effect in
the development of chronic wound healing. Hyperglycaemia inhibits the response to
hypoxia, via an impairment of the Hypoxia Inducible Factor (HIF) pathway. High
glucose is also responsible of altering the polyol, hexosamine, and diacylglycerol
pathways and Advanced Glycation End products (AGE) accumulation as reviewed by
Huang et al. (2014).1% Diabetic patients have an increased expression inflammatory
markers resulting from hyperglycaemia which induces expression of interleukin-1p (IL-
1B).10719%8 The sustained pro-inflammatory environment can translate into endothelial
and smooth muscle cell dysfunction including dysregulation of vasoconstriction, blood
flow and cell migration. Diabetic patients also display differences in nitric oxide
expression and platelet function.'°®11° Skin changes have also been reported in diabetic
patients, with an increase of epidermal thickness, inferior mechanical properties (e.g.
increased rigidity and brittleness of tissues),'!! a reduced production of collagen type I,
and dysregulation of metalloproteinases, as reviewed by Quondamatteo et al. (2014.11?
These molecular and physiological changes have been reported to lead to a reduced
response to injury, impaired re-vascularisation and re-oxygenation after an ischemic
event such as a wound.’*!° Peripheral artery disease (PAD), is also common in

diabetic patients and can not only cause wounds, but also prevent healing.'*®

Biofilms (persistent microbial colonies) are often present in chronic, open wounds
(~60%),'** and are often resistant to antibiotics due to the protective self-produced
ECM. Several authors suggest that this biofilm is the principle treatment target and

cause for chronic wound development.?114:115



1.5 Therole of oxygen and oxygen sensing pathways in wound healing

1.5.1 Oxygen supply importance and as signalling factor

Hypoxia is a physiological stimulus that regulates mammalian oxygen homeostasis
having an effect on a myriad of cellular processes including, metabolism, differentiation,
proliferation, migration and ECM production. Tissue responds to the decrease of
oxygen pressure via Hypoxia Inducible Factor (HIF) pathway, governed by the HIF-1a
transcription factor. In hypoxia HIF-1a avoids degradation, allowing it's migration to the
nucleus, binding to HIF-1B and the expression of ~300 Hypoxic Responsive Element
genes, including genes involved with wound healing such as, vascular regulation,
glucose uptake, glycolysis, angiogenesis, lymphangiogenesis chemokine production
(Figure 1-2). The knockout of HIF-1a molecule has demonstrated its importance in the
regulation of vascularisation,'® chondrogenesis,**’ adipogenesis,!'® osteogenesis,*®

haematopoiesis,'?° innate immunity?®®1?! and wound healing.'?

)
( Apoptosis/ Redox
Necrosis regulation
BNip3 Heme oxygenase 1,

(BCI12 family) metallothionenin,
diaphorase, GSH

‘ H regulation W
P HIF 1 Cytokines

Carbonic anhydrases, IL-1q, IL-8
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Proliferation ] meir;i:)gl\i/sm
VEGF, VEGFR, EPO, Angiogenesis Glucose transporters Glut 1,3
p21 Glycolyticenzymes

EGF, EGFR, PDGF, IGF-1, IGF-  ALDA, PGK1, PKM, PFKL,
2, VEGF, FGF, Angiopoietin-1 LDHA

Figure 1-2 Involvement of HIF 1 in cell-regulatory systems. HIF is a master regulator of
oxygen homeostasis and driving factor in development, metabolism, inflammation and wound
repair.

The response to hypoxia is cell-type specific and the HIF pathway is activated when
oxygen metabolic demand outstrips supply. HIF-1 is a heterodimer that increases the
transcription of several genes when it binds into the DNA in 5-RCTGTG-3". It is
constituted by two proteins, HIF-1a and HIF-183, (Figure 1-3) the latter also known as

ARNT (Aryl hydrocarbon Receptor Nuclear Translocator). Both proteins have an amine



terminal, a bHLH domain (basic-Helix-Loop-Helix) and 2 PAS domains (Period clock-
Aryl hydrocarbon receptor nuclear translocator-Single minded). The domain bHLH
regulates the dimerization of HIF-1, controlling it's binding to ADN.123-12¢

33 296 401 575 768 826 aa
HIF-1a TAD-N TAD-C
Dimerisation, DNA binding Transcriptional modulation
HIF-1B TAD-C
789 aa

Figure 1-3 Diagram of protein structure of HIF-1(a/B). bHLH: basic Helix-Loop-Helix; PAS:
Period ARNT; ODD (Oxygen-dependent degradation domain; TAD-C Translational Activation
Domain - Carboxy terminal; TAD-N Translational Activation Domain -Nitro Terminal. Image
adapted from 127,

The stabilisation of HIF-1a in hypoxia is achieved via the inhibition of oxygen sensitive
enzymes, namely factor inducible hypoxia (FIH) and prolyl hydroxylases-2 (PHD-2)
(Figure 1-4). Both PHD and FIH depend upon oxygen and oxoglutarate
dehydrogenase complex (2-OG) as substrates, in addition to iron and ascorbate as co-
factors. Under normoxic conditions, HIF-1a is hydroxylated in the ODDD (Oxygen-
dependent degradation domain) in prolines 549-572 by PHD; allowing interaction with
the amino acids 549-572 from von Hippel-Lindau (pVHL) B domain. The pVHL is a
component of the E3 ubiquitin ligase complex responsible to ubiquitinise HIF-1q,
previous to be degraded by the proteosomal. However, if HIF-1a is not degraded, the
transcriptional activity can be blocked through asparagine hydroxylation preventing the
binding to the transcriptional CBP/p300.124125127 Under normoxia, the half-life of HIF-
1a is 5 minutes,'?® conversely under hypoxia 1% the half-life can be extended to 30

minutes.

Under normoxic pathological conditions, HIF-1a can be stabilised and its degradation
prevented, creating a pseudo-hypoxia stage. However, in normoxic conditions and
under the presence of HIF mimetic factors, HIF-1a can be stabilised as the
ubiquitination decreases. Following HIF-1a accumulation, through hypoxia or
artificially, HIF-1a translocates into the nucleus, binding to HIF-1p and forming the HIF-
1 complex. The HIF-1 complex then activates the hypoxia response element (HRE)
which results in the upregulation of the genes involved in tissue survival and

regeneration, 24129
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Figure 1-4 HIF-1a stabilisation. HIF-1a is stabilised under hypoxic conditions, translocating
into the nucleus where it binds to HIF-1B and activates HRE genes. Under normoxic
conditions, it is rapidly degraded by the FIH and PHDs, polyubiquitinated by the von Hippel-
Lindau protein followed by proteosomal degradation. Original figure adapted from 130.131

The metabolic switch to glycolytic respiration, which is related to the cell proliferation,
is regulated through the HIF 1 pathway. This metabolic switch, named the Pasteur
Effect, is when the cells transition from the oxidative phosphorylation pathway the
glycolysis in order to generate sufficient ATP under restricted oxygen conditions. The
HIF pathway stimulates the expression of glycolytic enzymes, increasing the
catabolism of glucose and lactic acid production.**? Under pathological conditions in
which HIF is unregulated, such as tumours, the Warburg effect takes place. The cells
adapt to hypoxia and depend permanently on glycolysis in order to survive, even when

subjected to normoxic levels. 3133

1.5.2 HIFin wound healing

The oxygenation of the dermis ranges between 1.5 and 5% O, whilst the oxygenation
in the epidermis can be as low as 0.2% 0,.2** Following injury and damage to the
microvasculature the dermis oxygen pressure can reduce close to anoxia'**-'% and
this, together with increased metabolic demand causes activation of the HIF pathway.
HIF-1a stabilisation is responsible of activating a number of wound healing regenerative
processes (Figure 1-4) including: 1) the inflammatory response (inflammatory cell
recruitment and monocytes differentiation), antimicrobial activity (phagocytic activity is

increased following HIF stabilisation),***4° 2) vascularization (HIF stabilisation

10



increases the production of number of pro-angiogenic factors)!'®14 and 3) remodelling
(e.g. collagen synthesis by fibroblasts).'#?

The HIF pathway is linked to every stage of wound healing (as detailed in Figure 1-5).
After injury, haemostasis occurs. Platelets degranulate and release histamine, and a
number of factors known to be important in angiogenesis (e.g. EGF, PDGF, TGF- and
VEGF-A).1* In response to the oxygen drop, surrounding keratinocytes release IL-1
and Macrophage Chemo-attractant protein (MCP-1) to attract monocytes,
macrophages, T-cells and mast cells.** Hypoxia also induces keratinocytes migration
from around the wound edge towards the lesion, proliferating in order to restore the
barrier function*®, The monocytes differentiate into macrophages between day 2 and
3 after injury, releasing further inflammatory and angiogenic factors IL-1 and IL-6, TNF-
a, FGF, TGF-B and PDGF.'**4¢ Hypoxia has been demonstrated to enhance monocyte
differentiation into macrophages.!4” Macrophages also release reactive oxygen species
(ROS) due to an oxygen consuming respiratory burst, and this is involved in bacteria
killing and prevention of infection, as well as redox signalling modulating the healing
process.#814% |n response to hypoxia and by the chemotactic gradient produced by
resident cells, fibroblasts migrate into the wound at day 2. There is a strong cross-talk
between keratinocytes and fibroblasts,'® orchestrating the wound healing process
across different types of skin and immune cells, which has also been shown to HIF

dependant, 45150151

In the proliferation stage, new tissue is formed under hypoxic conditions, including the
formation of new blood vessels, driven by the angiogenic factors VEGF, PDGF and
SDF-1.152153 Granulation tissue is constructed due to the deposition of collagen by
fibroblasts and the new capillary network.'>* The new vascularisation allows the gradual
restoration of the oxygenation, however the remodelling phase is still driven under
hypoxic levels. In the remodelling phase, keratinocytes differentiate led by contact
inhibition, into a basal phenotype of stratified squamous keratinizing epidermal cells.
TGF-B1, which is secreted by keratinocytes and macrophages in early stages of wound
healing, signals fibroblast to differentiate into a myofibroblast phenotype, which will
synthesise new collagen.***® The remodelling phase is aided by the
metalloproteinases (MMP) and regulatory TIMPs produced by the keratinocytes and
fibroblasts, breaking down of old collagen forming a scar.#1615 The new
microvasculature matures in this process. Even though when the wound has closed
and no visual signals of injury are perceived, the remodelling phase can be extended

to months.

11
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Figure 1-5 Involvement of HIF-1a in the wound healing process. The PHD and FIH functional dependence on oxygen allows the rapid stabilisation of HIF-
1a following a drop in Oz pressure caused by microvasculature damage from injury. HIF-cell response is cell-type de dependant and in all stages of wound
healing: 1) inflammation: HIF stabilisation increases interleukin, chemokine and cytokine production by resident cells causing inflammatory cell recruitment,
monocyte differentiation into macrophages and increased macrophages phagocytic activity; 2) Angiogenic response, HIF stabilisation induces resident cells to
produce angiogenic factors, and induce endothelial and fibroblast migration and proliferation; 3) wound remodelling, increasing TGF-f3 expression, collagen
synthesis, fibroblast infiltration and MMP production, permitting wound closure and collagen degradation.
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1.5.3 Chronic wound healing

Chronic wounds are characterised by a prolonged period of inflammation, lack of
restoration of the oxygen supply and the dysregulation of the growth factors and
cytokines coordinating the healing process. Chronic inflammatory results in elevated
IL-18 and TNF-a secretion, and higher interstitial collagenases, gelatinases and
stromelysins expression,1°71%8-160 thys a reduction in the granulation tissue and
collagen content is observed.'! The sustained expression of MCP-1 and Interferon
Inducible Protein-10 (IP-10) in chronic wounds prolongs the inflammatory response
by continuously recruiting lymphocytes and other inflammatory cells. Chronic wounds
are also characterised by increased IL-8 expression, which under normal conditions
induces the expression of MMPs and stimulates tissue remodelling, but when
increased in a chronic fashion, decreases keratinocyte proliferation and decreases

collagen lattice contraction, 160162

Under impaired healing, there is a substantial degradation of exogenous EGF. EGF
is secreted by platelets, fibroblasts and macrophages and involved in cell migration,
proliferation and re-epithelialisation. In non-healing wound edges, the EGF Receptor
is found predominantly within the cytoplasm, instead of the membrane.*?16%.163 TGF-
B (a major component of tissue repair), is present throughout all the wound phases
and strongly linked to VEGF regulation. In chronic wounds TGF-B levels are
decreased, possibly through the presence of increased amounts of proteolytic
enzymes.'%° The expression of PDGF is also fundamental in wound healing for blood
vessel maturation and it is expressed by platelets, macrophages, vascular endothelial
cells, fibroblasts and keratinocytes. In chronic wound healing it is decreased by
proteolytic degradation and increased MMP activity.**”16% |n combination with hypoxia

induces VEGF expression and is indispensable for vessel maturation.

Angiogenesis is a vital component of wound healing, as is initiated by the release of
angiogenic growth factors released by resident cells in response to hypoxia and by
recruited immune cells in response to the inflammatory milieu present.®*
Angiogenesis starts in the inflammation period and extends to the remodelling phase
with blood vessel maturation. The restoration of the vasculature is essential to provide
oxygen to the wounded site and supply the metabolic demand. Angiogenesis is a
hypoxia-driven process involving several types of cells and expressed cytokines, as
reviewed by Pugh and Ratcliffe (2003). However in diabetic and elderly patients, the

response to hypoxia is reduced, impairing the angiogenic process. 6516
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1.6 HIF Response: Diabetes and chronic wounds

Diabetic patients and hyperglycaemia have been shown to inhibit the cellular
response to a drop in oxygen pathway,® through the continued destruction of HIF-
1a, leading to hypoxia unresponsive cells, hindering the antimicrobial response and
hindering the formation of a viable vasculature.’?®1%® Under hyperglycaemic
conditions keratinocytes have been demonstrated to have reduced migration and
decreased proliferation rates, delaying wound closure.®® Hyperglycaemia also alters
the epidermal cell expression of the tight junction protein (ZO-1), with reduced
expression of Keratin 5 and 14.'7° In a diabetic wound mouse model, it was observed
that a decreased level of PDGF was due to the reduced expression by monocytes
and macrophages.'’* In hyperglycaemia there has also been reported a reduction in
the expression of heat shock protein 68 (HSP) and HSP70 compared to non-

hyperglycaemic controls."2

The endothelial progenitor cells (EPCs) are key effectors of the neovascularization
and re-epithelialization and are mobilized in response to trauma to the injured site.
Diabetic patients have a 40% EPCs number reduction?”® and it has been reported that
EPCs isolated from diabetic patients have an impaired response to hypoxia and

inflammatory factors when compared to healthy EPCs®*

Diabetes is a metabolic disorder considered as an inflammatory disease, which is
characterised by increased oedema and inflammatory cytokine levels. The prolonged
exposure to hypoxia will result in an irreversible state of cell cycle arrest.!’™* The
inflammation granulomata in chronic wounds further induces an increased local
metabolism and oxygen demand. The inability of a damaged tissue to restore its
normal oxygen conditions through vascularisation often leads to inflammatory lesions,

prolonging the metabolic shift and oxygen demand ratio the tissue is subject to.1”®
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Figure 1-6 Diabetes and the HIF response. Hyperglycaemia inhibits the response to hypoxia
inducing prolonged inflammation, angiogenesis and ECM remodelling and thereby disabling
the normal wound healing response.

Diabetic tissues have a higher VEGF expression under normoxic conditions than non-
diabetic tissues. This phenomenon may result from an increased oxygen consumption
of the mitochondria from hyperglycaemic-induced increase of glycolysis, tricarboxylic
acid cycle and oxidative phosphorylation.’’® The gradient of VEGF expression in
healthy wounds follow the hypoxic gradient, however even when VEGF is expressed
in a chronic wound environment, the high glucose blunts VEGF response to

hypoxia. 177178

1.6.1 Altered Glycolysis under hyperglycaemia

Glucose is metabolized by glycolysis and the tricarboxylic acid (TCA) cycle, which
yields ATP, NADH, and FADH2. Electrons from NADH and FADH2 are then
transferred to molecular oxygen, and the energy released from these
oxidation/reduction reactions is used to drive the synthesis of ATP from ADP during
oxidative phosphorylation, also known as the electron transport chain cycle.
Therefore, in the metabolism of glucose, oxygen is consumed. However,
hyperglycaemia may increase oxygen consumption in mitochondria, resulting in
cellular hypoxia. The changes in metabolic activity and their relative intermediates can
modulate the HIF pathway.'”® As increased glycolysis, TCA cycle, and oxidative
phosphorylation were the source of hyperglycaemia-induced mtROS generation.
While ROS enhance the stabilisation of HIF-1a by succinate accumulation, fumarate

hydratase accrual has also shown to modulate HIF.18%181
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Hypoxia can stimulate several survival mechanisms (Figure 1-7Figure 1-7), which are
intricately related through their expressed cytokines. However under pathological
conditions such as hyperglycaemia, the secretions and interactions are altered.
Increased glycosylation transcription factors, induced by mitochondrial superoxide
overproduction enhancing hexosamine synthesis, increases the expression of
cytokines such as TGF-a and TGF-B1.1°6182 Under high glucose concentrations,
aldose reductase reduces the glucose to sorbitol through the polyol pathway,
consuming nicotinamide adenine dinucleotide phosphate (NADPH) in the process.
NADPH is a cofactor for reduced glutathione (GSH), an intracellular antioxidant. As
NADPH results to be insufficient for both processes, increasing vulnerability to
intracellular oxidative stress.06183184  Hyperglycaemia increases the synthesis of
diaglycerol (DAG), a co-factor for the Protein Kinease C (PKC) pathway, activating
the nuclear factor kappa-light-chain-enhancer (NF-kB) of activated B cells, TGF-$ and
activate NAD(P)H-dependent oxidase leading to an increase in ROS production.06:18
The protein modification by reducing sugars, leads to the formation of Advanced
Glycation End-products (AGE), which can upregulate VEGF and alter the HIF and
PKC pathways.106.186
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Figure 1-7 Hyperglycaemia and cell metabolism. Hyperglycaemia influences cell
metabolism under normoxia and hypoxia conditions, to support the glycolytic pathway under
increased influx of glucose, cells rely on four glycolysis-related pathways 1)intracellular
production of AGE (advanced glycation end product) precursors, (2) increased flux through
the polyol pathway, (3) protein kinase C (PKC) activation, and (4) increased hexosamine
pathway activity. These altered mechanisms induce an increase mitochondria-derived reactive
oxygen species (ROS) pathway and may induce VEGF expression at normal oxygen
conditions. Reprinted with permission from Elsevier.1%
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1.6.2 Ageing and HIF Response

It is known that elderly patients have a reduced cellular response to hypoxia, having
a negative effect on the wound healing process. Elderly patients have been shown,
similarly to hyperglycaemic conditions, to have a reduction in the expression of
antioxidants, increased oxidative stress and AGE protein modifications.*®” Age has
also been shown to decrease the angiogenic response to hypoxia, and have a lower
HIF-1a transcription activity response.°2167.18 Aged skin (>80 years old) has been
found to express higher levels of metalloproteinases (MMP-1) reflecting in a loss of
type | collagen fibrils, elastin and skin elastic properties.’®*!%° Other studies have
reported that the HIF-1a protein has a reduced binding activity to DNA in response to
hypoxia in aged muscle cells, even if HIF-1a-mRNA expression was shown to be
similar to young.®* A possible mechanism that contributes to this impairment is the
increase of PhD3 mRNA expression with age (Figure 1-8), as reported by Rohrbach
et al. (2005).1%2

PHDs
HIF-1a HRE

'489

Hypoxic adaptation

Diabetes

Figure 1-8 Age & diabetic dependent impairment of HIF-la stabilisation. As age
increases, the production of HIF-1a decreases and so does the expression of Hypoxia
Response Element genes, however the production of prolyl hydroxylases increase. In chronic
diabetes, all of these changes occur.

1.6.3 Advanced Glycation End products (AGE) in diabetic and ageing

population

The AGE precursors trigger different pathological outcomes through (1) directly
inducing intracellular glycation of proteins, (2) inhibiting the protein degradation, (3)
modifying the nearby cells by diffusing out of cell, and (4) modifying plasma proteins
that induce inflammatory cytokines, growth factors, and oxidative stress, as reviewed

by Huang et al. (2014).1% Although the formation of AGE occurs as a result of normal

18



metabolism, the number of extracellular matrix crosslinking increases with age, which
is similar to that observed in diabetic patients.'®® In diabetic patients and elderly, the
increase of the AGE is also related to an increased oxidative stress and
hyperlipidaemia.***1%4

Methylglyoxal (MGO), an AGE precursor is elevated under diabetic conditions as it is
a by-product of glycolysis. It is considered to impede dimerization with HIF-1(,
through heat-shock interaction with the cognate protein 70, leading to proteosomal
degradation, or covalent interaction with p300.1%1% Methylglyoxal-derived AGE
measured in skin biopsies of diabetic patients were strongly associated to neuropathy
progression. Moreover, the skin collagen AGEs were associated as prediction

markers for diabetic retinopathy and nephropathy.®’

1.7 Delivery of HIF modulating factors for wound healing

As discussed previously, elderly and diabetic patients have an impaired wound
healing response, which may be related to an impaired ability to sense (on a cellular)
a drop in oxygen pressure. Artificial (chemical or biological) activation of the HIF
pathway may restore normal wound healing responses,'®% included
neovascularisation, metabolic adaptation, antioxidant production and antimicrobial
activity. A common approach in wound healing and emerging wound dressing is the
release of growth factors important in wound healing (which considering the
importance of restoring vascularisation, often involve the release of angiogenic factors
—see Table 1-2). Targeting the upstream HIF pathway has a number of advantages
over these strategies, including overcoming the short half-life of growth factors,
activating multiple angiogenic factors in a sequential manner and activating a range
of other genes also important in wound healing (Figure 1-5). Indeed, it has been
demonstrated that constitutive expression of HIF-1a delivered by an adenovirus
produced stabilised functional blood vasculature,'®® rather than the pro-inflammatory
vasculature by VEGF alone. Others have shown that transdermal delivery of the HIF
mimetic deferoxamine (DFO), an iron-chelating agent, prevented pressure ulcer
formation in diabetic mice, upregulated VEGF secretion and improved wound

healing.2%

The prolonged stabilisation of HIF-1a is, however, associated with chronic
inflammation,’”-?°! increased ECM turnover and even tumorigenesis.?°? A number of
HIF mimetics have been demonstrated to be cytotoxic to cells at high concentrations,

to have adverse systemic effects (e.g. oxygen carrying capacity)?®® or unable to
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stabilise HIF at low concentrations. The controlled spatial, temporal and concentration
dependant delivery of HIF mimetics is therefore essential for the successful use of

HIF mimetics as a wound dressing.

1.7.1 HIF mimetic factors- Inducing artificially the HIF pathway

The earliest of use of a HIF mimetic (CoCl,) to stimulate VEGF production was
demonstrated ~25 years ago by ljichi (1995). In the same year Semenza published
his seminal work of the role of HIF-1a which enabled the use of a number of drugs
and small molecules that inhibit the degradation of the HIF-1a molecule.?** The PHD-
2 enzyme requires the presence of the co-substrates 2-oxoglutarate, with a binding
site for iron, the presence of oxygen and ascorbic acid as a reducing agent to be able
to hydroxylate the proline residues of the HIF-1a molecule (Figure 1-3, Figure 1-4).
The inhibition of HIF-1a hydroxylation is possible through different mechanisms, a)
the substitution of iron ions (Fe?*), b) induced iron deficiency through iron chelators,
¢) analogues of the 2-Oxoglutarate molecules. The mechanism of inactivation of the
PHDs will be further described in Chapter 4.

Despite the known importance of HIF in angiogenesis and cell survival, most research
on HIF related topics was focussed on HIF destruction for cancer therapy. The earliest
use of artificial stabilisation of the HIF pathway for increased wound healing was by
Trentin (2006). The controlled release cobalt from bioactive glasses for promoting
angiogenesis in bone tissue engineering was in 2010.2% There have been, however,
only two publications that have looked at scaffolds that release HIF stabilising factors
for wound healing, namely Chen et. al in 2016 who used desferrioxamine (DFO)
release from nanofibrous scaffolds2°® and Martin et al. (2013) who used siRNA release
from polyurethane scaffolds.?®” There is a lack of knowledge, however, on the
comparison of efficacy of different HIF mimetics in hyperglycaemic conditions and in

the development of in vitro models to study these efficacy.
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Table 1-3 Experimental evidence of HIF-mimetics used in wound healing.

In vitro(200 pM) for 6 hours
In vivo:

B6.Cg- m1/1 Leprdb/J, Bar Harbor,
ME) vs nondiabetic

HIF Application Model Outcome
mimetic
DFO 0.1% DFO ointment!® Streptozotocin-induced diabetic | 11 micro-vessel density in granulation tissue at days 3,7,14 &19
male rat 11 orientation of the collagen fibers & percentage of thicker collagen fibers
- Control: ointment (2x2 cm?dorsal excision) from day 7 onward
11Wound closure percentage: 7, 14 & 19 days
mMRNA:
11 HIF-1a, VEGF, SDF-1a, TGF-f1 & IL-10 at 3, 7 & 14 days
Ll TNF-a, MMP-9 & IL-1B at 7, 14 & 19 days
Protein expression;
11 HIF-1a, VEGF, SDF-1a & TGF-B1 at 3, 7 & 14 days
J TNF-a 1 IL-10 increase at 3, 7, 14 and 19 days
11Wound closure percentage: 7, 14 & 19 days
DFO DFO 208 Streptozotocin-induced diabetic | 1 Re-epithelialization and granulation tissue formation in DFO- groups at
Intraperitoneal injection | male rats day 7
(200 mg/kg, 10 mg/ml) (8-mm punch biopsy, circular full- | 1 Capillary density in DFO group at day 7
Control: thickness cutaneous wounds) 1 HIF-1a and SDF-1 protein levels in DFO- group at day 7
(-) Same PBS volume 11 shortened healing time in DFO- group when compared to VEGF-treated
(+)VEGF treatment: 0.5 nM and control groups at 16, 23 and 28 days
intradermal injection around
wound site
DFO DFO (100 pL, 1mM) 15 | Genetically diabetic | DMOG, DFO and (+) in diabetic mice at day 7:
DMOG (100 pL, 2mM) 165 C57BL/KsJm/Lept db vs | 1 Re-epithelialization with thick well-structured granulation tissue
(+) adenovirus expr. HIF-1a | normoglycaemic heterozygous | 1 mRNA HSP-90, VEGF-A, VEGF-R1, SDF-1a, SCF
() vehicle solution mice **DMOG had higher proliferation than DFO
DMOG Topical application after | (6-mm biopsy punch, two full- | (- control db) | granulation tissue and neo-vascularisation
wounding and every other | thickness wounds -panniculus | HIF-1a, VEGFA and SDF-1 expression, mMRNA HSP-90, VEGFA,
day carnosus- on the dorsum.) VEGF-R1, SDF-1a
CoClz CoCl» 2% Genetically diabetic mice 1 Wound closure rates comparison:

acceleration in wound closure rate when compared with (-) control
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500pL of CoCl2 after
wounding

CMV-Hif-1qP©PP

(2.0-cm-diameter open wound

Copper: Genetically engineered diabetic
Ascorbic mice vs wild type 1 Mean wound size smaller in copper dressings-treated-mice compared
acid Copper - Treatment: Copper with (-) control (6, 12 and 17 days) and (+) control (12 and 17 days)
depletor oxigg-im reanated oxide-impregnated dressings
. leOg o - Control: 1Significant increase for PLGF, HIF-1a and VEGF compared to (-) control
dressings®'® composition: : .
X (-) Dressing without copper
Internal: 3%  cellulose X . -
(+) Silver  particles-containing
copper g
; . Commercially used absorbent
oxide-plated fibers )
. wound dressing
External: 2.3% Wounding:
(w/w) copper-oxide particles Circular full-thickness single
skin wound was created on the
dorsum
Non- Gene transfer of murine | - Animals: 1Significantly up-regulated VEGF, Nos2, and Hmox1
degradable | active form of HIF-1a (CMV- | Lepr®- diabetic mice - Wound closure rates comparison:
active form | Hif-1a ODDD) expression | Lepr®*- non-diabetic mice 1Treated group showed significant acceleration in wound closure rate
of HIF-1qa; | plasmid lacking the oxygen- | - Wounding: ttgranulation tissue formation, angiogenesis, extracellular matrix
stable in | dependent degradation | 2.0 cm-diameter full-thickness deposition and epithelial regeneration) in treated mice compared with
normoxia: | domain 209211 wound was excised emptyvector control
Gene - Treatment: CMV-Hif-1a DODD | tPECAM-1 staining: Angiogenesis promotion in skin proximal to the
transfer expression plasmid into skin wound bed, as revealed at day 7

Control:
(-) empty vector control

11 Significantly higher, 1 higher, || significantly lower, | lower, = no difference, (+) Positive Control (-) Negative Control. TDSS (transdermal drug delivery

system)
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1.8 lons that may have an effect of modulating HIF

Cobalt (lI)131,212,221—223,213—220 niCkel (l|)213,215,217,218,220,224 Copper (”)210,225—228
manganese (I1)?13218.229-231 gnd chromium (V1) 202218232.233 gre metallic ions that have
the ability of artificially stabilise HIF-1a. These elements along with iron, form part of
the transition metals, with consecutive atomic numbers differing from 1-3 electrons

with iron. For the purposes of this thesis, only cobalt will be discussed.

It is suggested that because of these similarities, Co?* can substitute Fe?* in the PHD
1-3 and FH-1, HIF-1a regulatory dioxygenases, inactivating the enzymes,?15:218.220.232
In addition, several mechanisms of HIF stabilisation trough cobalt are considered. It
is proposed that cobalt binds to the HIF-a domain in the VHL binding region and
preventing ubiquitination via the pVHL oxygen-dependant degradation pathway,
inhibiting FIH hydroxylation of the HIF C terminal asparagine 803 residue. !4 |t is
proposed that Co?* artificially stabilises HIF as it has a tighter bind to the membrane
transporter DMT-1, suppressing the delivery of ferreous iron into the cell, thus causing
depletion of intracellular iron. In this manner the PHDs -HIF-1a degrading molecule-
are inhibited. Another suggested mechanism is that cobalt increase oxidative stress
which depletes ascorbate, necessary for the functioning of the enzymes,?'622
suggesting that this mechanism could happen also extracellularly, where the metallic

ions avert the ascorbate from entering the cell.23423%

1.8.1 Cobalt toxicity-awareness

Cobalt is an essential trace element for humans. It is found in the heart, liver, kidney
and spleen, and in smaller quantities in the pancreas, brain and serum. Cobalt forms
part of vitamin B -hydroxycobalamin-, it is also a coenzyme for cell mitosis; it is
involved in the forming of neurotransmitters and proteins to create myelin sheath in
nerve cells; As well as a stimulant for the synthesis of erythropoietin by inducing
hypoxia.?®® The normal levels for cobalt in serum is below 0.0085 uM and in urine
between 15 and 85 uM.?*’

Cobalt is introduced to the body mainly by food and absorbed in the small intestine.
The second source of intake is through breathing, being common the in heavy metal
industry and lastly through skin.?®® In healthy closed skin, cobalt appears to have a
relatively low rate absorption, which was dependent upon concentration. Following
exposure, it is excreted through urine. It has been reported that after a cobalt-related
burn accident, the levels of cobalt and plasma increased considerably, normalising as

it was excreted in a period of 3 weeks.?"?% A study comparing the distribution and
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excretion of cobalt on skin versus intramuscular application, indicated that the
elimination of the metal through urine was faster when this was applied
intramuscularly. An evaluation of the full thickness skin application revealed that
cobalt was still present after 48h, confirming the difference between the intramuscular
and topical application in terms of the excreted cobalt.?*® It has been reported that
circulating cobalt can accumulate in the myocardium, it can increase myocardial

stiffness induced by chemical hypoxia, occasioning cardiomyopathy.4:242

High concentrations of cobalt can inflict cell damage through different mechanisms.
ROS is increased when in presence of cobalt in a dose dependant manner.?'®
Low concentrations of cobalt, such as 100 uM report to have a small increase in ROS
production, meanwhile concentrations such as 300 puM cobalt induces a five-fold ROS
increase compared to basal levels.?*5?2° A reduction in glutathione has also been
described as a result of excessive levels of cobalt, this mechanism could be through
the increase in the ROS production. However, cobalt, having a high affinity to
sulfhydryl groups, could diminish the production of the reduced GSH. Cobalt appears
to inhibit enzyme mitochondrial dehydrogenase, fundamental for mitochondrial
respiration.?34241243 Cobalt ions can increase damage to DNA under the presence of
other oxidants, such as H,O, or UV radiation.?** Lipoic acid can also be chelated under
aerobic conditions by cobalt. Lipoic acid is a cofactor of the oxidative decarboxylation

of a-ketoglutarate to succinate and pyruvate to acetyl CoA.%*24

Hypoxia mobilises the calcium from intracellular stores- mitochondria and
endoplasmic reticulum- it is suggested that this reorganisation of Ca?* can increase
the generation of ROS. Similarly, when cobalt blocks the calcium channels, by using
the same transporting channels, a reduced calcium influx is observed triggering the
relocation of intracellular calcium.??2242 |n the glucose metabolism, a dose-dependent
reduction of ATP production has been reported in response to Cobalt,??2234 although

this mechanism could be through the artificial stabilisation of hypoxia.?3

In terms of the dose range of safe cobalt usage, concentrations of ~500 uM CoCl,
were found to decrease metabolic activity significantly and to produce impairment to
the colony forming efficiency (CFE) test to 50%; a reduction to 73% was reported in
100 uM CoCl,, while there was no effect at 10 uM. This is likely to be cell -type specific.
The metabolic activity was seen to halve at a 620 uM Co (ll), while inducing loss of
membrane activity at 860 uM.?* Literature has observed clear disparity between
cobalt concentrations in conditioned mediums and the respective cellular uptake 246247

In HaCaT cells (a human keratinocyte-derived cell line) exposed to 40 uM Co (ll), the
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intracellular concentration was reported to be 0.21 nM Co/10° cells, whilst under 400
UM, 4.0 nM Co/10° cells. Further analysis at 400 um Co (ll) revealed that 77% of the
cobalt ions were present in the cytosol, 22% in the nuclear fraction and 1% in the

membrane fraction.?*®

The cobalt species may have different biological interactions (as reviewed by
Tvermoes et al. (2015) and Paustenbach et al. (2013)) and occur predominantly in a
+2 and +3 predominant oxidation states in cobalt compounds, however Co (ll) is more
stable.?*® Bioactive glasses allow for the controlled release of cobalt?*® by adjusting
their composition and varying the surface area available. As the cobalt content in the
bioactive glass structure is in the same phase as the rest of the ions, the release rate

is dictated by the overall composition and degradation of the glass.

1.9 Bioactive glasses as ionic therapy for wound healing

To date, wound dressings have not fulfilled chronic wound patients’ efficiency
requirements, aiding into the revascularisation of the damaged site whilst remaining
affordable. Bioactive glasses, however, have shown antibacterial capacity and
increased angiogenesis under adverse conditions. The first bioactive glass was
produced by Professor Hench in 1969, based on a composition of Na,O-CaO-SiO,-
P.0Os. This glass was produced with the intention to bond strongly with bone, replacing
the bio-inert implant materials at the time, which provoked fibrotic encapsulation. The
composition was termed 45S5 or Bioglass®, and with this, a new generation of
biomaterials emerged. Bioactive materials evoke beneficial responses as a result of
the interaction with the tissue with having bioactive properties, as opposed to bio-inert
materials that usually serve with a mechanical purpose, usually having tissue/material
miss-matching mechanical properties. Orthopaedic, cranial-facial, and dental-
maxillofacial products have derived from the 45S5 composition.?°25! As the research
on the 45S5 evolved, different applications and new bioactive glass compositions
surged. The incorporation into more complex systems and processing methods
allowed the improvement of the mechanical properties of the glasses and/or
enhancement of biomaterials, as well as the use of glasses as drug carriers,252:253.262-

265.254-261 ayentually finding the way into soft tissue applications. 259:260.263.265-271

In order to enhance wound healing, bioactive glass has been integrated into suture
coatings, often the bioactive glass compositions enhanced with silver or copper
ions.?’223 Gilver integration into the glass network has proven to increase

antibacterial effect to multidrug resistant bacterial strains; however the silver, even at
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low concentrations, has been seen to be toxic in different cell lines.?’* Bioactive glass
have been used as antibiotic carriers, in collagen composites or as hollow fibres
having a reducing effect on staphylococcus aereus and epidermidis, displaying no
toxic effect on cells.?2”>2" Cobalt bioactive glasses have been previously made by
Acevedo et al. (2010), however the applications have been targeting bone
regeneration. Three authors have reported the use of CoBG for wound healing. Raja
et al. have reported incorporating cobalt into phosphate glasses for osteogenic
purposes, due to the high importance of phosphorus in HA. They observed that the
antimicrobial effect of the glasses were only seen when glass was present, as
opposed to the ionic dissolution. It was also observed that by using the supernatant
of monocyte cells (glass conditioned) HUVEC cells, induced tubule-like formation.
However, it was required higher cobalt content in these phosphate-based glasses in
order to release the cobalt therapeutic ion release.?’® Barrioni et al (2018) developed
glasses that release low concentrations of cobalt, reporting chronic inflammation
whilst forming new blood vessels.?”® Moura et al. (2017) created PCL/Co sol-gel BG

electospun fibres, however non in vitro data was reported.?%°

However, the main focus is to restore the vascularisation in compromised wound
healing processes. Borate-based glasses have demonstrated enhancement of VEGF
expression and micro-vascularisation, which was improved with the incorporation of
copper or zinc ions. Borate glasses displayed a faster degradation rate to silica-based
ones. The ion dissolution product was found to promote cell migration, however

toxicity due to borate accumulation is a concern among the use of these glasses
227,281,282

Silica-based glasses possess antimicrobial capacity, as the pH rise when cations are
released during glass dissolution,?*! nevertheless the antibacterial properties have
reported to be augmented by silver and copper ions.?8%28 The calcium released from
silica-based bioactive glasses has demonstrated to participate actively in a rapid
blood-clot formation, which can aid in non-healing wounds. Calcium ions participate
in the haemostatic response to wounding, that leads to fibrin polymerization and clot
stabilisation.?®* Animal studies report that in diabetic rats, the granulation process
when treated with silica glasses is observed at an earlier point, along with higher
levels of VEGF and SDF-1 secretion?®*28 when compared to the control.?® It is of
interest not only promote VEGF secretion in impaired wounds, but to restore the
microvascularisation and tissue closure and remodelling. HIF-1a mimetics can be
incorporated into bioglass?%0%62.278.280 tq induce, in a controlled release manner, the

stabilisation of the HIF pathway, effecting positively the injured site.
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1.10 Novelty and need for new approaches

HIF-1 pathway is dysregulated under hyperglycaemic conditions and HIF-1a
expression is reduced with age.!23152167.168.187.191 The advantage of targeting HIF
specifically is the upregulation of the gene expression involved in the angiogenic
process -as well as key regenerative events- under pathological environments where
HIF stabilisation is impaired. Artificial HIF stabilisation under diabetic conditions has
proven to increase angiogenesis, 12°28 however the response to hypoxia and HIF
mimetics is cell specific'®® and prolonged HIF stabilisation or too high a concentration
of HIF mimetic could have adverse effects. Furthermore, minimal research has been

undertaken into the effect of HIF mimetics under hypoxia environment.

To develop a dressing with the control release of HIF mimetics, a better
understanding of the biological interactions is needed in conditions that model chronic
wounds. Currently there are direct comparison of the efficacy of different HIF mimetics
in hyperglycaemic conditions for wound regenerative responses. To this end a
hyperglycaemic model was developed in Chapter 3 and different HIF mimetics

efficacy tested in Chapter 4.

Cobalt-releasing bioactive glasses for wound healing purposes were fabricated,
incorporating zinc oxide to improve the cell response to hyperglycaemic increased
ROS environments. The materials were characterised to corroborate their glass
conformation and ionic release profile. The biological response of the 8 composition

was evaluated in terms of metabolic activity, cell proliferation and VEGF expression.

1.11 Hypothesis and Aims:

HIF mimetics can restore the response to hypoxia under hyperglycaemic conditions.
HIF mimetics can be control released in physiological-relevant concentrations for

chronic wound healing.

Main Aim: Design a material that activates the HIF pathway under pathological

conditions.

¢ Chapter 3: Develop a hyperglycaemic model for dermal cells.
e Chapter 4: Evaluate different HIF mimetics under hyperglycaemic conditions.
e Chapter 5: Develop a material that releases HIF mimetics in relevant

concentrations.
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Chapter 2. Materials and Methods

2.1 Materials

All cell culture reagents were obtained from GIBCO® Thermo Fisher.

Dulbecco’s Modified Eagle Media (DMEM) was supplemented with 10% Foetal
Bovine Serum (FBS) and 1% Penicillin/Streptomycin (P/S), this preparation will be

referred as fully supplemented media.

DMEM was used at 1 g/L (5.5mM) and 4.5 g/L (25 mM) glucose concentration. In the
experiments requiring 9 g/L glucose, 4.5 grs/L of D-glucose (Sigma Aldrich - Cat. No.
G7021) was added to 4.5 g/L DMEM and filtered through a PES filter.

Methylglyoxal (Sigma Aldrich-Cat No.78-98-8) was diluted in a stock concentration of

50mM in DMEM and further diluted to the working concentrations.

Dimethyloxalylglycine (DMOG, Sigma Aldrich - Cat. No. D3695) was reconstituted in
Dimethyl sulfoxide (DMSO anhydrous, 299.9%, Sigma Aldrich - Cat No. 276855) in a
stock concentration of 142.74 mM, which was then aliquoted and preserved at -20°C.

It was further diluted in fully supplemented DMEM according to the experiment setting.

Desferoxamine (Deferoxamine mesylate salt DFO, Sigma Aldrich - Cat. No. D9533)
was reconstituted in Dimethyl sulfoxide (DMSO anhydrous, 299.9%, Sigma Aldrich -
Cat No. 276855) in a stock concentration of 76.127 mM, which was then aliquoted in
vials and preserved at -80°C. It was further diluted in fully supplemented DMEM

according to the experiment setting.

Cobalt chloride hexahydrate (Sigma Aldrich - Cat. No. C8661) was diluted in a distilled
water base of 200mM stock solution. The concentration was confirmed with ICP-AES

and diluted as stated in each experiment in fully supplemented DMEM.

Trolox ((x)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid 97%, Sigma
Aldrich Cat No. 238813) was obtained from Sigma Aldrich and dissolved in DMSO to
form a stock concentration of 40 uM, which was aliquoted and kept at -80° C. For the

experiments, it was further diluted in fully supplemented media.
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2.2 Methods

2.2.1 Cell Culture

Human keratinocyte like cells (HaCaTs) and primary human dermal fibroblasts
(HDFs) were obtained from ECACC and ATCC correspondingly and were used in the
passage range of (4-20). Cells were cultured in Dulbecco’s Modified Eagle Media
(DMEM) (1g/L glucose), supplemented with 10% Foetal Bovine Serum (FBS) and 1%
Penicillin Streptomycin under normoxic (20% O:) conditions at 37° C in 150cm? flasks
(all cell culture reagents were obtained from GIBCO® Thermo Fisher unless
otherwise stated) and passaged prior to confluence (70-80%). For hyperglycaemic
preconditioning cells were cultured in in high glucose DMEM 4.5 g/L (25 mM)
purchased from GIBCO® Thermo Fisher. In the experiments requiring 9 g/L glucose,
4.5 grs/L of D-glucose (Sigma Aldrich - Cat. No. G7021) was added to 4.5 g/L DMEM
and filtered through a PES (Polyethylene system) filter.

2.2.2 Oxygen Exposure

For standard normoxic cell culture (20% O2, 5% CO;) a Sanyo incubator at 37°C was
used. For hypoxia exposure cells were cultured in either 1 or 2% O, (5% CO- and the
remaining nitrogen) oxygen regulating incubators (a New Brunswick Scientific Innova
CO 48 and Binder CB 60 EG at 37°C) were used. For the duration of the experiment,
conditioned media was kept in flask at the same oxygen level as the plate where it
would be added, in order to reduce the thermal and oxygenating stress that the

change of media could produce
Hyperoxygen exposure (100%) - Hyperoxygen chamber construction.

For high oxygen pressure exposure (to measure cell survival) a custom oxygen
chamber was created (Figure 2-1), whereby inlet and outlet butterfly valves (WPI Inc.)
were inserted and sealed at opposite sides of a rectangular 5.5 L airtight 13" x 9" x 4”
box (Lakeland®). An additional unidirectional valve was inserted to control interior
pressure. Oxygen (100%) was then flushed into the box for 5 min at a flow rate of 5.5
L per minute. The interior oxygen percentage was measured with a MicroX 4 fiber
optic oxygen meter (PreSens®), whilst the maintenance of atmospheric pressure after

oxygen was confirmed by using a Comark®C9557 Pressure Meter.
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Figure 2-1 Hyperoxygen chamber.
A 5.5 L airtight box was adapted to expose
the cells to 100% O2.

2.2.3 Cell Viability and Metabolic Activity Quantification

In order to assess cell metabolic activity an alamarBlue® Cell Viability Assay
(ThermoFisher Scientific) was used. This assay was selected for its sensitivity and
because it does not harm the cells, allowing continuing experimentation. The
alamarBlue® assay is based on resazurin, which is a blue non-fluorescent cell
permeable compound. After entering the cell reduces the resazurin to resorufin, a
highly fluorescent red compound. This effect is due to the reducing environment of
the cytosol in viable cells. The amount of fluorescence is proportional to the metabolic
active of the cells. The assay was performed protected from direct light and under
sterile conditions. Prior to the experiment, the alamarBlue® agent (as purchased) was
diluted 1:10 in DMEM in sterile conditions. The dilution media used was conditioned
to the testing variable/compound unless otherwise stated. The media present in the
cell plate was gently removed and replaced with 500 microliters of alamarBlue®
media. A no cell control sample was kept as an assay blank. Experiments with HDF
were incubated for 4 hr, while HaCaT experiments were incubated for 3 hr due to their
higher metabolic nature and cell humber, in the correspondent oxygen condition
unless specified. After the appropriate time period (3 or 4 hr) 200ul were transferred
to a 96 black well plate and Fluorescence was read at an exaltation wavelength of
530 nm and emission wavelength of 620 nm using the microplate reader Fluoroskan

Ascent FL, Thermo Labsystems, UK.

2.2.4 DNA Quantitation and Cell Proliferation

DNA present in the experimental wells was quantified as a determinant of cell number
and overtime as a measurement of cell proliferation. This assay allowed the
normalization of cell behaviour to cell number (e.g. metabolic activity/unit of DNA, HIF-
1a stabilisation/unit of DNA and VEGF production/unit of DNA). The DNA Quantitation
Kit from Sigma Aldrich was used as per manufacturer guidelines. The assay is based
on Hoechst 33258 dye which binds to AT sequences of double stranded DNA. When

excited at 360 nm, Hoechst emits fluorescence at 460 nm. The fluorescence
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increases in a linear trend to the presence of DNA. Calf thymus DNA is provided for
the DNA standard curve. The DNA stock solution (10 pgr/ml) is prepared according
to the manufacturer’s protocol by mixing 1% calf thymus DNA, 10% 10x fluorescent
assay buffer and 89% molecular biology grade water. Multiple vials with were
prepared and frozen to minimize experimental variation. The cells were prepared for
DNA quantitation by removal of experimental media, washing with PBS followed by
the addition of 200ul of molecular biology grade water to each well. The cells were
then lysed by freeze and thaw method, prior to quantification.

On the experimental day, the cells were thawed once again. The DNA stock solution
was serial diluted 1:1 in 250l of 1x Assay Buffer to produce the standard curve. The
Hoechst solution was prepared by diluting 1:1000 the Hoechst dye in 1x Assay Buffer.
Then 50 microliters of the standard curve and sample were transferred to a 96 black
well plate and 50 microliters of the Hoechst dye was added. The plates were read with
the microplate reader (Fluoroskan Ascent FL, Thermo Labsystems, UK) at Ex. 355
nm and Em. 460 nm wavelengths. The standard curve was plotted against the relative
fluorescence units. The least squares regression equation for the line was generated.
The values were then converted to DNA concentration in relation to the standard

curve.

2.2.5 ELISA- Immunoassay analysis for MMP-9 and VEGF

The ELISA Quantikine for Human VEGF and MMP-9 (Cat no. DVEOO and DMP900)
were bought from R&D Biotechne® and used according to manufacturer’s
instructions. Cell supernatants were collected at the time points described in each
experimental chapter and kept frozen at -20° C until analysed. Two hrs prior to
analysis the samples were brought to room temperature and centrifuged for 5 min at
4°C at 250 x g.

The standard curves and assay were performed according to the protocol, and
deionised water was used to prepare the washing buffer. The optical density was
determined using a plate reader Tecan Infinite M200 PRO set to 450nm and with a
wavelength correction of 540nm. The standard curve was plotted after subtracting the
average zero optical density. The optical density of the samples was then converted

in relation to the standard curve.

2.2.6 Cytotoxicity- Toxilight Assay

Toxilight™ bioassay kit and Toxilight™ 100% lysis reagent set were purchased from

Lonza. The assay is based on measuring the adenylate kinase (AK) released from
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damaged membrane cells, which will convert the added ADP into ATP. An enzyme
luciferase then will catalyse the formation of light, which is linearly related to the AK
concentration. An adaptation to the protocol was made in order to measure the
intracellular AK and the one present in the supernatant.

HaCaT cells (Human, Adult, low Calcium, high Temperature, human skin
keratinocyte) were seeded at a concentration of 20 000 cells per cm?. Following
attachment overnight, the cells were treated according to the oxygen and HIF mimetic
conditions. At the defined time point, 50uL of the supernatant was transferred into
another plate where 25uL of lysing buffer was added. The rest of the media was

collected on a separate plate for later evaluation.

Then 100uL of lysing media were added to the experimental wells. The cells were
incubated for 10 minutes to allow complete lysis and 50uL were transferred to a new
plate, where 175uL of the balancing solution were added. At this stage a vial of the
AK detection reagent was reconstituted in 12 ml of assay buffer. Finally, 20uL of the
cell lysates or supernatant preparations were transferred into a white plate, where
100uL of the AK detection reagent was added and incubated for 10 minutes and

luminescence read with the Tecan Infinite M200 PRO.

2.2.7 Reactive Oxygen Species

Reactive Oxygen Species are a by-product of the cellular respiration and are involved
in cell signalling and homeostasis. ROS can be increased as a result of oxidative
stress (in inflammation, disease and hypoxia). An excess of ROS production may
result in lipid, DNA, RNA and proteins damage that can result in cellular dysfunction
or death. Meanwhile healthy cells have different mechanisms through which they

balance or ameliorate the possible damage occasioned by ROS.

The H2DCFDA dye (2',7'-Dichlorodihydrofluorescein diacetate, SIGMA) was used to
detect hydrogen peroxide, peroxyl radicals, and peroxynitrite anions. The acetate
groups in the dye are cleaved intracellularly by the esterases and oxidation products
converting the non-fluorescent H2DCFDA into fluorescent DCF. The dye was
dissolved in methanol at stock concentration of 20 mM and aliquoted under nitrogen
conditions. Cells were plated in 96 well plates at a concentration of 22500 cells/cm?
for HDF and 48 000/cm? for HaCaT and allowed cell attachment overnight. As a
positive control, a solution of Hydrogen Peroxide H.O (800uM for HDF and 400uM

for HaCaT) was added 30 min before the time point. Briefly, before the reading, the
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H2DCFDA dye stock was diluted in warm sterile PBS for a final concentration of 10uM
and protected from the light.

The conditioned media was carefully removed and 100pl of the working H2DCFDA
solution was added to each well and incubated in dark for 30 mins. Then, 90ul of each
sample and control were transferred to a black 96 well plate. The assay was read with
the microplate reader (Fluoroskan Ascent FL, Thermo Labsystems, UK) at Ex. 485nm
and Em. 538nm wavelengths.

2.2.8 Antioxidant Assay

The Antioxidant Assay Kit was obtained from Sigma-Aldrich (Cat no. CS0790). The
principle of the assay is measuring the total antioxidant through the formation of ferryl-
myoglobin radical which oxidise ABTS. The radical is formed from the interaction
between the sample, the metmyoglobin and hydrogen peroxide. The colour intensity
is decreased proportionally to the antioxidant capacity and compared to the

antioxidant capacity of Trolox, a water-soluble analogue for vitamin E.

HaCaT cells were seeded at a concentration of 100 000 cells/cm? in 1 ml of media.
The cells were allowed to attach overnight in a normoxic incubator. The following day
the cell media was replaced under the conditions described in each experimental
chapter. The samples were prepared by adding 200 uL of cold lysis buffer after the
removal of the supernatant. The cells were scratched with a pipette tip and sonicated
on ice for 10 mins. The samples were then centrifuged at 12 000 x g for 15 min at
4°C. The lysate was kept on ice while the Trolox standard curve was prepared. Ten
microliters of the sample or standard curve were transferred into a clear plate,
followed by the addition of 20 uL of the myoglobin working solution. Then 150uL of
freshly prepared ABTS substrate working solution was added into each well. It was
incubated for 4 min at room temperature and protected from light when 100pL of stop
solution was added. The absorbance was promptly read at 405nm using the plate
reader Tecan Infinite M200 PRO. The whole assay was run on ice to prevent

degradation.

Table 2-1 Antioxidant assay solutions

Myoglobin Solution The contents of the vial were diluted in 285 pL of
ultrapure water and vortexed. It was aliquoted and
stored at -20° C.

Working Solution: The stock solution was diluted 100 times in 1X Assay
Buffer.

Trolox Working Solution Trolox was reconstituted in 2.67 ml of 1x Assay Buffer
to obtain a 1.5 mM concentration. The standard curve
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was produced according to the dilution factors
stablished in the protocol.

ABTS Substrate Solution | An ABTS substrate tablet and a Phosphate-citrate
buffer tablet were dissolved in 100 ml of ultrapure
water.

Working Solution: 25 pL of 3% H»O, were added to 10 ml of ABTS
substrate solution, this solution was freshly prepared
for each experiment.

2.2.9 Fluorescence staining

The cells were seeded on glass at 15 000 cells/cm? and incubated overnight at 37° C
under normoxic condition. The following day, the media were replaced and
conditioned according to the experiment. At the time point, medium was removed,
and the cells were washed twice with PBS, then fixed for 20 min with 4%
formaldehyde in 1X PBS pH 7.4. The formaldehyde was removed, and the cells were

washed twice with PBS.

The membranes were stained by incubating at room temperature for one hour with
wheat germ agglutinin Alexa Fluor™ 594 conjugate (10ug/mL) in PBS (pH 7.4,
Sigma). The cells were washed twice with PBS (0.5 mL each) and then mounted by
inverting the cover-glasses cells-side-down onto a rectangular glass slide containing
a droplet of Prolong™ Diamond Antifade mountant with DAPI. The glass slides were
stored flat, in the dark overnight, allowing the mountant to solidify. The edges of the
coverglass were sealed with enamel. The samples were imaged using a Nikon Eclipse
Ti microscope. HaCaTs were imaged using a 60X oil immersion lens and HDFs at
40X objective.

2.2.10 Cell size measurement and analysis

HaCaT cell size area (um?) in euglycaemic and hyperglycaemia (normoxia) was
guantified after fluorescence staining and imaging using the ImageJ software from the
National Institutes of Health and the Laboratory for Optical and Computational
Instrumentation and freely available. The single cellular bodies (red- wheat germ
agglutinin Alexa Fluor™ 594) were identified manually. Cells that were in the edges

of the images or when the borders not were clearly defined were excluded.

To evaluate the variance in the cell size, student t-test of unequal variance was

performed.
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2.2.11 HIF-1a protein quantification

2.2.11.1 Sample Preparation

To determine HIF-1a stabilisation, the amount of functionalised HIF-1a within the
nucleus was determined. To obtain a sufficient amount of HIF-1a for detection cells
were grown in 75 or 150cm? flasks. The Nuclear Extract Kit (Active Motif Cat No.
40010) was used for nuclear extraction according to the manufacturers’ protocol. All
the steps were performed on ice with cold reagents and tubes. Cells were firstly
washed with the PBS/Phosphatase Inhibitor Solution and collected in the same
solution by cell scraping. The cell suspension was then centrifuged 200g for 10 min
in a pre-chilled centrifuge at 4°C. The supernatant discarded and the pellets were

frozen at -80°C.

Cytoplasmic Fraction Collection

After collection of all time points, cell pellets were re-suspended in 1X Hypotonic
buffer, transferred into pre-cooled vials and incubated for 20 min before the addition
of the detergent. Cells were vortexed for 10 secs at the highest speed and later
centrifuged at 4°C in at 140009 for 30 sec. The cytoplasmic fraction —supernatant-

was transferred to a second vial and frozen at -80°C.
Nuclear Fraction Collection

The resulting cell pellets were resuspended in Complete Lysis Buffer followed by high
speed vortexing. The samples were incubated on ice on a shacking platform for 30
min. The samples were centrifuged at 14000 x g for 10 min at 4°C. The nuclear

fraction —supernatant- was transferred into a pre-cooled vial and frozen.

Table 2-2 Nuclear extraction solutions

PBS/Phosphatase Inhibitor 10% 10X PBS,

Solution 5% Phosphatase inhibitors
85% distilled water

1x Hypotonic Buffer 10% 10X Hypotonic Buffer
90% Distilled Water

Complete Lysis Buffer 9.7% 10 MM DTT

86% Lysis Buffer AM1

1% Protease Inhibitor Cocktail
3.3% Detergent
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2.211.2 HIF-1a ELISA

The Human/Mouse Total HIF-1a Duo Set® IC ELISA (R&D Cat No. DYC1935) was
used to determine HIF-1a stabilisation after nuclear extraction. The principle of the
assay is the sandwich ELISA, which specifically binds to the protein of interest with
an immobilized capture antibody. The assay was performed according to the
manufacturer’s protocol, with the slight modification the samples and standard curve
were incubated for 4hr to increase sensitivity. The samples were added at a proportion

of 1:1 to the Reagent Diluent.

After the Stop Solution was added, the plate optical density was determined using the
Tecan Infinite M200 PRO at a wavelength of 450 nm with a correction wavelength of
540 nm. The standard curve was fitted to a four-parameter logistic curve with the aid
of www.mycurvefit.com. The sample dilution was taken into consideration in the

calculation of the results.

2.2.12 Cell-cycle flow cytometry

Cells were treated with conditioned media and exposed to the relevant oxygen,
supernatant was removed at the end of the time point and placed in a FACS tube (to
include floating dead cells in the analysis). The cells were washed with PBS and
removed with trypsin/EDTA and added to the corresponding FACS tube. Samples
were centrifuged for 5 min at 1700 rpm. The supernatant was carefully removed with
a pipette and cells were washed again with 1m | of PBS. The cells were re-centrifuged
at the same parameters. The PBS was removed once again and 2 ml of ice cold 70%
ethanol (in deionised water) was added in a dropwise manner while vortexing and the
samples were placed back in ice. The samples were centrifuged at
2 000 for 5 min. The supernatant was removed and 1 ml of PBS was added. Cells in
each tube were counted and corrected to a density of 100 000/vial. Cells were
centrifuged at 2 000 for 5 min and the PBS was gently removed. The cells were
stained with 500ul of FxCycle™ PI/RNase Staining Solution (Invitrogen, Cat. No.

F10797) and incubated at room temperature for 30 min.

Samples were analysed using BD LSRII Flow Cytometer. Only single cells were
analysed and a number of with 30 000 events were recorded. The data was processed
with FLowJo_V10.
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Chapter 3. Diabetic wound model

3.1 The diabetic model

Improved in vitro models are needed to determine the validity of new treatments,
improve translation, and help our understanding of disease and to reduce animal
testing. There are a number of different in vitro diabetic models described in the
literature but little consensus on which model is most appropriate, or in determining
measures of successful mimicry of in vivo hyperglycaemic conditions. In vitro models
for chronic, hyperglycaemic wounds, include various different cell types
(keratinocyte,?®’ fibroblast?®® or inflammatory cell), different origin of cells (primary,
immortalised or cancerous), different glucose levels (1.98 g/ml to 18.015 g/ml),?%
differing durations of high glucose preconditioning,?® whether osmolality is
normalised or reflective of in vivo conditions, if insulin levels are reflective of the in
vivo environment and if additional factors are added to induce the AGE products?®!
found in diabetic (and elderly) patients (Figure 3-1 illustrates the number of differing

in vitro parameters used to attempt to mimic the in vivo diabetic wound environment).

The variance of diabetic, hyperglycaemic in vitro models may partly reflect the
differences observed in vivo, in diabetic patients with impaired wound healing. In vivo,
fasting glucose levels above 7 mM are considered diabetic,?®? there is also greater
fluctuations of glucose levels than in non-diabetic patients,?® there is decreased
response to hypoxia,’*®® an increase in osmolality (275 to <295 mOsm/kg),2%*
increased number of glycated molecules?® and a range of insulin levels which also
fluctuates (1942 U/L in diabetics, 13+2 U/L in healthy patients)?%® (Figure 3-1).

There is also a lack of standardisation within the literature in terms of appropriate
measure to determine if the vitro environment induces a phenotype that is similar to
native diabetic disease or not. Some measures include whether cells have similar
metabolic profile?®” and if they normal adaptive responses to a drop in oxygen

pressure by measuring VEGF?%%2% and HIF-1a stabilisation.15%:3%
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Figure 3-1 A summary of differing parameters used in vitro to mimic the diabetic in vivo wound environment. There are various parameters used to
mimic differing aspects of the diabetic wound including, environmental parameters (glucose concentration and duration of high glucose exposure, insulin and
osmotic pressure), types of cell (red) and complexity of in vitro model (orange). Oxygen pressure is often used to determine if cells have a normal cellular
response to hypoxia.
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3.1.1 Cell type

Fibroblasts and keratinocytes have been widely used in chronic wound healing in vitro
models, as they are the major cellular components of epidermis and dermis. The use
of keratinocytes is common to emulate wound healing and chronic inflammatory
diseases as they represent 95% of the epidermal cells. They function as a barrier, a
structure to the epidermis, and respond differently to a combination of stimuli as ROS,
cytokines, calcium and oxygen gradients,134150:301-303 There is a wide variation in the
cell species and origin of fibroblasts and keratinocytes in wound healing models. In
vivo models of wound healing in mice are common, while numerous studies have
used mouse cells in vitro. These models have contributed significantly to our
understanding of skin pathologies and biology, and also allow the development of
transgenic and knockout mice, which would not be possible with humans.3%4-3% There
are, however, differences between mouse and human wound healing responses,
hypoxia response,®” wound size, cell and epidermal proliferation and remodelling,
and the species-specific interaction of the chemokines and cytokines, 3% as well as
specific dendritic and epidermal cell subtypes and NK1.1* T cells present in mice skin
-as reviewed by Mestas and Hughes 2004 and Gurtner et al. 2011. A major difference
between human and mice healing is the presence of the panniculosus carnosus layer
in mice skin, a thin muscle that produces a rapid wound contraction.3% The presence
of hair follicles is extensive in mice, whereas in human is highly variable; the hair cycle
in mice is 3 weeks approximately, while in humans it can last several years.3%3!! For
both fibroblasts and keratinocytes a number of host parameters have been shown to
influence in vitro cell behaviour or wound healing response,*”:312 these include donor
age,*® underlying disease®®*>" anatomical location,®* and if they smoke.?*® The
method of isolation and purification may also determine if the population is a single
cell type or a mixed population. There are, therefore, considerable advantages of
using a well characterized immortalised cell line (such as HaCaTs), that have less
variability than primary cell sources and enable grater comparisons with the literature
(the difference between common cell lines used in skin studies as reviewed by
Olschlager et al. (2009).

3.1.1.1 HaCaT (Human, Adult, low Calcium, high Temperature, human skin

keratinocyte)

HaCaT keratinocyte cells, are a transformed aneuploidy immortalised cell line
commonly used in wound healing studies,4°301:322-326,302303,316-321 The H|F response

in HaCaT cells has been previously reported and they have been demonstrated to
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respond to hypoxia,134228:300.327-333 gnd increase the expression of VEGF in response
to hypoxia (less than 1% 0,).153162177.290321.326334 HaCaT cells have been
demonstrated to have a similar cytokine/chemokine profile to primary keratinocytes
when cultured in sub-confluent low Ca?* medium but have a different inflammatory
secretome when cultured in different Ca?* levels and different serum levels.3%
Although differences in transcriptome expression®*® and abnormal epidermal ECM
production has also been reported in 3D skin models in vitro.3%

3.1.1.2 HDF (Human Dermal Fibroblasts)

Human dermal fibroblast (HDF) are spindle-like primary cells, which are easy to
isolate from skin biopsies, easily cultured and maintained in vitro.®*'They produce
several growth factors for wound healing process, including VEGF and FGF,299:338-344
responding to oxygen levels below 2% O,.3*° They have also been used to study the
effect of high glucose (as a diabetic model) on cell behaviour, 18%:291:349299,312,340,342,345~
348 and have been demonstrated (in the presence of high glucose) to have diminished
HIF-1a stabilisation®*® and reduced VEGF expression, including the production of
collagen similarly to that observed diabetes and ageing —i.e.. loss of collagen type |

and I, increased MMP-1and fragmentation of fibrils,189:190.193,291,350,351

3.1.2 Hyperglycaemia- Glucose level

The terms euglycaemia or normoglycaemia are defined as glycaemic levels
associated with low risk of developing diabetes or cardiovascular diseases, with the
normal fasting plasma glucose level defined by the World Health Organisation as
lower than 5.6mM glucose.?®? In a cohort study of 820,900 patients, the non-diabetic
fasting glucose level was determined as 5.2+0.6mM , while diabetic patients ranged
between 8.6+3.6mM.3%? Fasting glucose levels exceeding 5.6mM were associated
with excess risk of death when compared with 3.9 to 5.6mM (0.7-1g/l); with fasting
levels of 7.0mM (1.269g/l) glucose or above linked to substansially increased risk for
cancer, vascular and non-cancer nonvascular deaths.®? The glucose concentration
in the subcutaneous tissue and cutaneous (and therefore the glucose levels exposed

to cells involved in wound healing) has been found to resemble that of the plasma.3*3

Glucose levels influence the metabolism and proliferation rate of the cells. Rheinwald
and Green (1974) first describe in vitro that that a lack of glucose inhibit cell function
and caused a “decline in cell state”.®* A high glucose environment has also been
observed to alter cell behaviour, growth factor release profile, ECM formation and

phenotypical characteristics!’%3%53% and these have been reported to be similar to
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those presented in cells from diabetic patients and diabetic animal models.162:170:357
Others have shown that fibroblast and keratinocyte migration is inhibited by high
glucose levels.3¢%83% Which may (in part) be due to the reduced expression of
integrin subunits av and a5, which when interacting with fibronectin, enable
migration.3'73%7 Moreover, there is a decrease in the capacity of the fibroblasts to
secrete and adhere to fibronectin342357:3¢0 and the contraction of the collagen matrices
is also reduced.®*® A hyperglycaemic environment has also been shown to impair cell
responsiveness to hypoxia similarly to when mimicking hypoxia through CoCl,.%¢*
Hyperglycaemia inhibits the proteosomal degradation of HIF-1a under normoxic
conditions inducing a pseudohypoxia.®*? Whilst VEGF expression is increased under
normoxic hyperglycaemic conditions?191363 (possibly through a ROS mechanism
since it has been demonstrated that oxidative stress is also increased in hypoxia) a
decreased angiogenic response to hypoxia in hyperglycaemia has been
demonstrated®3%® to decrease VEGF response which may explain the re-

vascularisation and re-epithelisation observed in chronic wounds. 09156

Across literature research, 55 studies were found to report the effect of high
glucose as opposed to a euglycaemic control in epidermal keratinocytes and dermal
fibroblasts." Among these, 29 studies addressed the effect on fibroblasts?’”:10%347-
349,355,356,359,364—367,163,368—371,185,288,289,312,323,342,346, 21 on keratinOCyteS162,169,325,358,372—
879.287,290,301,318,320-323 gp 5299319351380 in photh cell lines. While most of the studies
report using as a euglycaemic control media containing between 5-10mM glucose,
(average =5.6 £0.7 mM), this is slightly higher than the in vivo “normal levels” reported
by WHO (5.2+0.6mM). There is, however, great difference and variance in the glucose
level to mimic the characteristically high glycaemic environment of diabetic patients,
ranging from 11.1 to 100mM glucose, with an average of 27.9 +14.4mM. Some
authors also further classify glucose levels as low, medium-high and high glucose (10-
25mM and 26+mM glucose). The average concentration of medium-high glucose was
20.8 +5.6 mM and high 39.4 £17.4 mM glucose (Figure 3-2). These levels vary from
those observed in diabetic patients in vivo, in terms of both the concentration
(8.6+3.6mM) and in terms of the fluctuation of glucose levels observed in untreated

(and to a lesser extent treated) patients.38!

fWeb of Science Core Collection, Scopus and Pubmed search from 1997 to 2017 years, using
the search terms (diabet* OR hyperglycem* OR “high glucose” OR high-glucose) AND
(wound* OR ulcer*) AND (keratinocyte* OR fibroblast*) Non primary research papers were
excluded. This was a contribution from Eleni Balli as part of her MSc research project.
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Figure 3-2 Box and Whisker plot representing the variance in glucose levels reported
in the literature.® The average glucose levels used to mimic normal healthy individuals is
5.6+£0.7mM, Medium-High 20.8 £5.6 mM and High 39.4 +17.4mM. The middle line represents
the median, while the x represents the mean. The ° represents the different single values,
while e the outlier values. The bottom line represents the median of the 1%t quartile, while the
top line the median of the 3™ quartile. The whiskers represent the minimum and maximum
value.

3.1.3 Preconditioning period

There is also considerable variance in the exposure period to high glucose
concentrations, before evaluation (the preconditioning time). The preconditioning time
allows cells to adapt to high glucose environments (change metabolic activity, gene
and protein expression), and better mimic in vivo cellular diabetic responses. The
preconditioning time varies from 0 to 30 days in high glucose conditions
(average=6.4+6.6 days). The absence of a preconditioning period (less than O-
12hours) will not allow for the accumulation of AGE molecules or reflect the longer-
term effects of oxidative stress experienced by cells in hyperglycaemic conditions in
vivo. Yu et al. (2006) reported that under prolonged hyperglycaemic environment
there is a change in the morphology of mitochondria which leads to ROS
overproduction; this mimics the presence of high levels of glucose in patients suffering

with chronic diabetes.38?

3.1.4 Osmolarity

Hyperglycaemia is also characterised by an increase in osmolarity, in stable diabetic
patients the osmoregulatory is similar to healthy patients (275 to <295 mOsm/kg) with
a normal sensitivity, whilst in hyperglycaemia (>6 g/L) osmolarity can by >320
mOsm/kg and is accompanied with dehydration. An increase in osmolarity is a

complication more common in patients with diabetes type Il, but also observed in
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diabetic ketoacidosis.??4383-38% Keating et al. (2003) reported the increase of platelet
reactivity in a model using isosmotic concentrations of mannitol and glucose. Both
sugars increased the platelet aggregation and degranulation, which is consistent to
what is seen in hyperosmolar hyperglycaemia patients. Mannitol being a metabolically
inactive agent, suggests that osmolarity also contributes to hyperglycaemic cell
behaviour impairment.*¥¢ An increase of osmolarity (through mannitol and NaCl) has
also been reported to induce endothelial cell apoptosis, activating tyrosine and stress
kinases and intracellular free Ca?*.%®" In contrast, Lamers et al (2011) observed a
decrease in cell migration in HaCaT cells after hyperglycaemic preconditioning, which
was not observed when cells were grown under the same osmotic conditions with L-
glucose. Likewise, the increase in reactive oxygen species, generated by the high

levels of glucose (D-Glc), were found to be independent of osmotic pressure.*°

3.1.5 Advance Glycation End-Products for in vitro modelling diabetic wound

healing

Advance glycation end products (AGE) are a post-transcriptional modification of
proteins and macromolecules by reduced sugars, described by the Maillard reaction
(see section 1.6.3). They are a result of normal metabolism and naturally occurring
but increased under increased oxidative stress and hyperglycaemia. The levels of
AGE accumulate with increasing age®®? and in diabetes®° and can be used as a
predictor of a number of diseases including vascular diseases.** Methylglyoxal
(MGO) is considered to be one of the most important AGE precursors.?%391392 MGO
is highly reactive di-carbonil-aldehyde by-product of the glycolysis that reacts with
proteins, lipoproteins and DNA through the arginine, lysine and cysteine residues.
While MGO accumulation is regulated through the glyoxalase system (GLO1),
however endogenous formation of AGE occurs slowly and affecting mainly long-life
molecules, and forming part of the ageing process.®*33%* The concentration for
reduced glutathione is decreased by oxidative stress and under hypoxia, which allows

MGO to accumulate, activating stress and several inflammatory pathways.

In diabetes, AGE levels are higher when compared to healthy subjects. The capacity
for albumin to scavenge free radicals and bind to copper is reduced, as albumin is
modified through MGO-induced factors.3®3% The accumulation of MGO in the
extracellular matrix can leads to the modification of the collagen, increasing fibrosis,
thus impairing cell migration.®° Bento et al. (2010) reported intracellular accumulation

of MGO after hyperglycaemic conditioning, followed of the reduction of the half-life of
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the HIF-1a. When cells were treated with MGO for a brief period under hypoxic
conditions, a similar impairment of the HIF-1a stabilisation was observed,

There are different mechanisms involved, beyond the scope of this thesis, one of the
possible mechanisms of MGO interference with HIF stabilisation under high glucose
conditions, is the modification of the lysine and arginine terminals of the P300 protein
reducing the binding to HIF-1a, therefore inhibiting translocation into the nucleus.
109.168 There is increased interest in the use of advance glycation end products and
glycated substrates as models for ageing and diabetic complications, being the most

common AGE-inducers methylglyoxal, glucosepane and AGE-modified bovine serum
albumin. 193,195,397-399,291,298,362,375,390,393,394,396

3.1.6 Oxygen condition

Normally cells are cultured in vitro under normoxic oxygen condition, consisting of
19.95% O3 (95% atmospheric air supplemented with 5% CO) and an oxygen partial
pressure (pO.) of 150mmHg (normobaric).** This condition contrasts to the oxygen
pressure in vivo, which varies greatly across tissues and depending on the distance
from blood vessels. In the skin, the arterial and venous supply is located in the
hypodermis.“® As the oxygenation is increased in depth, the pO. above the sub-
papillary plexus (100-120 um from surface) is 35.2 8.0 mmHg, 24.0+6.4mmHg in the
dermal papillae (45-65 um) and 8+3.2mmHg in the superficial region (5-10 um) of the
skin.*®” A study by Scheid et al. (2000) reported that the foetal sheep subcutaneous
average pO; was 8.3mmHg (1.2% O in gas phase) and had stabilised HIF-1q,
similarly to the maximal expression seen at 0.5% O in vitro. Meanwhile the adult
subcutaneous pOzwas 36.3mmHg (5% O,) and did not stabilise HIF-1a.%%* In chronic
wounds, it has been reported that the pO: is 5-20 mmHg, however it can be lower in
de-vascularised central wound regions. It has been previously established that
hypoxia activates the initial response of wound healing, through stabilising HIF
pathway (see section 1.5.2). Whilst cells in hyperglycaemic conditions have an
impaired response to hypoxia, which may lead to impaired wound healing. This is of
particular importance as the oxygen requirements of the region increase drastically
due to the metabolic demand of the inflammatory cells and that the antimicrobial
activities (mediated by ROS) of these inflammatory cells also requires oxygen. This
event can be related to diabetic patients having a reduced bacteria killing capacity. 4%
The oxygen requirements vary across the different stages of wound healing ranging
from 25 to 100 mmHg. While fibroblast require at least 15 mmHg to proliferate, in

order to synthesise collagen a pO; between 30-40 mmHg is required.
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Several studies have reported in vitro models of wound healing under a hypoxic
environment in normal glucose levels. The method of inducing hypoxia varies across
the literature and so does the duration. Some report the use of chambers at constant
gas-flow that create the effect similar to an atmospheric composition of 0.5%
0,,140.156:403.404 \whjlst the use of anaerobic incubation systems —in the form of bags
and jars- that interact chemically with the oxygen releasing CO. have been
reported.”’3"14%5  CQO, incubators are also used, where the selected oxygen
concentration is obtained from atmospheric air, CO. is maintained at 5% and the rest

is replaced by nitrogen,168:331:406:407

3.1.7 Measuring Success in Diabetic models

Diabetes affects multiple molecular mechanisms resulting in several comorbidities,
thus, complicating the modelling of the disease. Broad considerations are made to
evaluate which factors would model better the disease. (Table 3-1) High glucose
conditioning, depending on the degree and preconditioning time, will trigger different
pathways, inducing AGE accumulation, increased oxidative stress that would mimic
the diabetic phenotype. One method to establish whether the in vitro model is
behaving in a similar way to diabetic wound cells, is to determine if the hyperglycaemic

conditioned cells have a diminished response to hypoxia,'° as observed in vivo.*%®

Table 3-1 Diabetic phenotypical characteristics evaluated in diabetic models
across literature search.?

Relevant
Measure of diabetic phenotype percentage from
literature?
Cell behaviour Proliferation 25.5%
Metabolic Activity (Viability) 20%
Cell Migration 27.3%
ROS 12.7%
Antioxidant Capacity / Production 5.5%
Angiogenic factors | VEGF 16.4%
HIF-1a 7.3%
TGF-B 10.9%
PDGF 7.3%
IGF-1 9.1%
FGF (bFGF, FGF-1, FGF-2) 10.9%
SDF-1 5.5%

9 Ibid., p.42
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Inflammatory TNF-a 7.3%

response IL-1 7.3%
IL-8 7.3%

ECM interactions MMP-9 12.7%
Trans-membrane Proteins 9.1%

Collagen (contraction & characterisation) | 10.9%

3.2 Chapter Aims

Considering the lack of standardisation and often conflicting experimental
methodologies reported in vitro, this chapter developed an in vitro hyperglycaemic
model and will be used as a platform in future chapters to see if HIF mimetics can

restore the normal hypoxia in hyperglycaemic condition.
This chapter investigated:

1. How hyperglycaemia and hypoxia effects the growth, metabolic activity and
VEGF (and HIF stabilisation) production of cells important in wound healing
(keratinocytes and fibroblasts).

2. The duration of hyperglycaemic pre-condition needed to diminish the hypoxic
response (measured in terms of VEGF production and inhibited HIF-1a
stabilisation).

3. The effect of Advance Glycation End Products in mimicking the effect of

prolonged hyperglycaemia.

3.3 Methods

3.3.1 Does hyperglycaemia preconditioning create a model with an inhibited

response to hypoxia in a similar manner to cells in diabetic patients?

HaCaT and HDF cells lines were grown and maintained in Dulbecco’s Modified Eagle
Media (DMEM) 1g/L glucose (4.5mM), supplemented with 10% Foetal Bovine Serum
and 1% Penicillin Streptomycin under normoxia conditions (see 2.2.1). This glucose
condition will be referred as euglycaemic and is comparable to a clinically chronic
diabetic patient. 177:%624%° To mimic the hyperglycaemic environment cells were
cultured in 4.5 g/L glucose DMEM for differing periods of time (6 hours to 28 days).
This glucose level was selected based on in vivo diabetic conditions and to be

comparable to previous hyperglycaemic models (see Figure 3-2). HDFs were also
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cultured in 9 g/L glucose (high glucose) as previously used in other in vitro models
(Figure 3-2).

HaCaT cells (passage number between 10 and 25) were seeded at a 20,000 cells/
cm?, while HDFs (passage number between 10 and 20) were seeded at 10,000 cells/
cm?. Cell number, metabolic activity and VEGF production (using the methodology
described in sections 2.2.3, 2.2.4, 2.2.5) was examined in these glucose conditions
in both normoxia and hypoxia. Cells were then preconditioned in 4.5 g/L or 9g/L
glucose for different periods of time (Figure 3-3) under normoxic conditions, while
cells kept at 1g/L glucose (euglycaemia) were used as controls. Cell culture media
was replaced every 48 hours and cells were passaged during the preconditioning

period when 80% confluence was reached.

High glucose (4.5 g/L) preconditioning time

3 days

28+ <4
28 days «§

21 days 4@ S
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7 days <& D VEGF production

|
N
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Euglycaemic growth: Low glucose (1g/L)

Figure 3-3 Experimental diagram for HDF diabetic model. Before seeding the experimental
plates, cells were preconditioned in 4.5 g/L glucose for 28,21,14,7,3 and 1 days. Cells were
allowed attachment overnight and media was replenished the following day. The plates were
then seeded on to experimental plates and placed under normoxic or hypoxic conditions (1
and 2% O3) for 24 hours and then the number of cells, metabolic activity, DNA quantification
and VEGF expression was assessed.

3.3.2 MMP-9 ELISA

Cell culture supernatants were collected after 48 hours of oxygen conditioning to allow
detectable levels of protein and frozen for later analysis. The samples were thawed,
vortexed for 5 seconds and centrifuged at 250 x g for 5 minutes prior to MMP-9

guantification as described in section 2.2.5.

3.3.3 Advance Glycation End Products as a model for Hyperglycaemia

After modification of the protocol described by Bento et al (2010), in order to induce
AGE formation, the precursor methylglyoxal was included. Cells were incubated with
500 uM MGO for a period of 4 hours. The supernatant was then replaced with 500 pL

of glucose-conditioned DMEM. The media was collected after 6 and 24 hours for
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VEGF measurement and plates were prepared for DNA quantification as described
in sections 2.2.5 and 2.2.4.

3.3.4 ROS activity and Antioxidant capacity

Considering the known increase in ROS production and decrease in antioxidant
capacity in cells within diabetic patients!’® these outcomes were also measured in the
in vitro hyperglycaemic model described above Cell antioxidant capacity after high
glucose preconditioning was measured with the Antioxidant Assay Kit (Sigma-Aldrich,
UK) as described in section 2.2.8. Following preconditioning and hypoxia exposure,
the antioxidant activity in the sample was assessed by the ability to supress the
production of the radical cation after the addition of H.O>, a vitamin E analogue, was

used as a standard antioxidant reference.

In order to test the effect of glucose and MGO (500uM) in ROS generation, the
conditions evaluated were prepared in pyruvate-free DMEM and incubated at the
normoxia incubator to allow stabilisation. The MGO applied and the cells incubated
for 4 hours in hypoxia or normoxia. The ROS measurement was performed using a
2',7'-Dichlorodihydrofluorescein  diacetate dye (SIGMA) as described in
Section 2.2.7.

3.3.5 HIF-1a stabilisation assay

In order to evaluate the impaired response to hypoxia HIF-1a was performed. Cells
preconditioned to 4.5 g/L and 1/g/L glucose were seeded in a density of 4000
cells/cm? and placed in a normoxic (20% O) incubator for two days. The media was
replenished, and the flasks were placed under normoxic or hypoxic (1% O) conditions
accordingly. Nuclear extraction was done after 24 or 72 hours of oxygen exposure
using Nuclear Extract Kit (Active Motif, US) described in section 2.2.11.1 and frozen
at -80 °C. The nuclear protein extracted (total) was measured with a Thermo Scientific
NanoDrop™ Spectrophotometer to confirm successful nuclear extraction. HIF-1a
protein quantitation by Human/Mouse Total HIF-1a Duo Set® IC ELISA (R&D, US) as
described in section 2.2.11.2

3.3.6 Fluorescence staining and cell size measurements

The cells were seeded on glass at 15 000 cells/cm? and allowed attachment overnight
at 37° C under normoxic condition. The following day, the media was replaced and
cells were subjected to the corresponding oxygen condition for 24 hours. Cells were

stained for cell membrane with wheat germ agglutinin Alexa Fluor™ 594 conjugate
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and DAPI for nucleus as described in section 2.2.9. Glass slides were mounted on
coverslips as described and imaged using Nikon Eclipse Ti microscope. HaCaTs were
imaged using a 60X oil immersion lens and HDFs at 40X objective.

Cell size area was measured (6 photos taken from 3 replicates) with ImageJ (National
Institutes of Health and the Laboratory for Optical and Computational

Instrumentation).

3.3.7 Statistical Analysis

Experiments were repeated twice along with the controls, with 6 replicates each. In
the case of the HIF-1a protein ELISA, the experiment was ran once with 3 repeats.
Outliers were removed using the modified Thompson Tau test. Error bars represent
standard deviation. The experimental data was analysed using Prism Graphpad. The
data was checked to see whether it was required to use parametric or non-parametric
tests by Pearson and Spearman’s test. Comparison between two individual data sets,
was made using Student’s t-test. More dataset comparisons were made using the
one-way Anova, or two-way Anova when appropriate, followed by Bonferroni. Mean
and standard deviation were used. The representative experiments were selected for

this chapter.
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3.4 Results

3.4.1 Does short-term exposure to hyperglycaemia affect cell metabolism
and VEGF expression?

Hyperglycaemia caused a moderate increase in metabolic activity in HaCaT’s
cultured in hypoxia (1% O;) (p=0.01) but not in normoxia ( Figure 3-4a).
Hyperglycaemia culture caused a ~2.5-fold increase in VEGF production in both
normoxia and hypoxia culture ( Figure 3-4b). The increase of VEGF in hyperglycaemia
normoxia was similar to hypoxia under euglycaemic conditions, however, hypoxia
increased VEGF production in both glycaemic conditions (p=0.001) after 6 hours
culture. VEGF data was normalised to cell number (total DNA) but there was no
difference observed in total DNA after 6 hr culture (data not shown).
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Figure 3-4 Hypoxia and hyperglycaemia increase VEGF secretion. Hypoxia (1% O3) is
represented by blue, whilst normoxia (20% O2) with green. Hypoxia increased metabolic
activity and VEGF production. After 6-hour hyperglycaemic treatment (4.5 g/L Glc) caused an
increase in VEGF production in both normoxia and hypoxia (p=0.001) There were no
differences in total DNA after 6 hours (data not shown). Error bars= SD, n=6, *p<0.05,
***n>0.001, ns=p>0.5.
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3.4.2 Can hyperglycaemic preconditioning impair response to hypoxia in
HaCaT cell line?

3.4.2.1 Hyperglycaemia reduces cell proliferation and alters metabolic activity

The metabolic switch is noticeable at day 3 (Figure 3-5a), where the metabolic activity
of euglycaemic cells is decreased as a response to hypoxia (p<0.01), meanwhile
hyperglycaemic hypoxic cells remain with an increased metabolic state, significantly
higher (p< 0.001) than normoxic cells. As the glucose-conditioned media was
replaced throughout the experiment, there is no glucose depletion due to high
consumption.
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Figure 3-5 Hyperglycaemia reduces cell proliferation in normoxic and hypoxic
environment as quantified by Hoechst dye. The chronic exposure to high glucose
concentrations alters the metabolic state of HaCaT cells under low oxygen conditions,
measured with Alamar Blue®. Error bars = Standard deviation, n=12, *p<0.05, *** p>0.0001.

Cells were able to proliferate in both glycaemic conditions and at normoxia and
hypoxia. Euglycaemic cells were able to grow as normal (Figure 3-5b) and a
significant decrease in cell proliferation was seen under a hypoxic environment by day

7 (p<0.0001). Cells preconditioned for 28 days at 4.5 g/L glucose had a lower
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proliferation rate under normoxia conditions, similar to the hypoxic euglycaemic cells.
Hyperglycaemic hypoxic cells had a lower proliferation rate, non-significant different
to the ones with a reduced proliferation ratio.

3.4.2.2 Hyperglycaemia decreases response to hypoxia

HaCaT cells were able to replicate the dysfunctional response of hyperglycaemic cells
to hypoxia. Cells were preconditioned for 28 days in 4.5 g/L glucose. The increase of
VEGF (Figure 3-6) was seen to be significant under euglycaemic conditions (p<0.05),
whilst under high glucose the VEGF increase was found non-significant.
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Figure 3-6 VEGF expression response to hypoxia was decreased in hyperglycaemic
HaCaT cells as quantified by ELISA. Euglycaemic cells had an increase (p<0.05) in VEGF
expression after 24 hours of hypoxic environment, meanwhile the hyperglycaemic cells (28
days preconditioning) did not increased VEGF production. Error bars = standard deviation,
n=6, *p<0.05.

The stabilisation and activation of the HIF pathway is reflected in an increase in the
VEGF expression, therefore the changes in VEGF will be used as a representation of
the HIF pathway changes. Hyperglycaemic-preconditioned keratinocytes had a
reduced response in HIF stabilisation after 3 days of exposure to 1% O (Figure 3-6).
Under normoxic conditions, nuclear HIF 1a molecule was increased in the
hyperglycaemic condition when compared to the euglycaemic control (Figure 3-7),
suggesting cellular hypoxia as a result of increased oxygen consumption in the
mitochondria. Whilst the HIF protein level detected for euglycaemic cells remains
constant at day 1 and day 3, there is a decrease at day 3 for hyperglycaemic cells.
This decrease could be related to the consumption of the glucose due to the altered
metabolic state. At day 1, both glycaemic conditions were able to stabilise HIF as a
response to hypoxia. The increase of nuclear HIF protein for euglycaemic cells was

higher than the diabetic model, seeing a reduction of HIF protein in hypoxia day 3 in
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oxygen conditions; however, the HIF protein in high glucose hypoxic cells was lower

than the normoxic pair.
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Figure 3-7 HIF-1a stabilisation as a response to hypoxia (1% O;) was impaired following
28 days hyperglycaemic precondition. a) Nuclear HIF-1a, as quantified through HIF-1a
ELISA, was increased in a four-fold manner as a response to hypoxia, whilst high glucose-
conditioned saw a two-fold increase. Nuclear HIF-1a was decreased after 3 days in both
glycaemic conditions. b) Nuclear HIF protein was increased in both glucose conditions as a
response to hypoxia, there was no significant difference at day one. The amount of HIF
expressed by normoxic euglycaemic cells remained constant across time. Higher levels of HIF
protein were seen euglycaemic cells at day 3, where the expression of HIF-1a under
hyperglycaemia was diminished. Error bars = Standard deviation, n=3, *p<0.05, **p>0.01.

3.4.2.3 Antioxidant Capacity is reduced after hyper-glucose conditioning

High glucose-conditioned HaCaT cells had a lower antioxidant capacity (Figure 3-8)
response to hypoxia when compared to euglycaemic cells (p<0.01). The effect of

hyperglycaemia and AGE precursors in ROS is discussed in Figure 3-13.
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Figure 3-8 Antioxidant capacity response to hypoxia was reduced after prolonged high
glucose exposure. The antioxidant capacity increased slightly after 24-hour exposure to
hypoxia, whilst in high glucose conditions, the capacity fell below the normoxic levels, as
quantified with the total antioxidant assay. Error bars = Standard deviation, n=6, **p<0.01.

3.4.2.4 Hyperglycaemia increases MMP-9 production

As a response to hypoxia in wound healing, an increase of MMP-9 aids the
fragmentation of the extracellular matrix to allow cell migration. Hypoxia led to an
increase in the MMP-9 expression in both glycaemic conditions (Figure 3-9). The
MMP-9 expression under 20% O, was similar at both glycaemic conditions. A two-
fold hypoxia-led increase was observed in euglycaemic cells in comparison to a 4.5-
fold hyperglycaemic cells (p<0.001). The difference between normoxic conditions was

not significant, which suggest an impairment in the MMP-9 regulation system driven

by the excess of high glucose under hypoxia.
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Figure 3-9 MMP-9 increases as a response to hypoxia in HaCaT cells. There is no
difference in the MMP-9 expression, as measured with the MMP-9 ELISA, between
euglycaemic and hyperglycaemic (4.5 g/L for a period of 28 days) MMP-9 in normoxic
environment. Under euglycaemic hypoxia the increase is 2.8x, meanwhile in the
hyperglycaemic the response is 4.5x higher. Error bars = Standard deviation, n=6, ***p<0.001.
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3.4.2.5 Morphological changes in HaCaT cells induced by hyperglycaemia

50 pm

Figure 3-10 Fluorescence micrographs of hyperglycaemia-induced enlargement of
HaCaT cells after 28 days of preconditioning. a) Euglycaemic cells maintained at 1 g/L
glucose. b) Hyperglycaemic conditioning at 4.5 g/L Glc. Red: wheat germ agglutinin Alexa
Fluor™ 594 for membrane, Blue: DAPI for nuclei.

HaCaT cells maintained their cobblestone shape (Figure 3-10) after high glucose
conditioning, however morphological changes were observed in the diabetic-like
phenotype. The presence of flattened and enlarged cells was observed during the
experimental settings. Hyperglycaemia-cultured cells seem to have higher cell size
area av. 1350+1487.67 um? (n=101), while euglycaemic cells had an average size of
766.02+452.34 um? (n=78) (Figure 3-11). The average cell size was not statistically
different but the variance within the measured cell size (area) was found to be
significant (p<0.0009, 1g/L n=78, 4.5g/L n=101).
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Figure 3-11 Cell size variability between euglycaemic (1 g/L Glc) and hyperglycaemic
cells (4.5 g/L Glc for 28 days conditioning). Hyperglycaemic cells have higher cell size area
variation than euglycaemic cultured cells. (p<0.0009, 1g/L n=78, 4.5¢g/L n=101) Error bars =SD
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3.4.3 Impairment of hypoxia response through Advance Glycation End
Products
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Figure 3-12 Methylglyoxal (MGO) mimicked impaired response seen after
hyperglycaemic preconditioning. Euglycaemic cells were treated with MGO (500 uM) for 4
hours, after media replacement cells were evaluated at 6 and 24 hours. a) After 6 hours the
metabolic activity increased as a response to hypoxia, as measured by alamar Blue®. At 24
hours there is a significant increase in the metabolic activity of MGO treated cells under
normoxia (p<0.01). The difference between hypoxia was increased, meanwhile MGO treated
cells had a lower metabolic activity (p<0.005). b) After 6 hours, there were no changes in cell
number, after 24 hours non-treated normoxic cells doubled number. The hypoxic and MGO-
treated cells had a similar lower proliferation, as quantified with Hoechst dye. After
standardising the VEGF secretion to DNA, MGO in normoxia showed a decreased VEGF
production after 6 hours (p<0.001). After 24 hours VEGF increased in the normoxia-MGO
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treated cells, meanwhile the response to hypoxia was impaired in the MGO treated cells. The
MGO conditioning was found to be not different to hypoxic control. VEGF was quantified by
ELISA. Error bars = Standard deviation, n=6, *p<0.05, **p>0.001

After preliminary experiments determining the toxicity of MGO, euglycaemic cells
were incubated with 500uM of DMOG for 4 hours under normoxic conditions.
Metabolic activity of the cells was evaluated under normoxia and hypoxia 6 and 24
hours after removal of MGO. After 6 hours, the metabolic activity of the cells was
increased under the incubation in hypoxia (Figure 3-12a). Yet, after 24 hours in
normoxia, increase of the metabolic activity was observed in the MGO-treated cells.
The metabolic increase was more noticeable after 24 hours of hypoxia, where the
MGO-treated cells had a lower metabolic activity than the hypoxia control. Cell
proliferation was decreased after 24 hours exposure to hypoxia (p<0.0001). Normoxic
cells previously exposed to MGO had a proliferation similar to those in hypoxia, with
and without MGO treatment. ROS Production in under hyperglycaemia and response
to AGE.

A non-significant increase in ROS production is observed (Figure 3-13) in
euglycaemic HaCaT cells at normoxia with the addition of MGO (500 uM) for a period
of 4 hours. Hypoxia induces ROS significantly higher in hyperglycaemic cells (p<
0.005), independently to the presence of MGO. The increase seen with the addition

of MGO in euglycaemic cells under hypoxia, was not significant.
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Figure 3-13 HaCaT's reactive oxygen species response to the addition of MGO as an
AGE precursor. HaCaT 4.5 g/L cells were pre-conditioned for 28 days under normoxic
conditions. The percentage increase in 4.5 g/L HaCaT cells was noticeably higher than the
increase in euglycaemic cells. Although there is no significant difference under the presence
of MGO at hypoxic levels (1% O2), MGO increased ROS production at normoxic levels. ROS
was quantified with DCFH-DA dye. Error bars = Standard deviation, n=4, **P<0.005,
**P>0.005.
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3.4.4 HIF stabilisation in HDF

The amount of HIF 1a was significantly lower in HDF cells compared to HaCaT cell
line. Multiple factors can have influenced the difference on HIF 1a expression, the cell
origin, disparity in response to low oxygen, hydroxylation and degradation of the
molecule, as well as cell number and confluency. Hyperglycaemic HDF were
continuously grown at 4.5 g/L, while a normal glycaemic control (1 g/L) was grown in
parallel. This experiment required seeding in T150 flask at a different density to the
rest of the experiments, influenced by their larger size. The nuclear HIF 1a molecule
was detected under low glucose conditions at normoxic level (Figure 3-14),
meanwhile under hypoxia 1%, a large variation was observed. VEGF analysis
suggested that HIF was stabilised as VEGF increased as a response to hypoxia
(p<0.0001). After prolonged exposure to hyperglycaemia, HIF-1a was not detected
under normoxic conditions, while at hypoxic conditions, HIF 1a was similar to the
amount observed in low glucose normoxia. VEGF was secreted in both

concentrations, although the increase to hypoxia was found to be not significant.
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Figure 3-14 HIF-1a stabilisation and VEGF expression in low and high glucose
conditions. Under normoxic conditions VEGF was detectable in euglycaemia, in response to
hypoxia, HIF-1a was increased but high variability was observed. Under hyperglycaemia, HIF-
1a was not detectable. VEGF expression increased under euglycaemia, but not significantly
under hyperglycaemia. Both proteins quantified by ELISA. Error bars = SD, n=3, ***p>0.001.
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3.4.5 Does hyperglycaemia preconditioning have an effect on response to
hypoxia in HDF?

Cells grown under continuous high glucose had a decreased proliferation (p<0.001)
when compared to euglycaemic cells (Figure 3-14). The proliferation rate was found
to be not significantly different to the euglycaemic cells grown under 1% O,. The
proliferation rate of hyperglycaemic cells was further diminished under hypoxic stress
(p<0.001).
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Figure 3-14 The effect of hyperglycaemia on cell proliferation. In normoxia,
hyperglycaemia had a decrease cell proliferation, as DNA was quantified using Hoechst dye,
similarly to the growth of euglycaemic cells under hypoxia. Error bars = SD, n=6, ***p>0.005.

Euglycaemic fibroblasts responded to the hypoxia stimuli -1 and 2% O»- by increasing
the metabolic activity (Figure 3-15a) when compared to normoxia (p<0.0001). There
is no significant difference in the metabolic activity increase between 1 and 2% O
conditions, suggesting that 2% is enough to trigger the adaptive mechanism.
Fibroblasts secreted higher amounts of VEGF (p<0.0001) following HIF-1a
stabilisation as a result of the oxygen reduction (Figure 3-15b). VEGF was secreted
in higher concentrations under lower hypoxia levels (1% O,), this was observed in
each experiment but because of experimental variation after grouping all experiments,

the difference was not statistically significant.
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Figure 3-15 Euglycaemic fibroblast response to hypoxic environment. The graphs
represent the variability of the euglycaemic cells as controls in the experimental repeats
responding to hypoxia. Each dot represents a replicate from each experiment, the centre line
the average from all experiments, while the error bars the standard deviation. a) Under
euglycaemic conditions, the metabolic activity, as determined by alamar Blue®, increased
significantly (p<0.0001) as a response to hypoxia, there was no significant difference between
both hypoxic conditions. b) The VEGF secreted, quantified by ELISA, was directly related to
the increase of the hypoxic stress. VEGF was increased under 2% Oz (p<0.001) and further
increased at 1% O2 (p<0.0001). 20% O2 n=24, 2% O2 n=12, 1% O2 n=24.

Cells were preconditioned to 4.5 g/L glucose for 1, 3, 7, 14, 17, 21 and 28+ days. (see
Figure 3-3). After seeding and allowing attachment overnight, fresh media was
replenished and determined as t=0. After 24 hours of hypoxia or normoxia, no
significant metabolic activity variation across each pre-incubation period was
observed (Figure 3-16). Glucose preconditioning had no effect in hindering the VEGF
secretion at 2% hypoxia (Figure 3-17). Fibroblasts at 1 and 3 days of hyperglycaemic
preconditioning had an increased VEGF production as a response to 1% O when
compared to euglycaemic fibroblasts. The response to 1% hypoxia decreases in a
polynomial fashion (R?=0.7870, df=32), describing the impaired response to the

hypoxic insult of the cells after over 28 days of high glucose preconditioning.
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Figure 3-16 Cells responded to
the oxygen deprivation by
adjusting the metabolic activity.
During the early preconditioning
time-points, cells displayed an
increased metabolism under 2%
hypoxia, whilst at 1% the cell
metabolism was decreased
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Figure 3-17 Prolonged high
glucose preconditioning (28+
days) impaired VEGF
secretion as a response to 1%
hypoxia. As the conditioning
period was extended, a decrease
in the response to 1% hypoxia
was observed. This was
described by a third order
polynomial curve (R2 = 0.7870,
df=32).  Short-term  glucose
preconditioning did not impaired
VEGF expression as a response
to low oxygen conditions Cells
secreted VEGF proportional to
the degree of hypoxia, secreting
more VEGF in deeper hypoxic
state. VEGF was quantified
through ELISA.
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3.4.6 Does hyperosmotic hyperglycaemia inhibit hypoxiaresponse?

In order to elucidate the variation in these results, a glucose concentration similar to
hyperosmolar hyperglycaemia (9g/L Glc) was evaluated following short-term
exposure. As the cells had a reduced response at 2% O; in the previous experiment,
this was selected for this experiment. The metabolic activity was evaluated after 3
and 7 days of preconditioning in both high glucose concentrations (Figure 3-18).
There was a significant difference in the metabolic activity in the euglycaemic cells
when exposed to hypoxia, which was also seen in the cells at 3 days preconditioning.
The metabolic activity per unit of DNA was not significant between normoxia and
hypoxia in the cells preconditioned for 7 days.
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Figure 3-18 Effect of high glucose preconditioning in the HDF metabolic activity under
normoxia and hypoxia (2% O2). The metabolic switch to hypoxia, as determined by alamar
Blue®, was observed at low glucose and 3 days preconditioning. The metabolic change was
not seen at 7-day preconditioned cells in either high glucose level. Error bars = Standard
deviation, n=6, **p<0.005, ***p>0.005

Two percent hypoxia increased significantly VEGF expression, suggesting HIF-1a
stabilisation across all glucose levels. (Figure 3-19a) Under normoxic conditions, the
cells with low glucose secreted higher levels of VEGF than the other normoxic
conditions, except for the 3-day preconditioning at 4.5 g/L Glc.(Figure 3-19b) The
euglycaemic VEGF secretion per DNA in hypoxia was significantly higher (p<0.0001),
followed by 7 days precondition at 9 g/L Glc (p<0.0001). The glucose level of 4.5 g/L
had a similar effect in both preconditioning times along with 9g/L Glc at 3 days of
preconditioning. The effect seen on the 9 g/L 7 days precondition could be due to the
decreased proliferation found in hyperglycaemia. After normalising the response to
hypoxia to the VEGF secreted under each glucose level at normoxia (Figure 3-19a),

9 g/L had a 7-fold increase compared to euglycaemia, which had a 3.5-fold increase.
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Figure 3-19 Short-term hyperglycaemia and hyperosmolarity did not inhibit the
response to hypoxia. a) A significant increase of VEGF, as determined by ELISA, was seen
in all the glucose conditions at 2% hypoxia. b) Euglycaemic HDF secreted a higher amount of
VEGF (p<0.0001) followed closely by 7-day 9 g/L condition (p<0.0001), whilst the difference
across the other conditions was found to be no significant. ¢) The increase is mayor in 9 g/L
Glc 7-day conditioning, possibly due to a low proliferation under intense hyperglycaemia. The
increase between the low glucose control and the other conditions. Error bars = Standard
deviation, n=6, **p<0.005, ***p>0.005.

For the hyperglycaemic condition, HDF cells were continuously grown (28+ days) in
high glucose (4.5 g/L Glc). Cells were exposed for 4 hours to hypoxia, where ROS
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production was observed to increase in both glucose conditions (p<0.001), although
hyperglycaemia saw a two-fold increase to healthy cells (Figure 3-20). The capacity
of MGO (500 pM) to induce ROS was also evaluated. MGO did not increase ROS
production under hypoxia in either glucose condition.
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Figure 3-20 HDF’s reactive oxygen species response to methylglyoxal in 1 g/L and 4.5
g/L glucose continuous preconditioning. After 4 hours of exposure to hypoxia (1% O2),
there is an increase in ROS production, as quantified by DCF-DA dye. The magnitude of the
increase is higher in 4.5 g/L cultured HDFs (p<0.005), meanwhile there is no difference with
the addition of MGO in both glucose levels. Error bars = Standard deviation, n=4, **p<0.005,
***n>0.005.

3.4.6.1 Morphological changes in HDF induced by hyperglycaemia

Figure 3-21 Fluorescence micrographs of high glucose-induced enlargement of HDF
cells after prolonged conditioning. a) Euglycaemic cells maintained at 1 g/L glucose. b)
Hyperglycaemic conditioning at 4.5 g/L Glc. Red: wheat germ agglutinin Alexa Fluor™ 594
for membrane, Blue: DAPI for nuclei

HDF cells in low glucose conditions present the spindle shape characteristic of
fibroblast, however cells under high glucose although elongated, appeared to be
larger and wider. The cell membranes were stained with wheat germ agglutinin Alexa
Fluor™ 594 and the nuclei with DAPI.
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3.5 Discussion

A limitation in the current in vitro models is the high variance in the hyperglycaemic
conditions used to mimic a diabetic wound. In this work, a stable model of impaired
wound healing in keratinocytes (HaCaT) has been characterised. After 28-day
hyperglycaemic (4.5 g/L Glc) preconditioning, HaCaT cells for replicated the impaired
response of diabetic keratinocytes to hypoxia. The decrease of nuclear HIF protein
(Figure 3-7) was followed by an impairment in the VEGF increase as response to
hypoxia (Figure 3-6). Followed by a lack of a metabolic switch as a response to the
hypoxic environment and decreased cell proliferation in both oxygen environments
(Figure 3-5); the increase of ROS production and MMP-9 expression, as well as the
decreased antioxidant capacity are present in diabetic conditions. Aside of the
glucose concentration, the duration of exposure to high levels of glucose plays a

mayor effect on the cellular response.

3.5.1 Theresponse to the level of hypoxia is cell line specific

HaCaT and HDF (euglycaemic) responded differently to hypoxia 2% and 1% O,
HaCaT cells required a lower concentration of oxygen (1% O3) to increase VEGF
production. A response in VEGF expression on HDF cells was observed at 2% O,
while the VEGF secretion was higher under 1%0., cell type specificity to hypoxia

response has been previously reported.**

3.5.2 High glucose preconditioning cells inhibits HIF-1a stabilisation

There was an increase in HIF expression at the normoxic hyperglycaemic condition
at day 1 concordant with Sada (2016) and Catrina (2004) et al. that hyperglycaemia
induces a pseudohypoxia state in which HIF is stabilised. 1762 The response to the
hypoxic insult was impaired in high glucose cells, with a further decrease in HIF
expression at day 3, mimicking what would be a prolonged inflammation process. The
amount of HIF-1a accumulated under hypoxia at day 3, was significantly higher to that
in hyperglycaemia. Euglycaemia under normoxia remained constant between day 1
and 3, however hypoxia was downregulated by day 3. This could be as HIF1 stability
can be modulated post-transcriptionally by hormones and growth factor dependant

pathways.30°

HDFs had a decreased response to hypoxia after a prolonged conditioning to high
glucose (28+ days). Different time points were evaluated in the 28 days period, where

no significant decrease of the VEGF response to hypoxia was noted. The decrease
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in the HIF-1a expression was seen after 24 hours of hypoxia when compared to
euglycaemic cells. This impairment due to high glucose was also observed in the
reduced VEGF expression.

3.5.3 Angiogenic factors driven by HIF-1a stabilisation are decreased under

high glucose conditions

VEGF response to hypoxia was decreased in hyperglycaemic conditions.
Thangarajah et al. (2009) reported that VEGF expression was reduced in diabetic
patient-derived fibroblast as a response to 0.5%0.. The cellular impairment was
replicated after prolonged preconditioning healthy fibroblasts under 25 mM of glucose
(4.5 glL).

After conditioning HaCaT cells with 4.5 g/L glucose, an impairment in the VEGF
response to hypoxia (1% O-) was observed when compared to cells grown at 1g/L
Glc. In dermal fibroblasts, the impairment in the VEGF response to hypoxia was seen
after a prolonged exposure (28+ days) to 4.5 g/L glucose. Fibroblasts demonstrated
rapid adaptation to hypoxia at earlier time points, when the capacity to stabilise HIF
was reflected in the significant increase of VEGF at 2% O and further increase at 1%
O.. The higher VEGF secretion at 1 and 3 days could be related to the availability of
high glucose in a period where the cell has not accumulated damage from the
excessive ROS production, AGE formation and cellular damage that come along with
age and diabetes. As the cells are exposed to hyperglycaemic conditions for longer
periods, is possible that AGE accumulates and glycation occurs®®®, This relates to the
decrease in the response to hypoxia in terms of VEGF expression. A permanent
damage in cells is observed in diabetic patients, where the cell proliferation is

decreased even if the cells are obtained from a non-lesion area. 312

3.5.4 High glucose reduces cell proliferation and alter metabolic activity

through cellular pseudohypoxia

A significant difference in cell proliferation in HaCaT between hypoxia, hormoxia and
the glycaemic conditions can be observed at day 3 as hypoxia leads to a reduction in
the cell proliferation orchestrated by HIF1.%'* The low proliferation in hyperglycaemic
HaCaT under normoxic conditions suggest that hyperglycaemia is inducing
pseudohypoxia, which can be related to the higher metabolic activity shown by HaCaT
cells at day 3 and 7, when in euglycaemic cells the metabolic activity is regulated
under hypoxia. Sada et al. (2016) proposed that as high glucose increased, so did

mtROS, while also increasing O» consumption in the mitochondria, leading to cellular
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hypoxia under normoxic conditions.*’® Conversely, Terashi et al. and Nakai et al. have
previously described the decrease in cell proliferation at high glucose concentrations,
proposing that high glucose decreases the replicative life span of HaCaT similar to
observations in clinic where diabetic patient-derived keratinocytes have a reduced
mobility.?8”32! The decrease in cell proliferation under hyperglycaemia was also
observed in fibroblasts. A reduction in cell proliferation has been described by
Seagroves et al. (2001) with HIF-1a-null fibroblasts under hypoxia, while Baracca et
al. (2013) described the relation of HDF proliferation to oxygen condition, being

reduced in high glucose levels.*3%3%

3.5.5 Diabetes, hypoxia and ROS generation: effect of hyperglycaemia in
MMP-9 and antioxidant capacity

The amount of ROS production measured under normoxic conditions was not
significantly different between both glucose conditions. An increase in ROS
production under similar high glucose conditions (30 mM Glc) as opposed to
euglycaemic conditions of 5 mM was reported by Nishikawa et al. (2000) By inhibiting
the pyruvate -derived from the glycolysis- ingress to the mitochondria, suggesting the
TCA cycle as the source of increased ROS through hyperglycaemia.**? A disparity in
ROS production as a response to hypoxia was observed in both cell conditions, where
the ROS increase was higher under high glucose conditions. The response in ROS
detection and production was higher in HaCaT cell line when compared to the HDFs.
The increase of ROS in low glucose condition as a response to hypoxia was 158%
meanwhile HDF response was 86%. The high ROS production under hypoxia in
hyperglycaemic cells results are supported by the total antioxidant capacity assay
performed in HaCaT cells, where a decrease in the response was observed under the
same conditions. A reduction in the antioxidant capacity is reduced particularly in
diabetic patients with microvascular complications.®% Hypoxia increased significantly
MMP-9 production, however the increase in hyperglycaemia was greater. Uemura et
al. (2007) observed a 70 percentage increase of ROS under high glucose conditions
and a decrease of MMP-9 with the addition of antioxidants, elucidating the role of

oxygen-derived free radicals in MMP-9 production and regulation.*'?

The relevance in evaluating MMP-9 in wound healing lays on MMP-9 being
upregulated under hypoxia promoting keratinocyte migration to the wound bed for re-
epithelialization, also having an effect in angiogenesis, by releasing and activating
VEGF and TGF-B from the ECM,**41> however, MMP-9 is not solely regulated by
HIF-1a, but also mediated through the PKC pathway and ROS.*'34¢ The MMP-9
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profile results resemble what Liu et al. (2009) observed in diabetic foot ulcers. They
found an increase of the MMP-9 and a decrease of the MMP-9 to TIMP-1 ratio in non-
healing wounds at 4 weeks. As a factor of prediction of wound healing, they found this
difference to be more noticeable at 12 weeks when comparing the healed ulcers
(37%) to those who had not.**” These results were similar to those described by Li et
al. (2013), who observed a five-fold decrease in the MMP-9 serum concentration 4
weeks in healing patients. There was non-significant difference across time in the
non-healing patients'*2. In hyperglycaemic murine models, a reduction of VEGF in
response to hypoxia, a threefold increase in MMP9 and a decreased migration in
diabetic cells. “®Contrasting to these observations, Lan et al. (2008) report a decrease
in the MMP-9 expression under high glucose conditions with a high level of TIMP-1,
to which they attribute the low migration rate seen in hyperglycaemic cells. An
important difference with their research is they measure the MMP-9 expression in vitro

under normoxic conditions after a short period of exposure to high levels of glucose.®®

3.5.6 Use of Advance Glycation End Products to reduce HIF stabilisation

MGO as a diabetic wound model was evaluated following the experiment by Sena et
al. (2012) which was done on retinal pigment epithelial cell line ARPE-19. In HaCaT
cells, after 6 hours of exposure to MGO (1 and 3mM), a decrease in the metabolic
activity, VEGF expression and cell number was observed dependent upon the
concentration, suggesting toxicity. Bento et al. (2010) reported using similar MGO
concentrations as Sena, stating that even if these concentrations are higher than
those seen in vivo, the accumulation of intracellular MGO are similar to those
observed in pathological conditions. Treatment and removal of MGO after 4 hours in
HaCaT cells, at lower concentrations than reported by Sena et al. (2012) and Bento
et al (2010) decreased VEGF, and affected cell proliferation and metabolic activity
similarly as the effect of 28 days of hyperglycaemic conditioning. HaCaT cell line
appear to be more sensitive to the effect of MGO, as they report not detecting MGO
in ARPE-19 after 3 hours of exposure, while in HaCaT cells an endure effect was
observed, even upon removal of the MGO.%82% Four hour preconditioning with MGO
did not increase ROS production under hypoxia or normoxia, however an increase of
ROS through AGE-forming methylglyoxal under hyperglycaemia has been
demonstrated by Nishikawa et al. (2000, 2016). These results demonstrate the

potential of MGO chronic wound heal modelling with in a shorter incubation period.
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3.5.7 Hyperosmolarity under hyperglycaemia

As high osmolarity (through mannitol) has been found to induce endothelial cell
apoptosis, along with increasing stress markers, leading the activation of multiple
disease pathways.** The experiments containing 1 and 4.5 g/L glucose DMEM had
an osmotic pressure of 304-336 mOS/kg and 313-346 mOS/kg accordingly, as
specified by Gibco. The variance in the osmolarity overlaps and are consistent to the
osmolarity present in controlled diabetic patients. However, patients can have critical
periods of hyperosmotic hyperglycaemia, where the glucose level can rise up to 9 g/L
Glc.®* In order to evaluate the effect of a higher glucose levels and the effect of the
imbalance of the osmotic pressure, 4.5 g/L of glucose was added to media already
containing 25 mM glucose. Unexpectedly, the VEGF under supra-high levels of
glucose (9 g/L Glc) for 7 days preconditioning at normoxic conditions was lower than
the euglycaemic control (p>0.01). The supra-high level of glucose had an increase of
VEGF secretion under hypoxia per cell after 7 days of conditioning, when compared
to the effect of 4.5 g/L at the same preconditioning time. Although the amount of VEGF
per DNA was higher in euglycaemic cells in low oxygen conditions, the percentage
increase in the supra-glycaemic cells was higher. This effect could be attributed to the
hyperosmotic conditions of having the double amount of glucose, but to the glucose
as well. In order to explain this, 4.5 g/L mannitol or L-glucose can be added to the

high glucose media condition.

3.5.8 Morphological changes in hyperglycaemia

It has been reported that in diabetic and elderly patients, the morphological and
biomechanical changes in not injured skin exist.’*"%°® Some of the changes are
attributed to the extensive glycation in the collagen fibres,%42° and the inflammatory
and ECM changes induced by ROS.157162318416 Ap enlargement and flattened
changes in HaCaT cells after conditioning the cells to 12 mM Glc (2.16 g/L) for 28
days was reported by Terashi et al. (2005) Moreover, Spravchikov et al. (2001) has
also described these changes as well as the lack of orientation between them. They
observed that under high glucose, HaCaT cells were more sensitive to calcium, a
driving factor of terminal differentiation.3** Furthermore, Okano et al (2016) described
an increase of the tight junction protein (ZO-1) in diabetic epidermal mouse
models.1%179:356 which could be associated with the strong attachment -between the
cells and towards the flask- observed through the experimental settings. HDF cells
had similarities to the changes associated with ageing in a model with increased

oxidative stress, where the collagen lattices were fragmented and dystrophic. %
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3.6 Conclusion

The model presented in this work considers the effect of hyperglycaemia as the main
driving factor in diabetic-associated complications. Through high glucose
preconditioning, HDF and HaCaT cells replicated the high oxidative stress present in
the disease, reflecting the changes in the metabolic activity, cell proliferation and
increased VEGF expression. Moreover, the hypoxic insult exacerbated the damage
by the hyperglycaemic condition. The impaired response to hypoxia and HIF
stabilisation, common in chronic wounds. The high oxidative stress —seen in
measurement of ROS production and reduction in the antioxidant capacity- translated
to the over-expression of MMP-9 under hypoxic conditions.

The model reflects the damage in keratinocytes (HaCaT cells) and fibroblasts (HDF
cell line) produced by a hyperglycaemia of 25mM Glc (4.5 g/L), consistent to the high
glucose level used in 31% of the literature previously described. The hypoxic insult
was induced through a CO;incubator in 1% O». The HDF were subjected at 2% O
hypoxia in order to evaluate their responsiveness and adaptability to oxygen
variations. The effect of the impairment in the cells as a co-culture, or by using the
supernatant with the growth factors from the other cell line is proposed, given the

strong crosstalk between fibroblast and keratinocytes in the body.

It was also of interest to evaluate the effect of AGE glycation, described in patients
with chronic diabetes and the elderly. This was assessed in HaCaT cell line in
conjunction to hypoxia state. It is proposed that a similar model is made in HDF, which
should include the effects of the MMP-9 and characterisation of the collagen

produced.

To evaluate the effect of osmolarity in HDF, a two-fold glucose condition consisting of
50 mM (9 g/L) was used, having early time points of precondition. Although an effect
in VEGF was observed, it remains unclear if this was driven by the HIF pathway or

other pathway related to hyperglycaemia.

The assessment of cell migration under hyperglycaemic and hypoxic conditions

remains to be addressed.
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Chapter 4. HIF mimetics in wound healing

4.1 Introduction

Diabetic and elderly patients are more prone to develop chronic wounds (see 1.6 and
3.1). These patients also have an impaired response to hypoxia and this has been
implicated in the enhanced risk of chronic wound development.!23.152.167.298.421 Arificial
stabilisation of the hypoxia pathway has been shown to enhance wound repair in both
diabetic19:200.208422 and elderly®*542% in vivo wound models. HIF stabilisation has been
shown to promote angiogenesis, cell migration and wound closure. %2940 There are,
however, limited studies comparing the effect of different HIF mimetics in high glucose
in vitro models. There is also a need for the controlled delivery of these HIF within the

chronic wound environment.

In hypoxia -and in the presence of DFO,*** DMOG** and cobalt?'®- HIF is stabilised
and translocated into the nucleus, binds to the HRE (Figure 1-4), and activates a host
of different genes important in wound healing (Figure 1-2). HIF-1 stabilisation
activates a number of angiogenic genes (including angiopoietin 2 (ANGPT2), bFGF,
SDF-1 and PDGF, important for restoring oxygen haemostasis and wound healing.
VEGEF is one of the most potent angiogenic factors, VEGF increases endothelial cell
proliferation, vascular permeability, cell survival, cell migration and microvasculature
tube formation, (as reviewed by Rey and Semenza (2010)). While HIF-1a is a potent
inducer of VEGF, VEGF expression can also be upregulated through non- HIF-1a
mediated pathways such as ROS, MAPk and other inflammatory related transcription

factors.363

4.1.1 The importance of controlled delivery of HIF stabilisation factors — and

the risks of excessive or prolonged HIF stabilisation

Several diseases are characteristic of hypoxia-driven inflammation and/or
inflammation-related hypoxia, caused by sudden metabolic requirements that cannot
be covered by the oxygen supply. Chronic diabetic patients develop a pseudo-hypoxic
stage in which HIF -1a can be stabilised through pro-inflammatory molecules or

infection preventing degradation of the molecule.%?

HIF stabilisation is essential for normal repair and remodelling; however, artificial HIF
stabilising factors requires delicate dosage and delivery. In a healthy wound, HIF-1a

is initially upregulated and later decreases following the restoration of the neo-
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vascularisation (see Figure 1-5). Prolonged exposure to HIF mimetic factors would
cause chronic inflammation and resemble the profile of tumour tissue'’>4% with the
continuous expression of inflammatory mediators (e.g. IL-1, IL-2, IL-6, TNFa,
Phosphoglycerate Kinase (PGK-1)) and a range of early angiogenic factor initiators
(e.g. VEGF).*?® Prolonged HIF stabilisation has been associated with granulomatous
tissue formation and neoplasia.*?*#?’ Prolonged inhibition of PHD inhibitor FG 4095
(HIF inducer) led to increased vascular leakage, resembling a sepsis-like
syndrome.*?® Likewise PHD2 dysregulation can induce erythropoiesis or

erythrocytosis, 75203429430

4.1.2 HIF mimetics: mode of action and interaction

While the mechanism of impaired stabilisation of diabetic HIF-1a is not fully
understood, it is thought to occur through increased HIF-1a degradation through the
increased hydroxylase activity,’®® an impaired HIF-1a/p300 association, protein
modification and polyubiquitination and proteosomal mediated by CHIP (Carboxy
terminus of Hsp70-Interacting Protein), and an increased sensitivity of HIF-1a to von
Hippel-Lindau dependant degradation.®® In diabetic (or other conditions where cells
are not responding to hypoxia) HIF-1a can be stabilised through different artificial
mechanisms (Table 4-1) through Fe?* substitute ions, induced cellular iron deficiency,

2-oxoglutarate analogues, or small molecular inhibitors of HIF degradation pathway.
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Table 4-1 HIF-mimetic factors stabilise HIF pathway through different
mechanisms." (DHB- Dihydrobenzoic acid; Ftl-Notoginsenoside; Concentrations
out of range: *2 mM,* **100 uM*% for 4 days)

Range of
Mechanism HIE-mimicking f concentrations
of Action -mimicking factors (in vitro
studies)
C02+ 131,214,436,437,216,218,219,235,432-435 10_300 HM
Ni2+ 213,215,218,232 05-1mM
Fe?*-substitute
Cu?* 210,218225-228 100 pM
ions
Cr6+ 202,218,232,233 5-20 UM
Mn2+ 218,229-231 100 — 200 UM
DFO 131,165,436— 10 -250 UM *
Induced iron
441,203,206,208,235,327,330,332,431
deficiency
AKB-4924 442 10-100 uM
DMOG 131,165,445,446,267,327,423,430,432,439,443,444 05 _ 3 mM *%
2-Oxoglutarate . .
L-mimosine 47449 0.3-1mM
analogue
DHB 439:4%0 10 -1000 pM
Small molecular FG4497 130131 -
inhibitors of HIF BAPTA 41 -
degradation Ftl 42492 2.5-10 uM

4.1.2.1 Fe?-substitute ions

Iron is an essential metal in the body and is a cofactor for multiple enzymes, being
fundamental in the electron transport and redox reactions (as reviewed by Emerit et
al. 2001). Several transition metal ions alter cellular iron homeostasis by competing
with the iron transporters and/or the iron regulated enzymes mimicking a hypoxia
response in the cells under normoxic conditions.?'8453 |ons like Co?*, Ni?*, Cu?*, Cr¢*,
and Mn?* have similitudes with iron and can bind in substitution to iron and inhibit the
reaction. Several mechanisms of inhibition of HIF-1a degradation have been
proposed (see section 1.8) being the most accepted that Co?* can substitute Fe?* in
the PHD 1-3 and FH-1, HIF-1a

deg radation 215,218,220,232

regulatory dioxygenases, inactivating the

h Literature search using (HIF mim* OR Cobalt Chloride* OR CoCl* DFO OR DMOG OR iron
chelat*) AND (wound* OR ulcer*). Search through Web of Science Core Collection, Scopus,
Google Scholar and Pubmed.
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Copper naturally is present in the body and an essential trace element, participating
in wound healing and in the Copper Chaperone for Superoxide Dismutase (CCS). The
sensitivity and ability to induce HIF activation through copper ions has been reported
with opposing results. While 100 pM Cu (Il) induced HIF-1a stabilisation in Hep3B
cells and Hep G2, a higher amount was required to stabilise in HeLa cells, however
100 pM Cu II was toxic in A549 cells. Copper did not increase the HRE-driven
luciferase reporter activity, however demonstrated a delay in the degradation of HIF-
1a by inhibiting the PHD, allowing stabilisation but not inducing the production of the
molecule. Nevertheless, a high exposure to copper, in dose or prolonged exposure,
can lead to haemolytic anaemia, kidney and liver failure and gastrointestinal

bleeding _218,225,226

4.1.2.1.1 Cobalt

The effect of therapeutic cobalt-induced hypoxia in healthy tissue has demonstrated
an increase in ROS production (in rats), where the levels of lipid peroxidation were
decreased and a rise of the GSH/GSSG ratio (reduced glutathione/oxidised
glutathione), demonstrating an increased antioxidant capacity.?*®* As it has been
previously described (see section 1.8), cobalt may prevent the degradation of HIF-1a
by inhibiting the interaction between HIF-1a and von Hippel Lindau, by directly binding
to the HIF-10?'* and also possibly by inducing HIF-1a expression through ROS
generation. The effect of cobalt in HIF stabilisation is specific to the HIF-1a isoform

not HIF-2a.219:432

The concentration of CoCl, used to stabilised HIF-1a varies widely across the
literature ranging from 10 to 300 pM CoCl,,131:214.216,218,219.235432-435 Preyjous studies
have reported the cellular uptake of cobalt ions in keratinocytes and fibroblasts,
however toxicity is cell-type specific. Keratinocytes have been shown to have a
higher uptake of cobalt ions than fibroblasts?*® (for toxicity see 1.8.1) It has been
observed that cobalt accumulates at the peri-nuclear cytosol of HaCaT cells. This
accumulation was suggested to happen in the Golgi apparatus and the endoplasmic
reticulum, and possibly through the same systems for divalent cation transport used

by zinc.**

75



DMOG

HIF 1a

ascorbate

6 .

Figure 4-1 The mechanism of HIF stabilisation under normoxia by using HIF mimetics
Co, DMOG, DFO and ROS. Co has been known to stabilise HIF-1a for over 25 years.*>® Co
stabilises HIFla by interaction with the HIFla binding site of the von Hippel-Lindau protein
(VHL)?# and it has also shown that the action of Co to VHL is only specific to the HIF-1a
protein not HIF 2a and 3a proteins.**2 DMOG is an analogue of 20G, however, it lacks of
binding to iron.*?” and strongly binds to 20G active binding site of both PHD and FIH thus
stabilises HIF-1a (competitive inhibitor). 4°¢ DFO is a general iron chelator, which inhibits the
binding of iron to PHD, thus stabilises HIF1la. ROS are hydrogen peroxide and oxygen free
radicals, which inhibits the hydroxylation of PHD and FIH stabilising HIF consequently.

4.1.2.2 Iron chelation

Siderophores are small iron-chelating compounds with high affinity for soluble ferric
ions in living systems. These compounds aid the organisms in uptake of iron in a
soluble form from naturally occurring bound mineral forms like oxides and hydroxides
by forming stable, hexadentate, octahedral co-ordination complexes (Figure 4-2).4%7
AKB-4924 (Akebia Therapeutics) contains an a-hydroxycarbonyl that binds to iron,
allowing HIF stabilisation.**> AKB-4924 has been reported to reduce the inflammatory
response and to improve epithelial barrier function, moreover in skin abscess model
it reduced the lesion size resulting from Staphylococcus aereus and stimulated the

killing capacity of keratynocites. 30442

4.1.2.2.1 DFO (Deferoxamine)

Deferoxamine (DFO/DFX) is a siderophore produced by the actinobacter
Streptomyces pilosus, clinically used for iron overload and non-specific to the HIF
pathway, due to the iron chelating nature.'?"4?* As the PHD2 molecule uses iron as a
cofactor and the FIH has an iron-core in its active site, therefore under the presence

of DFO, the unavailability of iron would inhibit the degradation of HIF-1a.2934%4 Paller
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and Hedlund (1994) proposed that the main site of action of DFO occurs
extracellularly, thus depleting the iron from the cell, resulting in the inhibition of the
PHD. Conversely DFO may also be able to penetrate some cell membranes, possibly
through endocytosis (560 mw) and can protect the cells from lipid peroxidation. 458459
DFO has been widely investigated for its promotion of angiogenesis, even under
pathological conditions?%®438441 and has been incorporated to different scaffolds and
hydrogels to control the stable release.?%6:46°

Figure 4-2 Siderophores sequestration of

O; iron. Desferoxamine, a type of siderophore,

. disables the PHD2 and FIH molecules, as

'Fe3+ the first one uses iron as a cofactor;

R meanwhile the latter has an iron-core inin its
o+ active site.*’

—
Fe2+

4.1.3 2-Oxoglutarate analogue

The existence of chemical compounds mimicking structurally 2-oxoglutarate inhibit
PHD and FIH by blocking the binding to the iron-containing catalytic domain, which
would initiate HIF-1a degradation.?”1”® |-mimosine (L-Mim) is a hypoxia mimetic
agent that inhibits the prolyl and asparagyl hydroxylation, acting as a 2-oxoglutarate
analogue, inhibiting prolyl 4-hydroxylase inhibitor. Although L-Mim has proved
efficiency in mimicking HIF 1-a, by activating the HIF-1 target reporter, increasing the
production of angiogenin, VEGF and reduction of PHD2, it has been reported the
suppressed cell proliferation by inhibiting factors enabling cell cycle transition. 43%447-
450 Dihydrobenzoic acid (DHB), is a less effective HIF mimetic, inhibiting the PHDS

with respect to ascorbate depletion.*3%4%°

4.1.3.1.1 DMOG

Dimethyloxalylglycine (DMOG) is a small molecule (MW 175.1g/Mol) non-specific
analogue of 2-OG, it easily permeates into the cells and converted into N-oxalylglycine
(NOG) by esterases and accumulates.**443 Due to its competitive binding to the PHD
and FIH but lack of iron binding site, it stabilises HIF-1a.127431 A number of researchers
have demonstrated that DMOG stabilises HIF in number of different cell types
including (endothelial cells,**® fibroblasts!®>*% and keratinocytes3?’4¢1 in normoxia

(See Table 4-1). Whilst it is assumed that the in vivo chronic wounds were hypoxic,
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there is a lack of evidence that DMOG can further enhance HIF stabilisation in low
oxygen conditions, certainly no in vitro data. The capacity of DMOG to mimic hypoxia
under normoxia conditions in terms of gene transcript was well described by Elvidge
et. al (2006), after observing that 190 HRE genes were significantly upregulated
compared with 246 upregulated by actual hypoxia. Conversely, from the 191
transcripts that were downregulated by hypoxia, just 69 were downregulated by
DMOG.*! Zhdanov et al. (2015) observed a rapid suppression of NOG on
mitochondrial respiration, which decreases the production of NADH and state 3
respiration and decrease of histone acetylation. These cascade of processes of
DMOG affecting respiration happens before interaction of HIF-a proteins by PHD.*43
Thus the effect of DMOG may not be specific to the HIF pathway.

4.2 Chapter Aims

As shown in chapter 3, hyperglycaemia impairs the response of HIF pathway. This
chapter tested the use of HIF mimetics to restore HIF functionality in the diabetic

model.
Aim of this chapter:

1. To compare the effect of different HIF-mimetics (at different concentrations)
on the restoration of wound healing responses (HIF stabilisation, cell
metabolism and VEGF response) in response to hypoxia.

2. To determine if HIF mimetics causes changes in cell proliferation and cell

survival.
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4.3 Materials and Methods

The cell response to the HIF mimetics was evaluated in keratinocytes (HaCaT) and
fibroblasts (HDF). Following a pre-selection of dose response in the HDF in terms of
VEGF expression and metabolic activity, the response was evaluated in
keratinocytes, as fibroblasts are more responsive to the oxygen variations. The
response of fibroblasts was evaluated at days 1 and 3, keratinocytes were only
evaluated at day 1.

HaCaT and HDFs were grown in fully supplemented DMEM with 10% FBS and 1%
Penicillin/Streptomycin under normoxic conditions (see Methods section Cell Culture).
HaCaT cell were seeded in a density of 20 00 cells/cm?, while HDF were seeded at
10 000 cells/cm? in 48-well plates due to their nature in size and sensitivity to the
assays. The cells were seeded and allowed to attach overnight, followed by the
addition of the HIF mimetic and hypoxic conditions (1% O). After 24 hours, the media
was collected and frozen for future VEGF measuring and metabolic activity was
measured (see section 2.2.3). The cells were gently washed and 200uL of water were
added. The plates were then placed in the freezer for future cell number quantification
(see DNA Quantitation in 2.2.4). For the HDF, the media as replaced at day 2 in order
to collect the VEGF response produced in 24 hours. The same measurement

procedures were followed at day 3.

The HIF mimetic media were prepared in fully supplemented media (see above)
before each experiment. Stock solutions of DMOG, DFO were prepared in DMSO and
stored at -80°C (see Materials in Chapter Methods). Cobalt chloride was diluted in
distilled water at 200 mM concentration and kept at 4°C. The specific ionic

concentration was measured through ICP-AES and diluted accordingly.

4.3.1 HIF stabilisation assay

To confirm the HIF stabilisation, HaCaT cells —in euglycaemic and hyperglycaemic
(28 days-preconditioned at 4.5 g/L Glc) were seeded in T150 flasks at a 4000
cells/cm? density with 25 ml of correspondent glucose media and allowed to attach
and proliferate for 2 days. The media was replaced with HIF-mimetic conditioned
media and the flasks were placed under normoxic and hypoxic (1% O;) conditions for
24 hours. The HIF mimetic concentrations were selected from their capacity of
increasing VEGF expression in the previous experiments, resulting in 50 uM of CoCl»,
10 uM DFO and 250 pM for DMOG.
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Nuclear HIF-1a molecule was measured with the Human/Mouse Total HIF-1a Duo
Set® IC ELISA (see section HIF-1a protein quantification in Chapter Methods).
Previously, nuclear extraction was performed using the Nuclear Extract Kit Active
Motif. The nuclear protein extracted (total) was measured with a Thermo Scientific

NanoDrop™ Spectrophotometer to confirm successful nuclear extraction.

4.3.1.1 HIF stabilisation under hyperoxygen conditions

In the cells exposed to 100% O, cells were seeded at 4000 cells/cm? density (as
samples tested in hypoxia and normoxia), however T75 flasks were used with 12.5
ml of correspondent glucose media due to size restrictions of the hyperoxia chamber.
The samples were placed in a constructed hyperoxygen chamber (see 2.2.2) and re-
perfused with 100% O for 5 min to allow air replacement. The nuclear HIF-1a was
quantified using the same protocol as previously described; however, the volumes

were halved to avoid dilution of the samples.

4.3.2 Cell cycle flow cytometry

In order to elucidate the effect of DMOG and 100% O, euglycaemic HDF cells were
seeded in a concentration of 12 500 cells/cm? in a 6-well plate with 2.5 ml of 1g/L Glc
media. Following overnight cell attachment, media was replaced with fresh or DMOG-
conditioned (250 uM) media and placed under hyperoxygen conditions (as described
in section 0). Cells were gently collected and stained (see section 2.2.12) using
Propidium lodide (FxCycle, Invitrogen) and flow cytometry was performed on LSRII

and analysing 30 000 events.

4.3.3 Statistical Analysis

The experimental data was analysed using Prism Graphpad. The data was checked
to see whether it was required to use parametric or non-parametric tests by Pearson
and Spearman’s test. Comparison between two individual data sets, was made using
Student’s t-test. More dataset comparisons were made using the one-way Anova, or
two-way Anova when appropriate followed by Bonferroni. Each condition was
repeated n=6, while the HIF assay had n=3. Mean and standard deviation were used.

The representative experiments were selected for this chapter.
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4.4 Results

Different concentrations of HIF mimetics were evaluated in fibroblasts and
keratinocytes. The optimal concentrations were chosen based on the capacity to
induce VEGF expression in fibroblasts and then used to test the VEGF release in
keratinocytes. In order to confirm the stabilisation of the HIF pathway through the
mimetics, HaCaT cells were used. Following the hypothesis that HIF mimetics can
increase cell survival under hyperoxygen conditions, 85 and 100% O, conditions were
tested. As an alternative, the preconditioning of the cells to HIF mimetics and/or

hypoxia was also evaluated.

4.4.1 Cobalt Chloride as a HIF mimetic: Biological response

Fibroblasts were treated with 100, 75, 50 and 25 uM of cobalt chloride (Figure 4-3).
After 24 hours, there was no significant difference in metabolic activity (SD ns, n=6).
After 3 days, the metabolic activity of the cells in normoxia with cobalt have a
significant increase to the control (***p<0.0001, n=6). Cells in hypoxia, under the
presence of cobalt also had an increase of metabolic activity. VEGF secretion was
increased in all the cobalt concentrations. In normoxic conditions, 75 and 100uM
CoCl2 secreted VEGF similar to the level induced by 1% O, after 24 hours
(***p<0.0001, n=6). After 3 days all conditions but 25 uM CoCI2 had an increased
VEGF production. Under hypoxic conditions, the cobalt induced almost a two-fold
increase of VEGF. At day 3 the VEGF production was increased in all the cobalt
conditions, however 100 uM CoCl; had a threefold VEGF secretion (***p<0.0001,
n=6).

In HaCaT cells, the metabolic activity was increased as a response to hypoxia (Figure
4-4), however, the metabolic activity with 50 uM CoCl; was significantly decreased,
nevertheless, it was still higher than its normoxic pair (*** p< 0.0001, n=6). VEGF was
increased in both oxygen conditions at 50 uM (**p<0.0014, n=6), which suggests HIF
stabilisation. The cell number was not affected based in the DNA quantification after
24 hours, as there was no significant difference in all the conditions (SD ns, n=6),

demonstrating that the cobalt chloride concentrations used were not toxic.
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Figure 4-3 Cobalt induced VEGF expression under normoxia and hypoxia conditions in
HDF cells. a) The metabolic activity of the cells remained constant after 24 hours of exposure
to CoClz, as determined by alamar Blue®, however at day 3 the metabolic activity was
increased. In hypoxia, changes were also observed by day 3, when the metabolic activity
increased at 75 and 100 uM CoCl.. b) A two-fold increase in VEGF secretion in normoxia is
observed at 75 and 100 uM by day 1, similar to the hypoxia control. In day 3, 50-100 uM CoCl:
increased significantly the VEGF production. CoClz in combination with hypoxia further
increased the VEGF secretion in both time points (Error bar= SD, ***p<0.0001, n=6).
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Figure 4-4 Cobalt increased VEGF secretion in HaCaT a) The metabolic activity at normoxic
levels was not affected by cobalt as measured by alamar Blue™, however, under hypoxia the
activity decreased with 50 uM CoClz (*** p< 0.0001, n=6). b) Cobalt chloride (50 uM) increased
VEGF secretion at normoxic conditions and at 1% O enhanced VEGF production resulting
from hypoxia (** p<0.0014, n=6). c) Cell number, quantified using Hoechst dye, was not
compromised under the presence of cobalt. Error bar= SD

83



4411 Cobalt: Nuclear HIF-7a stabilisation

Cobalt chloride at 50 pM stabilised nuclear HIF-1a protein under hyperglycaemic
normoxic conditions (Figure 4-5), being not significantly different to hypoxia or even
hypoxia in euglycaemia. However this effect is reduced after day 3 and the HIF-1a is
not significantly different to the basal level. This is contrary to what was observed
under euglycaemic conditions, where HIF-1a was stabilised by day 1 and furtherly
increased after 3 days (*** p <0.0001, n=3). Under hypoxic conditions at day 1, the
addition of cobalt did not have an effect on the amount of HIF-1a detected, however
under normal glucose conditions at day 3, the levels were higher than expressed in
hypoxia (*** p <0.0001, n=3). In the same time point in hyperglycaemic conditions,
the nuclear level of HIF-1a protein was below the basal level of hyperglycaemic

normoxic cells.
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Figure 4-5 Cobalt stabilises nuclear HIF-1a, even under hyperglycaemic conditions.
CoCl2 successfully increased HIF-1a in both glucose conditions after 24 hours of exposure
compared to basal normoxic levels as measured by HIF-1a ELISA. At day 3 the expression in
euglycaemic conditions remained elevated similarly to the effect of hypoxia at day 1 —the green
line represents the basal level in each glucose condition- (*** p <0.0001, n=3). In euglycaemia
day 1, there is no difference between the HIF-1a expressed under hypoxia with or without the
presence of cobalt, however at day 3, it was significantly increased (*** p <0.0001, n=3). Under
hyperglycaemia in day 3, HIF-1ain hypoxia was at similar levels to the basal protein expressed
in normoxia or even lower, the differences were found to be not significant. Error bar= SD
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4.4.2 Deferoxamine as a HIF Mimetic: Biological Response

DFO had no effect on the metabolic activity of fibroblast at low concentrations (10-25
pMM) at day 1, nevertheless a reduction in the metabolic activity was observed at day
3. The metabolic activity of cells in normoxic conditions was decreased significantly
(***p<0.0006, n=6) compared to the control. Under hypoxia, the metabolic activity of
the DFO conditioned cells (Figure 4-6) was compared to that in the normoxic control,
however it was significantly decreased in a dose dependent manner (***p<0.0006,
n=6). When the metabolic activity was compared to their pair under normoxia, all the
conditions were significantly increased (***p<0.0006, n=6), which is commonly
observed under hypoxia. DFO increased significantly VEGF expression under
normoxia after 24 hours in a concentration-dependent manner, where 5 uM induced
a 2.4-fold increase, whilst 25 uM a 4.5-fold (***p<0.0001, n=6)). The effect of the 5
MM concentration was reduced by day 3, when the VEGF secreted was no
significantly different to the control (SD ns, n=6). However, in the other concentrations,
VEGF remained elevated (***p<0.0001, n=6). DFO in normoxia in the concentrations
between 10-25 uM had a higher VEGF expression than the hypoxic control. In
hypoxia, the increase of VEGF was not significant at 5 and 10uM at day 1 when
compared to the VEGF increased induced by hypoxia by itself, however, with 25 uM
the VEGF secreted was doubled (p). At day 3 the production of VEGF by 10 uM was
significantly higher than the control (***p<0.0001, n=6), and so were the higher
concentrations evaluated, reaching a 1.5-fold increase at 25 uM DFO. Cell number
remained constant, not increasing after 3 days under the effect of DFO, being
significantly lower to the control (***p<0.0001, n=6, ** for 5 UM in both oxygen

conditions).

In HaCaT cells DFO demonstrated to have a greater effect on metabolic activity
(Figure 4-7Error! Reference source not found.), where the metabolic activity was
observed to halve under normoxia (***p<0.0001, n=6). However, under hypoxia, the
metabolic activity was not significantly decreased. The cell number was affected
under the presence of DFO in a dose-dependent manner, a higher cell reduction
number was observed at 25 uM of DFO. Hypoxia appeared to offer a mechanism of
protection to the presence of DFO, as the cell number was reduced, however to a
lesser extent (***p<0.0001, n=6). DFO had an increase in the VEGF production in
normoxia at 25 pM DFO, due to the HIF stabilisation of the iron chelating compound,
however this particular condition had a greater decrease in cell number, potentially

due to toxicity.
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Figure 4-6 DFO induced toxicity in fibroblasts at low concentrations. a) DFO (5 to 25 uM)
decreased metabolic activity, as determined by alamar Blue®, after 3 days of exposure in a
dose-dependent manner. b) VEGF secretion was increased under the presence of DFO. The
VEGF expression was similar between normoxia and hypoxia, as quantified using VEGF
ELISA, under the effect of DFO. However, the 5uM failed to increase VEGF expression at day
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3 on normoxia. ¢) Cell number remained constant, failing to increase number after 3 days
when DFO was present. (Error bars= Standard deviation, n=6, ***p<0.0001)
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Figure 4-7 DFO had a toxic effect on HaCaT cells at low concentrations. a) DFO at 25
and 10 uM a significant reduction in cell metabolic activity, this decrease was more noticeable
under normoxic conditions. b) DFO increased slightly VEGF production at 25 uM (*p=0.0107,
n=6) c) Cell number was halved under the effect of DFO in normoxia; however, hypoxia had a
protective effect in the observed toxicity from DFO as the cell number reduction was less. Error
bars= Standard deviation, n=6, ***p<0.0001. Error bar= SD

87



4.4.21 Deferoxamine: Nuclear HIF-71a stabilisation

DFO at a 10 uM concentration has the capacity to stabilise HIF-1a under normoxic
conditions in euglycaemic (1g/L Glc) conditions (Figure 4-8). The stabilisation of the
HIF-1a under hypoxic conditions, was not significantly different to the one caused by
the decrease of oxygen. However, by day 3, the expression of the HIF-1a is sustained,
remaining equal for the normoxic condition and higher than the control under hypoxia.

Under hyperglycaemic conditions (see Diabetic model section 3.4.2), DFO is able to
stabilise HIF at normoxic conditions in the same manner as the hypoxic
hyperglycaemic control (p>0.05, n=3). The DFO under hypoxia does not have an
effect in the protein regulation at day 1. DFO had no effect in increasing HIF-a

expression under the wound model, nor in normoxia or in hypoxic conditions.
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Figure 4-8 DFO stabilised HIF-1a under normoxic conditions in both glucose levels. The
amount of HIF protein, as measured by HIF 1la ELISA, under normoxic conditions was non-
significantly different to the one in the hypoxic control for each glycaemic condition, but it was
significantly higher than the basal normoxic level (*** p<0.0001, n=3). DFO had no significant
effect when in combination with hypoxia at day one. By day 3, HIF-1a was stabilised by DFO
only under low glycaemic conditions, and under normoxia was expressed at a higher
concentration than the hypoxia control (***p<0.0001, n=3). Under high glucose, the HIF-1a
expression was not significant among them, or to the basal level. Error bars= Standard
deviation, n=3, ***p<0.0001
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4.4.3 DMOG as a HIF mimetic: Biological Response

DMOG had no significant effect on the metabolic activity of fibroblast at day one under
normoxia conditions (Figure 4-9), however a decrease was observed under hypoxia
conditions as the concentrations increased (*p<0.05, n=6). At day three, the metabolic
activity of 100 pM DMOG in normoxia increased to the same level as the hypoxic
control suggesting HIF stabilisation. The metabolic activity of the other concentrations
remained similar to the normoxia control; however, a decrease was observed at the
highest concentration-1 mM (*p<0.05, n=6), which was also observed under hypoxic
conditions at both time points (***p< 0.0001, n=6), and to a lesser extent with the other
DMOG concentrations. VEGF was significantly increased with all the concentrations
of DMOG, particularly at day 1. A concentration of 100 uM was sufficient to have a
four-fold increase in VEGF secretion under normoxic conditions while 1mM increased
VEGEF in a fifteen-fold. The response of VEGF secretion under hypoxia was further
increased under the presence of DMOG, for the 100 uM concentration, a four-fold
increase was observed; whilst at ImM an increase of five-fold was seen. At day 3,
the response of DMOG at normoxia was diminished while the trend remained. The
VEGF secretion was doubled at the lowest DMOG concentration (***p<0.0001, n=6),
whilst 1 mM induced a thirteen-fold increase. Under 1% O,, the VEGF secretion
remained elevated in a four-fold in 1 mM and 500 uM, when compared to the hypoxia

control. There was no significant difference across the concentrations of DMOG.

In HaCaT cells, DMOG did not affect metabolic activity in concentrations between
100-500 uM (Figure 4-10). Cells responded to the hypoxic stimuli by increasing the
metabolic activity (***p<0.0001, n=6), there was no significant difference across the
DMOG concentrations and under normoxia. VEGF was increased in hypoxic
conditions, however only 250 uM DMOG increased VEGF significantly under
normoxic conditions (*p<0.0039, n=6). Cell number did not varied significantly (SD,
n=5). When normalising the VEGF per cell number (data not shown), 250 uM DMOG
under normoxia had a similar expression to the hypoxic control (SD ns, n=6), however

it was significantly higher to the normoxic control (*p<0.05, n=6).
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Figure 4-9 DMOG induces a VEGF increase in HDF cells. a) Metabolic activity was not
significantly affected after 24 hours of exposure to DFO, after 3 days the metabolic activity
decreased in a dose-dependent manner under hypoxia. b) DMOG induced a significant 15-
fold of VEGF expression in normoxia at 1mM DMOG, and a 4-fold increase at 100 uM DMOG,
which was the lowest concentration. In conjunction to hypoxia, DMOG increased VEGF
between a three and 5-fold. At Day 3, the VEGF DMOG continued inducing VEGF expression,
however in a lesser quantity. In normoxia, the highest amount was induced by 1mM of DMOG,
and the effect of 100 uM was reduced to a 1.5x increase. There was no significant difference
in the release of VEGF in DMOG-hypoxic cells; however, it remained increased 3.5x higher
than the control. Error bars= SD, n=6, ***p<0.0001
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Figure 4-10 DMOG increases VEGF expression in HaCaT cells. a) Metabolic activity was
not affected by DMOG. In all the concentrations HaCaT increased the metabolic activity as a
response to hypoxia (***p<0.0001, n=6), while the metabolic activity did not varied across
concentrations. b) DMOG increased VEGF secretion at 250 pM under normoxia (*P<0.0039,
n=6) c) DMOG did not affect cell number after 24 hours (ns- no significant). Error bars= SD,
n=6.
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4.43.1 DMOG: Nuclear HIF-1a stabilisation

DMOG at a 250 uM was evaluated for the ability to stabilise nuclear HIF-1a based on
the VEGF expression in fibroblast and keratinocytes (Figure 4-9b, Figure 4-10b).
DMOG significantly decreased the HIF-1a after 24 hours of hypoxia in euglycaemic
cells (Figure 4-11), halving the response induced by hypoxia (*p< 0.05, n=3). However
in hyperglycaemia hypoxic cells, HIF-1a was found not to be significant higher than
the basal level. At day 3, the hypoxic control was not significantly higher than the basal
level in any glycaemic condition, and in combination with DMOG, the levels were even
lower than the basal HIF-1a protein produced (**p<0.001, n=3). Under normoxia,
DMOG did not increased HIF-1a in any glycaemic conditions in both time points;
furthermore, in the hyperglycaemic cells it was significantly decreased when
compared to the basal level. (***p<0.0001, n=3).

" 500
o
.E
£ 400
300
() % [o]
o N3
= 2w 200
(] 3 T
B0
S & 100
o
wy
2 0
=X
-100
1g/LGlc 45g/LGlc 1g/LGlc 45g/LGlc
Day1 Day 3

m control response to hypoxia 250 uM DMOG hypoxia 250 uM DMOG normoxia

Figure 4-11 DMOG at low concentrations (250 uM) did not stabilised HIF-1a. The
response to hypoxia at day 1 in both glycaemic conditions stabilise HIF-1a significantly
compared to the basal level expressed in normoxia (represented as a green line), however,
this response was diminished by day 3, as determined by HIF 1a ELISA. DMOG under hypoxia
decreased the amount of nuclear HIF-1q, it was halved in euglycaemic cells (*p<0.05, n=3),
however it was significantly increased compared to normoxia (*P<0.05, n=3), whilst in
hyperglycaemia the protein was null. At day 3, DMOG had no effect in HIF-1a at either oxygen
condition in euglycaemia, moreover in the hyperglycaemic conditions, the presence of DMOG
significantly reduced the amount of HIF-1a below basal levels (***p<0.000, n=3). Error bars =
standard deviation.
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4.4.3.2 Does DMOG (HIF-mimetics) enhance cell survival?
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Figure 4-12 Hyperoxia (100%) induced cell cycle changes, independently of DMOG, as
determined by flow cytometry. Cells with or without DMOG (250 uM) were incubated for 24
hours under normoxic or 100% O.. Under normoxia, there is no difference in cell cycle
progression, as determined by flow cytometry- cell cycle assay, between DMOG treated and
non-treated cells. Under hyperoxygen conditions (100% O3), a higher percentage of the cell
population (3%) remained in G1 phase, and the cell population at G2/M phase was significantly
lower under high oxygen conditions. DMOG however, had a significant effect under hyperoxia
in the S phase (p<0.05, n=30 000 events).

Cell cycle flow cytometry was done in HaCaT cells to evaluate if 250 uM DMOG
exerted a protective effect in cell survival under 100% O, conditions (Figure 4-12). In
normoxic conditions, DMOG did not have any influence in the cell cycle progression
after 24 hours of exposure (p>0.05, n=30 000). The number of events measured in
G1 increased 4% under hyperoxia (***p<0.001, n=30 000), this increase was also
observed in hyperoxic cells with DMOG. In the S phase, there was no significant
difference from hyperoxia to normoxia, however a difference with hyperoxia DMOG
was observed (*p<0.05, n=30 000). A lower number of events was observed in both
hyperoxic conditions in the G2/M phase (***p<0.001, n=30 000).

4.4.3.3 Can DMOG reduce cellular damage from oxidative stress?

DMOG at 500 and 250 pM decreased basal ROS production (Figure 4-13) after 5

hours incubation (***P<0.0001, n=4). The ROS production was similar to the
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decreased ROS under antioxidants 2 mM N-Acetylcysteine and 10 mM sodium
pyruvate (ns SD p>0.05, n=4).

1.2

Kok ok

=
=

[y

ns

ROS Production
Fluoresence OD (Ex: 485 Em: 538 nm)
o
©

o
[

o
~

o
<)

NAC 2mM NaPy 10mM DMOG 500 uM DMOG 250uM Control

Figure 4-13 DMOG increases the cell antioxidant capacity. Basal ROS, as determined
using DCF-DA dye, in normoxia was reduced under the presence of DMOG at 250 and 500
MM concentrations in normoxic conditions, similarly to the effect that antioxidants as N-
acetylcysteine (NAC) and sodium pyruvate (NaPy) have. (p<0.001, n=3) Error bars=standard
deviation

4434 Relation between oxygen, glucose level and cell survival

HaCaT and HDF respond differently to different levels of oxygen (Figure 4-14
describes HDFs). Both cell lines were able to proliferate and were metabolic active at
85% O, (see HDF images in Figure 4-15 and HaCaT in Figure 4-16) however
hyperglycaemia had an effect cell proliferation and cell survival. By day 3,
euglycaemic fibroblasts had a higher proliferation rate than hyperglycaemic; however,
after 7 days of 85% hyperoxia, the cell number in the hyperglycaemic condition was
higher (***p<0.0001, n=5). The hyperglycaemic DMOG-treated cells were significantly
less than the non-treated ones. Cells under 100% O, rapidly decreased in cell
number. After 24 hours, the number of cells was significantly decreased compared to
the rest of the conditions (***p<0.0001, n=5). DMOG did not have an effect on cell
survival (ns SD, p>0.05, n=5).

The metabolic activity was decreased under hyperoxygen conditions. After 24 hours,
the metabolic activity of cells at 100% O, was almost zero. The metabolic activity at
85% O did not varied significantly between day 1 and 3, however at day 7, the
metabolic activity of hypoglycaemic cells was significantly reduced (***p<0.0001,
n=5). In the hyperglycaemic cells at 85% O,, there was a significant difference

between DMOG treated cells, with a decreased metabolic activity (***p<0.0001, n=5).
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Figure 4-14 Hyperoxiareduces cell proliferation and survival in HaCaT cells, whilst cells
are able to proliferate at 85% O,. a) Cells under 85% O2 had a reduced cell proliferation, as
quantified with Hoechst dye, after 24 hours (p<0.05 n=5), where the glucose level had no
effect. DMOG had no effect in the cell proliferation in euglycaemic cells, but in hyperglycaemic
cells a reduction in cell proliferation was observed by day 3 (p<0.0001 n=5) After 3 days,
euglycaemic cells had a higher proliferation rate 100% when compared to hyperglycaemic
cells, nevertheless the cell number halved the one observed in normoxic conditions. The cell
survival/proliferation observed in euglycaemic cells in 85% Oz was reversed by day 7, were
the cell number was notably reduced in hyperglycaemic conditions, DMOG having less cell
survival (p<0.0005 n=5), and a very reduced number for the euglycaemic cells (p<0.0005 n=5).
After 36 hours of exposure, 100% Oz had a detrimental effect in cell number (p<0.0001 n=5),
DMOG having no effect in cell survival. b) Cell metabolic activity, as determines by alamar
Blue®, was affected by the increase of oxygen concentration. At 85% O3, the metabolic activity
was decreased, having a higher impact under hyperglycaemic conditions. This was observed
also in the 3 day. At day 7, only hyperglycaemic cells were metabolically active, however,
cells with DMOG had a lower level (p<0.0001, n=5).
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Figure 4-15 Fluorescence micrographs of euglycaemic and hyperglycaemic HDFs
under hyperoxygen (85 and 100% O,) exposure. Immunofluorescence of the cellular body
(Red: wheat germ agglutinin Alexa Fluor™ 594 for membrane, Blue: DAPI for nuclei) and
body shrinking after oxygen increases. A higher number of euglycaemic HDF at 100% O:
(top-right) were observed when compared to hyperglycaemia. However, cell number
decreased when compared to 85% Oz (central images). Scale bar 50 pm.
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Figure 4-16 Fluorescence micrographs of the effect of hyperoxia (24 hours under 85
and 100% O) in euglycaemic and hyperglycaemic HaCaT cells. Cell size was affected by
the glucose level. (Red: wheat germ agglutinin Alexa Fluor™ 594 for membrane, Blue: DAPI
for nuclei.) At 85% O, cells maintained their characteristic cobblestone shape under both
glucose conditions (central images). After 24 hours of hyperoxygen (100% O3) the cells have
reduced bodies (right column). Scale bar 50 pm.
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4.4.3.5 Can HIF-1a be stabilised through 100% O,?

Euglycaemic cells did not stabilise HIF-1a under 100% oxygen (Figure 4-17). There
was no significant difference under the presence of DMOG in either glucose lever (ns
SD p>0.05). However hyperglycaemia increased significantly (***p<0.0003, n=3) HIF-
1a accumulation. VEGF under hyperglycaemia cells was increased significantly when
compared to the control (*p<0.005, n=3), while DMOG did not increase VEGF

production.
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Figure 4-17 HIF-1a stabilisation under 100% O, was mediated through high glucose.
Euglycaemic cells had a reduced HIF-1a protein level, as quantified with HIF 1a ELISA,
compared to hyperglycaemic cells (p<0.000, n=3), DMOG did not influence HIF-1a
stabilisation. VEGF determined with VEGF ELISA. Error bars= SD
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45 Discussion

The cell response between fibroblasts and keratinocytes is not only different to
hypoxia, but also to the HIF mimetics.'*®* HDF appeared to be more sensitive to the
variations of the oxygen condition and the response to the HIF mimicking factors was
also more noticeable than in HaCaT cells. The HIF mimetics CoCl,, DFO and DMOG
were selected as their use as HIF mimetics is widely reported (see Table 4-1). The
biological response to the mimetics was evaluated in euglycaemic cells to select
effective doses that can induce an increase in VEGF response. The capacity to
stabilise nuclear HIF was assessed under hyper- and euglycaemic conditions. This
was only performed in HaCaT cells, due to the difference in the cell size and the high
number of cells required; taking also in consideration the stability of the
preconditioning in the diabetic model. It is important to consider the effect of the HIF
mimicking factors under hypoxia. Whilst there is heterogeneity in the oxygenation of

skin and wounds, it is exaggerated in diabetic environments.

4.5.1 Can Cobalt Chloride restore the HIF functionality under hyperglycaemic

conditions?

Cobalt chloride successfully stabilised nuclear HIF-1a at a 50 uM concentration in
normoxia in both glucose conditions. However, the increase of HIF-1a accumulation
after 24 in euglycaemic cells was not significant when compared to the amount of
molecule expressed at basal levels in normoxia. By day three, the levels had reached
the same amount of protein that is induced in hypoxia after only 24 hours, significantly
higher than the basal level. Interestingly, cobalt could induce the HIF accumulation in
the same extension as in hypoxia in the hyperglycaemic environment. Even if this
response is characterised as an impaired response to hypoxia, it was significantly
higher than the basal hyperglycaemic level and higher than the accumulation in
euglycaemic cobalt pair. The amount of HIF-1a measured in hyperglycaemia by day
3 was not considered to be higher than the basal level and was significantly decreased
when compared to the previous time point. Cobalt in hypoxia did not had a significant
effect in increasing HIF-1a at day 1, in both glycaemic conditions there was no
significant difference. However, in day 3 in the euglycaemic condition, HIF-1a in
hypoxia remained significantly higher than the basal level, although the amount of
protein halved. Nevertheless, the amount of protein in the normoxic euglycaemic
cobalt condition was significantly higher than the hypoxia and cobalt+hypoxia

condition.
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Similarly to these results, it has been reported that in HeLa cells the accumulated HIF-
1a induced by cobalt chloride and DFO were sustained for a prolonged period, in
comparison to the hypoxia itself.?®> While it has been reported that cobalt can mediate
a similar HIF1-gene expression than hypoxia.*®24% Concomitantly with the results,
Milosevic et al. (2009) described HIF-1a stabilisation after 3 days of exposure to 50
and 100 pM CoCl;, without affecting the metabolic activity of NPC (human
Neuroprogenitor) cells.® Furthermore, cobalt chloride and DFO induce the
transactivation domains (TAD) in HIF-1a inducing gene expression.*®* Cobalt chloride
has also been reported to induce HIF stabilisation in diabetic murine models,

preventing diabetic nephropathy.*?2

Cobalt did not significantly influence cell humber or growth at the concentrations
evaluated within 72 hours incubation period, consistent to what has been reported
previously in NPC cells.'® Although in normoxia an increase was observed after 24
hours, cell number did not changed compared to day 3. Bresson et al. (2006) reported
that concentrations at 100 uM decrease the colony forming efficiency of HaCaT cells
in a 73%, whilst it was halved at ~500 uM Co (Il). However, 620 uM Co (1) reduced
the metabolic activity of the cells to 50% (ECso).2*® Here, in HDF the metabolic activity
of the cells increased after 3 days of exposure to CoCly, corresponding to the Warburg
effect induced by HIF stabilisation.*®>¢% Under cobalt+hypoxia treatment the
metabolic activity was increased at 75 and 100 uM CoCl;, but was not significant
different to the paired normoxic condition. In HaCaT cells at day 1, cobalt did not have
an effect on the metabolic activity in normoxia. Under hypoxia, cobalt 50 uM reduced
the metabolic activity compared to the hypoxic control, however it remained elevated

compared to the normoxic pair and control.

VEGF secretion was significantly increased with 50 uM CoCl: in both cell lines under
normoxic conditions. Cobalt induced a further secretion of VEGF under hypoxic
conditions, this could be possibly through the influence of cobalt in the HIF-1a
TAD. 125436437 \When VEGF was normalised to the cell number (data not shown), the

positive effect of cobalt+hypoxia in VEGF secretion was more noticeable.

As discussed previously (1.8.1) cobalt can accumulate intracellularly, possibly
leading to toxicity;?46:286454467  glthough the accumulation is not linear.?46:247
Nevertheless, the capacity of cobalt to induce a regenerative response in a chronic
wound may outweigh the negative effects it could produce. One of the major events
in wound closure is the migration of keratinocytes into the wound bed. Fitsialos et al.

(2008) observed that under normoxic conditions, when HIF-1a was silenced, the
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migration of HaCaT cells was reduced by 50% in a scratch wound and trans-well
models, meanwhile the cell proliferation was not affected. In addition they showed
that inducing the stabilisation of HIF-1a with CoCl> under normoxic conditions,
keratinocyte adhesion and motility increased.3*° Cobalt demonstrated the capacity to
stabilise HIF-1a under hyperglycaemic conditions under normoxia, furthermore in
hypoxia it did not affect negatively the reduced response to the low oxygen tension.
Thus, ionic cobalt and incorporation to delivery systems for chronic wound healing is
a promising area of research. The incorporation of cobalt (Il) to bioactive glass as a
delivery system is discussed in Chapter 5.

4.5.2 Can DFO restore the HIF functionality under hyperglycaemic

conditions?

DFO stabilised HIF-1a under hyperglycaemic and euglycaemic conditions after 24
hours of exposure at a concentration of 10 uM. The amount of accumulated HIF-1a
was similar between both glucose conditions and significant to the basal production
in normoxia. HIF-1a was non-significantly different to the expression under hyperoxia
in the presence of DFO or with hypoxia as stimuli. DFO did not affect HIF expression
in conjunction with hypoxia, moreover in day 3 under euglycaemic conditions, it
allowed further accumulation of the protein —however it was not statistically significant.
By day 3, HIF-1a remained sustained under euglycaemic normoxic conditions.?® The
amount expressed was significantly different to the hypoxic expression at the same
time point and similar to day 1. This effect of prolonged HIF stabilisation was also

observed under cobalt chloride HIF stabilisation (see previous section).

DFO concentrations were selected based on initial experiments with 100-50 uM,
which had a toxic effect seen as a decrease in metabolic activity by ~50% (Appendix
1). Under lower concentrations DFO, fibroblasts had a significant increase in VEGF
secretion in both oxygen conditions. While 25 uM DFO had an increase of 4.5-fold
increase in VEGF production in normoxia and a two-fold in hypoxia, which remained
elevated by day 3. DFO 10 uM -which was used for the HIF-1a assay- had an increase
of almost a three-fold at day 1 and almost six-fold by day 3, however under hypoxia it
increased VEGF production in a lesser extension. The lowest concentration
evaluated, 5 uM only had an effect in VEGF increase for the first 24 hours under
normoxic conditions. In the keratinocytes cell line, the increase was less significant,
happening at a concentration of 25 pM after 24 hours. DFO had an important effect
in metabolic activity in both cell lines and oxygen conditions. In fibroblast by day three,

the metabolic activity under DFO had decreased when compared to the control. It is
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interest to observe that the fibroblasts did not significantly increased the cell number
under the influence of DMOG in any oxygen condition, possibly explaining the
metabolic activity response. It remains unclear if this phenomenon was due to a
reduced cell proliferation resulting from HIF stabilisation —although the hypoxia control
proliferated- or could be possibly attributed to toxicity.

Under DFO, fibroblasts had an important increase in VEGF secretion in both oxygen
conditions. While 25 uM DFO had an increase of 4.5-fold increase in VEGF production
in normoxia and a two-fold in hypoxia, which remained elevated by day 3. DFO 10 uM
-which was used for the HIF-1a assay- had an increase of almost three-fold at day 1
and almost six-fold by day 3, however under hypoxia it increased VEGF production to
a lesser extent. The lowest concentration evaluated, 5 uM only had an effect in VEGF
increase for the first 24 hours under normoxic conditions. In the HaCaT cell line, the
increase was less significant, happening at a concentration of 25 uM after 24 hours.
DFO had an effect in metabolic activity in both cell lines and oxygen conditions. In
fibroblast by day three, the metabolic activity under DFO had decreased when
compared to the control. It should be noted that fibroblasts not significantly increase
the cell number under the influence of DMOG in any oxygen condition, possibly
explaining the metabolic activity response. It remains unclear if this phenomenon was
due to a reduced cell proliferation resulting from HIF stabilisation —although the
hypoxia control proliferated- or could be attributed to toxicity. In the HaCaT cells the
reduction in metabolic activity was more noticeable, a reduction of ~47% was
observed with 25 uM DFO in normoxia, however in hypoxia it was not significant. The
cell number was also significantly increased under the presence of DFO, suggesting
this decrease was due to toxicity. It was hypothesised that under artificial HIF
stabilisation, the metabolic activity would increase due to the Warburg effect —anabolic
respiration.'?>4% However, Botusan et al. (2008) have reported the anti-proliferative

effect of 30 pM DFO in vitro in mouse fibroblasts and in in vivo models at 1 mM.¢°

DFO has been shown to induce angiogenic growth factors production and
vascularisation in murine models109.2004%6.438 gnd previously has been used for in vitro
experiments in concentrations ranging from 10-250 uM, increasing VEGF and HIF
stabilisation (see Table 4-1). However as discussed in section 3.5.1, the response to
HIF mimetics and even hypoxia is cell specific.1%%332 |n this work, DFO had an effect
in the cell number and metabolic activity in HaCaT at day 1 when in HDF the effect
was observed at day 3. Habryka et al. (2015) reported that DFO at 100 and 250 pM

for 24 hours decreased ~30% the metabolic activity of HaCaT cells and decreased
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cell number, which was not observed under the effects of cobalt chloride and
hypoxia.3%

4.5.3 Can DMOG restore the HIF functionality under hyperglycaemic

conditions?

DMOG displayed an increase in VEGF secretion in euglycaemic fibroblasts at 100 uM
in both oxygen conditions, a low concentration compared to what has been previously
reported (see Table 4-1). However, in day 3, a significant increase in normoxia was
observed at 250 uM. In HaCaT cells this concentration also increased VEGF secretion
after 24 hours. Thus, this concentration was used for the HIF-1a assay. DMOG at a
concentration of 250 pM did not stabilise HIF-1a under any condition. Moreover, in
euglycaemic hypoxia, it significantly reduced the expression of HIF-1a similar to the
impaired HIF stabilisation under hyperglycaemic conditions. By day 3, DMOG did not
have any effect under euglycaemic conditions, whilst under hyperglycaemia a
significant decrease to the basal expression of HIF-1a was observed under both
oxygen conditions. The decrease of HIF-1a at 250 uM suggests, that in HaCaT cells,
it might induce hydroxylation of HIF-1a molecule, although the mechanism remains
unclear. Milosevic et al. (2009) reported HIF-1a stabilisation at 500 yM DMOG in
hNPC cells, however this dose reduced the metabolic activity.** Zhadanov et al.
(2015) have also reported a decrease of HIF-1a on under hypoxia DMOG treated cells
(ImM in H4K16ac cells). They observed within minutes that DMOG decrease the
cellular respiration by inhibiting mitochondrial function, and associated to a decrease

in the NADH production and OxPhos with activation of glycolysis.*43

As the increase of VEGF was not preceded by HIF stabilisation, or it was not detected,
the increase could possibly be attributed to other signalling pathways as DMOG is not
specific to the HIF pathway. The increase could be related to the AMPK (Activated
Protein Kinase)** as it is involved in metabolic response to oxidative stress.46846° |t
has also been reported that the PKC (Protein Kinase Pathway), which precedes
inflammatory reactions, can induce HIF-1a protein by translational up-regulation.?2547
Both pathways stimulate VEGF expression and thus the effect observed in the

upregulation of VEGF could be through this mechanism.*"*

The concentrations evaluated are similar to the ones reported to Milosevic et al.
(2009) who reported DMOG-induced HIF-1a stabilisation under normoxic conditions
in HEK-DAT cells (human embryonic kidney cells expressing human dopamine
transporter) at 500 pM and 1 mM, however the concentrations demonstrated to be

cytotoxic. As reported by them, DMOG induced an LDH release above 30% at 1mM
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concentration, whilst 500 pM DMOG showed no significant LDH release, but a
decrease in cell viability when evaluated with MTT. A concentration of 100 pM was
not cytotoxic; however, it did not induce HIF stabilisation. !

4.5.4 DMOG did not influence cell survival or proliferation under 100%

hyperoxia

DMOG had no effect in the cell cycle progression under normoxic conditions. Cells
under normoxic conditions progressed in a timely manner; however, cells under 100%
oxygen had a delayed cell cycle transition to S phase. This may be due to the ROS
increase induced by the high oxygen conditions, in which the cell activates a survival
mode avoiding replication. Deng et al. (2003) attributed the cell cycle transition
retardation between G1/S through Bcl2, which can function as an antioxidant,
reducing intracellular ROS. Bcl2 is also involved in the apoptosis regulation.*’? The
difference between cell cycle progression in normoxia and hyperoxia was also
observed in the G2/M phase, where the cells have duplicated the chromosomes,
preparing for mitosis. It has been reported that the delay in the cell transition due to
hyperoxia can be overcome with the use of antioxidants.*® The DMOG concentration
used however was unable to stabilise HIF, and did not have any effect in cell cycle
progression compared to the hyperoxia control. It has been reported that the use of
antioxidants do not prevent cell death under hyperoxygen conditions, even when
preventing the increase of mitochondrial ROS.*”® It is suggested that the cell death
under high oxygen can be regulated by Bcl-2 proteins and resulting from cytoplasmic
ROS.*2 In a separate experiment, DMOG at 250 uM decreased the basal ROS
production in a similar amount as NAC and NaPy —antioxidants- did. An increased
concentration of 500 uM DMOG did not decrease further the basal ROS production
in normoxia. ROS is involved in the stabilisation of HIF-1a under cobalt ions, in the
presence of 5 mM NAC inhibited the HIF stabilisation with CoCI2, however it had no
effect in DFO.2%®

It has been reported that HIF mimetics can influence the cell cycle. Milosevic et al
(2009) reported that at 50 uM CoCI2 decreased cell population in GO/G1 phase in
NPC cells and an increase in the S and G2/M phases, whilst in 100 uM CoCl; -
considered to be toxic.*! Triantafyllou et al. (2006) reported similar results at 150 pM
CoCl; and 150 uM DFO in Hela, where the HIF mimetics inhibited cell cycle and
proliferation.*®* While the HIF mimetic FG-4497 had an increase in the S phase

population in NPC cells after a week of conditioning under normoxic conditions to

104



concentrations between 5-30 pM, which previously had demonstrated HIF
stabilisation after 3 days of exposure to 5 and 10 uM. 3!

Previous experiments from our group had shown an increase of VEGF production
under hyperoxygen conditions (100%03) in conjunction with DMOG. To define if this
increase was due to DMOG-driven HIF stabilisation, HIF-1a was quantified, including
hyperglycaemia. DMOG had no effect in HIF stabilisation, however a significant
increase was observed under hyperglycaemia, with corresponding VEGF release.
Previously, Milosevic et al. (2008) reported HIF stabilisation on NPC cells at 100 %0.,

however it was under hyperbaric conditions (1.5 atmospheric absolute).

4.6 Conclusion

Hyperglycaemic conditions inhibit the response to hypoxia by increasing
hydroxylation of the HIF-1a protein.®®> The HIF mimetics act through different
mechanisms and although they inhibit PHDs activity on HIF-1a, they can modulate
different pathways, resulting in different cellular responses. DFO and DMOG can
activate also both SOD2 and PGK promoters — regulated through HIF-2, while cobalt
only induces HIF-1a.#*2 CoCl, stabilised HIF-1a under normoxic and hypoxia
conditions, and under hyperglycaemia in normoxic conditions, increasing VEGF
secretion without compromising cellular metabolism or cell number. DFO although
reduced significantly the metabolic activity and inhibited cell proliferation, significantly
increased VEGF expression in fibroblasts. DFO also stabilised HIF-1a in both
glycaemic and oxygen conditions. On the other hand, DMOG had a significant initial
effect on VEGF expression, which was reduced by day three. However, others have
shown that DMOG further stimulates HIF stabilisation in hyperglycaemic in vitro
murine wound healing models using higher concentrations of DMOG compared to the
ones used in this study. Cobalt chloride demonstrated an increase HIF-1a expression
under hyperglycaemic conditions in keratinocyte cells, suggesting a potential for

incorporation in wound healing dressings.
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Chapter 5. The controlled release of ions from Si

bioactive glasses for wound regeneration.

5.1 Introduction

5.1.1 lon release for wound healing properties

Bioactive glasses (BGs), originally created by Larry Hench 50 years ago, can release
ions that can be beneficial to chronic wound healing. For the creation of HIF stabilising
material, Co release from BGs has the advantage of precise control of the release
profile (through initial glass composition and particle size) together with the simplicity
of manufacture and low relative cost. Multiple ions can also be simultaneously
released from BGs with beneficial wound healing properties. Previous studies using
bioactive glasses for wound healing purposes include the release of; silver (Ag) for
antimicrobial properties,?’® zinc (Zn) for its anti-oxidative properties,*’* Boron?? (B)
which has an unknown cellular mechanism but may involve phosphylation and MMP
activation*”® and Cobalt for its ability to stabilise the HIF pathway.?®° BGs also contain
Si and Ca, these ions themselves have also been reported to have wound properties
in terms of increased metabolic activity (Ca — as reviewed by Bikle et al (2012)) and
increased proliferation and migration (Si —Quignard et al. (2017)). Whilst a few other
papers have investigated the use of HIF stabilising CoBGs for bone (e.g Azevedo et
al. 2010, 2015) only three other publication has investigated the use of CoBGs for
wound healing. Furthermore, this is the first study to investigate and create HIF
stabilising Co BGs that also release other ions (Zn and Mg) that may provide
beneficial wound healing and to compare the relative wound healing effect of these

ions in vitro.

5.1.1.1 Cobalt

Cobalt through the stabilisation of the HIF pathway (see section 4.4.1.1), can activate
over 300 hypoxia responsive element genes (HREs) important for wound healing
including; 1) enhanced cell survival,*’® 2) recruitment of stem cells,**? 3) enhancement
of the antimicrobial response,*** 4) enhanced keratinocyte/fibroblast proliferation and
migration?!® and (importantly) neovascularisation.*’” HIF stabilisation has also been
demonstrated to enhance wound healing in populations most at risk of generating
chronic wounds, the elderly’® and diabetic.'® These patients have a diminished

cellular ability to sense a drop in oxygen pressure.
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Cobalt chloride is the most common form of ionic in vitro HIF mimetic. CoCl, has
shown previously to have a systemic effect*’® mimicking hypoxia; however CoCl; has
a strong affinity with oxygen, hence decreases its dissolution and oxygenation of
aqueous solutions, depleting the available oxygen.*”® Moreover, could replace Fe?* in
haemoglobin, behaving as a chelator.*®® Cobalt has been first incorporated into
bioactive glasses by Jell et al. (2009) as a HIF mimetic*! and the use of CoBG is
mainly focused on bone tissue engineering.*®>-*8* Cobalt has also been incorporated
in magnetic nanoparticles for magnetic resonance and as a drug delivery
mechanism,*®® however the toxicity remains as a concern as the nanopatrticles can up

taken and exert a gene expression.“6?

For the successful translation of Co therapies for HIF stabilisation and chronic wound
healing the controlled release of Co is needed. High concentrations of Co have been
shown to be toxic,*® (see 1.8.1) whilst prolonged HIF stabilisation will also cause
chronic inflammation and also possibly carcinogenic.??° Metal salts are also retained
in the skin for an extended period of time and could lead to prolonged antigen

processing and consequent immune responses in the dermal tissue.?4

51.1.2 Zinc

Zinc is a trace element present in all tissues, the human body contains between 1.5
and 2.5 g of zinc,*®” while the skin accounts for the 11% of the body’s total amount.
At a cellular level, its importance relies in the involvement of serving as a catalyst for
enzymes responsible for DNA replication, gene transcription and protein

synthesis. 488490

It is often described as an important antioxidant due to its capacity of protecting the
cells against lipid peroxidation and DNA fragmentation. It is an essential element for
over 300 Zn-metalloenzymes participating in cell metabolism, DNA repair, the
intracellular antioxidant defences and the regulation of apoptosis among other

important cell process.**

It is hypostatised that the presence of zinc protects the thiol groups from ROS
oxidation and maintains the GSH scavenging activity, through its ability to induce
methallothionenis as they serve as cofactors. Methallothionenins (MTs) are a
ubiquitous family of low molecular weight binding proteins involved in the homeostatic
function of essential metals. MTs are responsive to a variety of stimuli, including
glucocorticoid hormones, IL-1 and -6, tumour necrosis factor and oxidative stress. In
wound healing the zinc-induced metalloproteinases enhance autodebridement and

keratinocyte migration.4%?
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Extracellular Zn?* has also demonstrated inhibition of pneumococcal growth in vitro
locking the PsaA, a protein that plays a major role in pneumococcal attachment to the
host cell and virulence, in a closed state. As Zn?* has a higher affinity to the PsaA,
than Mn?*, its physiological ligand.*%

A decrease in the body zinc has been strongly linked to diabetes, possibly through
hyperzincuria —loss of zinc through urine — or a decrease gastrointestinal absorption
of zinc. Both of them related to the hyperglycaemia and decreased insulin production

and its low efficiency in diabetic patients.*%4-4%

For these reasons it is of interest analysing the effect of zinc in low oxygen conditions
and the possible effect that can bring to a wound environment when incorporated in
a controlled release system, with and without the presence of cobalt as a HIF

stabilising ion.

5.1.2 Bioactive glasses as a drug releasing mechanism

Bioactive glasses and in particular Bioglass®-45S5- was invented by Larry Hench in
1969. Itis a glass network formed of Na>O-CaO-P,0s-SiO,, which has shown a strong
mechanical bond with bone through the release of ions (Ca, P and Si) and the
formation of a layer of hydroxyapatite (HA).?*° The focus in bioactive glasses has been
predominantly in the field of bone regeneration, but the ability to incorporate different
ions and the ability to control the release of these ions have meant that a number
different applications have been suggested including cartilage repair,?®* nerve

repair®® and for wound healing.260-283:497

The glass properties of silicate-based bioactive glasses, including the degradation
rate, can be varied by altering the molar composition of the glass (Figure 5-1) and
through the addition of additional ions that may disrupt the glass network.4%4%° For
example, magnesium and zinc ions have been shown an inhibition of the calcite

nucleation rate and thereby diminish apatite formation.5®
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Figure 5-1 Tissue/glass interaction in relation to the composition as described by
Hench,®>*! Region A is described as bone bonding, region B and C as non-bonding due to low
and high reactivity, whilst the region D does not allow glass formation. Region E is the
Bioglass® composition. (Image from Hench 2016)

5.1.3 Structural definition of a glass and synthesis

For the controlled release of ions from bioactive glasses for therapeutic purposes, it's
important to understand the Si bioactive glass network. Glasses have an extended
three-dimensional network and are amorphous without a regular arrangement of its
molecular constituents. Glasses are considered energetically unstable, keeping the
same interatomic forces that a corresponding crystal network would have. The
composition and therefore the network structure will confer the physical

characteristics to the glass, transition temperature, rigidity and solubility.

Goldschmidt found that the radius ratio of oxides able to form glass is between 0.2-
0.4, corresponding to a tetrahedral arrangement of oxygen atoms around atom A, thus
conferring silica the ability to form glasses. The network connectivity (NC) of the glass
is calculated considering the relative numbers of the network forming oxide species
and the network modifiers species, which would form non-bridging species. As the

network connectivity is reduced, the solubility is increased.

As the tetrahedron has a triangular shape, the network properties change as
determined by the size of the cations occupying them. The silica network is disrupted
by Na>O and CaO by creating non-bridging oxygens (NBO) thus defined as network
modifiers.>°? Univalent cations will have higher migration rate than divalent cations

and smaller cations than larger ones. Therefore, Na* will migrate more easily than
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Ca?*. The substitution of Ca®* with Na?* decrease the glass transition temperature and
the peak crystallisation temperature.®%

The addition of other oxides such as cobalt, zinc and magnesia can further disrupt the
glass network, altering the network connectivity, ion release rate and HA formation.
They might not possess the ability to form a glass on their own and depending on the
amount and the composition, they can behave as network modifiers or intermediate
oxides within a glass network depending to the charge to size ratio. In example, in the
glass ICIE-1, the calculated NC is 2.13, when substituting 6% CaO with a metal oxide
that can possibly act as a bridging oxide, the NC increases to 2.76, i.e. the glass
structure is more rigid, or less soluble. In the case of cobalt, forming [CoO4]* when
entering the network as an oxide intermediate and as Co?* when participating as

modifier of the silicate network (Figure 5-2).2%

Figure 5-2 Incorporation of cobalt ions to the glass network as modifiers. The basic
structure of the silicate glass is the SiO4 tetrahedral where alkali and alkaline oxides modify
the network structure by replacing bridging oxygens by non-bridging oxygen, reducing the
degree of interconnectivity (Image taken from Azevedo et al. 2010) 2%

5.1.4 Dissolution of the BG

The dissolution products and rate of dissolution can be tuned by varying the molarity
of the glass precursors and the network connectivity. The glass dissolution is initiated
by the rapid exchange of alkaline cations, Na* and Ca?* with H* or H;O* from solution.
The rate is dictated by the cations functioning as network modifiers by forming non-
bridging oxygen bonds and are not forming part of the glass network. This reaction
increases the pH, leading to the network dissolution by breaking the Si-O-Si bonds
through the hydroxyl (OH") ions release soluble silica in the form of silicic acid
[Si(OH)4].5°O'5°4'5°5
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5.2 Chapter Aims

Following the ability of Cobalt to restore the hypoxia response in hyperglycaemic
environments, this chapter’'s aim was to develop a means for the controlled delivery
of HIF-1a stabilising factor; to create HIF-1a stabilising glasses and assess their ability
to cause desirable wound healing responses. Furthermore, taking advantage of the
ability to incorporate multiple ions into the BG network, other ions were also
investigated. Future experiments are planned to test these HIF modulating BGs in

hyperglycaemic models as developed in 4.4.1.1.
The specific aims of the chapter are to:

1. Develop silica-based bioactive glasses that release Co and Zn ions in a
controlled manner in physiological relevant concentrations.
2. Determine the biological effects of the silica-based Co BG in dermal cells by

evaluating VEGF expression, metabolic activity and proliferation.

5.3 Materials and methods

5.3.1 Bioactive glass synthesis

Si-based bioactive glasses were created via the melt derived route based on the Mg
series originally created by Prof. R. Hill and Iman Elgayar (2005 - ICIE-1 Imperial
College). In order to study the effect of cobalt and zinc, the ions were substituted for
CaO in a molar basis, with and without the presence of MgO. The bioactive glasses
were designed according to the model of soda-lime—phosphosilicate glasses with the
general formula of 3SiO2-0.07P,0s-(1.4-X)Ca0-1.6Na;0O-XAO (A = Co, or Zn)
keeping constant the network connectivity calculated with the Equation 2 (Figure 5-3).
The network connectivity considering the cobalt, zinc and magnesium as intermediate
oxides (NC2) was calculated with the Equation 3 assuming the whole molar % for
these oxides participated as a network forming. The glasses are not charge balanced

as the substitution was made on the CaO, a network modifier.502-506

BO —nonBO
Equation 1 NE= NF
_ 4nSi,0 — 2(nCa0 + nNa,0 + nCo0 + nM g0 + nZn0) + 6nP,0s
Equation 2 N = nSi,0

4nSi, 0 + 6(nCo0 + nMg0 + nZn0) — 2(nCa0 + nNa,0) + 6nP,0q
nSi,0 + nCo0 + nMg0 + nZn0

Equation 3 NC2 =
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NC — network connectivity

BO — bridging oxygens

nonBO — non-bridging oxygens

NF — network formers

NC1network connectivity considering Co?*, Mg?* and Zn?* are considered network
modifiers

NC2 — network connectivity considering Co?*, Mg?* and Zn?* are considered network
forming

n — number of moles in the composition

Figure 5-3 The network connectivity of the bioactive glasses can be described by the
equation 1. The network connectivity varies depending upon the participation of the oxides as
network modifiers or forming

Melti Si
’ © |r.19 Quench Grind ere
Sintering <38 um

Precursors

Figure 5-4 Glass synthesis process: Oxide precursors are mixed, calcined and molten
gradually. The mixture is quenched rapidly in water. The frits are grinded and finally sieved.

The glass making has evolved through different techniques, although melt derived
remains the most common method. The powder compositions were prepared by
mixing the mole/weight fraction of the oxide precursors according to Table 5-1. The
composition was transferred into a platinum crucible and placed in a preheated
furnace at 1350°C for 90 minutes. During this period, the glass mixture was calcined
at 500 °C, where the gaseous substances are released out of the composition. The
powders’ temperature increased to melting point, remaining at high temperature to
facilitate the uniform fusion and achieve a homogeneous molten material. The crucible
was taken out and the molten glass was quenched in tap water at room temperature
as the glass formation depends critically on the cooling rate, to avoid nucleation and
crystallisation.®°”%% The glass frit was collected and dried in an oven at 60°-C. The
frits were grinded using Planetary Micro Mill PULVERISETTE 7 from Fritsch at
500rpm for 6 minutes. Particles of size less than 38um were obtained after sieving

the bioactive glasses with a mechanical shaker at an amplitude of 2 mm for 5 min.
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Table 5-1 Theoretical Mol percentage composition and network connectivity of
the bioactive glasses. %MS represents percentage molar calcium substitution. The
grey boxes are the oxides substituted in the compositions.

Theoretical Mol% Netwo-rk-
Connectivity

SiO; | Na;O | P,Os | CaO @ CoO @ ZnO @ MgO | %MS | NC1 | NC2
ICIEL 49.46 | 26.38  1.07 | 23.08 - - - - 2.13 2.13
0Zn 4Mg 0Co 49.46 | 26.38  1.07 | 19.08 - - 4 4 2.13 2.57
1Zn OMg 0Co 49.46 | 26.38  1.07 | 22.08 - 1 - 1 2.13 2.25
1Zn 4Mg 0Co 49.46 | 26.38  1.07 | 18.08 - 1 4 5 2.13 2.67
1Zn OMg 0.3Co | 49.46 | 26.38 | 1.07 | 21.78 0.3 1 - 1.3 2.13 2.28
1Zn 4Mg 0.3 Co | 49.46 | 26.38 | 1.07 | 17.78 0.3 1 4 53 2.13 2.70
2Zn 2Mg 0.3Co | 49.46 | 26.38 | 1.07 | 18.78 0.3 2 2 4.3 2.13 2.60
1Zn 4Mg 1Co 49.46 | 26.38  1.07 | 17.08 1 1 4 6 2.13 2.76
0Zn 4Mg 2Co 49.46 | 26.38  1.07 | 17.08 2 - 4 6 2.13 2.76

5.3.2 Glass characterisation

5.3.2.1 XRD Analysis and FTIR

To understand the role of the ions (Co, Zn, Mg) in the glass network FTIR and XRD
were performed. Glass crystallisation was determined by X-ray diffraction (XRD) was
performed using a Bruker D2 PHASER. XRD was done through step scanning with
Cu radiation, at 30kV and 10 mA. Data were collected in the range 10° to 70° 26 with

a times step of 10 s and step size of 0.034°.

Fourier transform infrared spectroscopy (FTIR) were applied to the bioactive glass
powders before dissolution studies to determine the functional groups within the glass
structure. FTIR spectra were collected in absorbance mode using in the range of 600-
2400 cmFin .

5.3.2.2 lon release rate tests

To mimic the amount of ions present in cell culture, the ion release rate of the BG was
conducted in DMEM. In the study, 375mg of the different compositions of the bioactive
glass particles were immersed in 250mL of DMEM, and placed in a rotating shaker at
37°C. A guantity of 4 mL of DMEM supernatant from each sample was collected at
each time point (0.25, 0.5, 1, 4, 8, 24 hours) and 4mL of fresh DMEM was added to
keep the volume of the solution constant. The sample was filtered with a 0.2um
polymer filter (Corning, UK) and added to 9ml of distilled water. The solutions were

analysed using the Vista MPX Inductively Coupled Plasma-Optical Emission
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Spectrometer (ICP-OES) (Varian, USA) analysis to determine the following elements
Ca (3179nm analytical line), Si (2516 nm), Na (5895nm), Co (2286nm), Zn (4810nm),
Mg (2795nm) and P (1859nm). During the ICP it was observed an interferance
between the zinc and the cobalt spectra line (2062nm).

5.3.2.3 Lithium Metaborate

In order to measure the composition of the glasses produced, acid digestion
compositional analysis was carried out by the lithium metaborate fusion dissolution
method as described by Barrioni et. al 2018. 50mg of finely ground BG particles was
mixed carefully with 250 mg of anhydrous lithium metaborate (80% w/w) and lithium
tetraborate (20% w/w) in a clean and dry platinum crucible using a glass rod. The
mixture was fused in a furnace for 20 min at 1050°C and later dropped to room
temperature. The mixture was subsequently dissolved in 2M nitric acid. The elemental
concentration in the solution was measured using inductively coupled plasma optical

emission spectroscopy (ICP-OES).

5.3.3 Effect of ionic release on HaCaT cells

In order to evaluate the effect of the bioactive glass compositions in wound healing
experimental analysis in hypoxic and normoxia conditions. HaCaT cells were seeded
at a density of 2000 cells/cm?in 48 well plates and allowed to attach overnight. The
following day, at Day 0, the media was replaced with 500pL of full supplemented BG
conditioned media () and full supplemented DMEM as a control. The cell viability was
assessed at Day 1, 3 and 7 as mentioned in section 2.2.3 in both oxygen conditions.
On Day 2, 4 and 6 the media was replenished and in all times the supernatant was

collected and preserved at -20°C for future analysis.

5.3.3.1 Bioactive glass conditioned media

HaCaT cells were grown in fully supplemented media as described in section 2.2.1,
the BG conditioned media was prepared by mixing 750mg of the BG in 500 ml of
DMEM and placed in a rotating shaker at 37°C for 4 hours. Then the media containing
the BG particles was filtered using a 0.20um pore size PES Filtration System
(Corning). The media was kept in the fridge. The required BG condition media was
aliguoted and supplemented with 10% FBS and 1% Penicillin/Streptomycin prior to

the experiment.
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5.3.3.2 Biological Responses

The media was collected at day 1, 3 and 7, and frozen at -80 °C until analysis. The
VEGF ELISA Human VEGF Quantikine ELISA Kit was performed following

manufacturer’s instructions®® and as described in section 2.2.5.

Total DNA quantification was performed on days 1,3 and 7 using Hoechst binding
(DNA Quantitation Kit, Sigma Aldrich), following cell lysis (PBS wash followed by
addition of 200 L of DI water and 6 freeze thaw cycles) and quantitative assessment
at absorbance Ex. 355 nm and Em. 460 nm (previously described in section 2.2.4).

5.3.3.3 Reactive Oxygen Species

To evaluate the influence of the glass ions in the reduction of ROS, the cells were
incubated with 50uM CoCl, 10 uM ZnO, 2mM sodium metasilicate and 80uM Trolox,
an antioxidant, as a control. After 4 hours of incubation, the cells were stimulated with
800 uM of H20,. The ROS detection was performed 30 minutes later, following the

protocol in section 0.

5.3.4 Statistical Analysis

Statistical analysis was done with GraphPad Prism. The correlation analysis for the
ICP ion release at 4 hours to the % Mol Ca substitution was done using the Pearson
method after evaluating normal distribution with Shapiro-Wilk test. Cobalt had a
nonnormal distribution which was confirmed through D’Agostino & Pearson test. The
ionic release by the different compositions after 4-hour dissolution in DMEM was

analysed with One Way Anova.

For the biological samples, the ROS production was evaluated with One Way Anova
and Tukey as a post test. The metabolic activity, cell proliferation and VEGF secretion
were analysed with a Two Way Anova with the Bonferroni post-hoc test to compare

between multiple samples.
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5.4 Results

5.4.1 Characterisation of the Bioactive Glasses

The glasses were characterised by different methods to confirm an amorphous
structure and the ionic release profile.

— 1Zn 4Mg 1Co
— 2Zn 2Mg 0.3 Co

— 1Zn 4Mg 0.3 Co

Intensity (counts)

17Zn OMg 0.3 Co
1Zn 4Mg 0Co

1Zn OMg 0Co
— 0Zn 4Mg 0Co
— 4585

N, e,
\"""“"\M .

10 20 30 40 50 60 70

Angle (2-0)

Figure 5-5 XRD spectra of the bioactive glasses. The glasses display an amorphous
structure with no particular crystallisation peaks.

5.4.1.1 XRD and FTIR analysis

The addition of ions did not caused crystallisation as determined by XRD (Figure 5-5).
All glasses had an amorphous structure with no evidence of crystallisation. The
presence of cobalt, zinc and magnesium did not affect the XRD patterns, and in all

cases a broad band centred at =31-32° (26 range) was observed.

FTIR displayed the characteristically peak band of silica-based glasses (Figure 5-6)
at 1000- 1100 cm? for the main Si-O-Si stretching mode. The band present at 860-
975 cm™ with high intensity about 910 is associated with the presence of a large
number of non-bridging oxygens (NBO) forming bonds with the network modifying
ions (Si-O-NBO).
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Figure 5-6 FTIR characterisation of the glasses. The glasses had a similar conformation.
The region between the solid lines (860-1175 cm™) shows the Si-O-Si bonds, while the region
between the doted lines the Si-OH bonds. The grey band (800-890 cm™) represents the C-O
stretch bonds, whilst the darker band (910-1040 cm™) the P-O stretch. (n=4)

5.4.1.2 Lithium Metaborate Assay- Glass Molar Composition

The molar composition of the glasses was determined through the lithium metaborate
method (see 5.3.2.3). All the glasses contained higher amounts of silica than expected
(when compared to Table 5-1), however the modified ionic content —Co, Zn & Mg-

reflected values similar to the calculated molarity.
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Table 5-2 Bioactive glass percentage Mol composition. The grey italic numbers
refer to the difference between the theoretical and real Mol composition. The grey

boxes are the oxides substituted in the compositions.
Lithium Metaborate calculated Mol %

0Zn 4Mg 0Co

1Zn OMg 0Co

1Zn 4Mg 0Co

1Zn OMg 0.3Co

1Zn 4Mg 0.3 Co

2Zn 2Mg 0.3Co

1Zn 4 Mg 1Co

SiO2

63.2
+13.7
62.8
+13.3
61.7
+12.2
62.8
+13.4
62.7
+13.2
61.0
+11.5
60.2
+10.7

5.4.1.3 ICP release Profile

Na2O

5.5
-20.9
5.7
-20.7
6.9
-19.4
6.9
-19.5
6.9
-19.4
5.6
-20.8
6.9
-19.5

P20s

2.5
+1.5
2.6
+1.6
1.8
+0.7
2.7
+1.6
24
+1.4
2.6
+1.5
2.6
+1.5

CaO

23.7
+4.6
27.5
+5.5
23.0
+4.9
26.0
+4.2
21.2
+3.4
254
+6.6
22.4
+5.3

CoO

0.3
0.0
0.3
0.0
0.4
+0.1
1.2
+0.2

Zn0O

0.1

13
+0.3
13
+0.3
1.2
+0.2
13
+0.3
2.6
+0.6
1.5
+0.5

MgO

5.0
+1

5.3
+1.3
0.0

5.1
+1.1

2.5
+0.5

5.3
+1.3

The glass network is altered by the addition of additional network modifiers (NM) as

indicated by changed release of Si (Figure 5-7a). —For the ionic dissolution and SD at

four hours see Appendix 2- The addition of the NM marginally reduced Ca (apart from

1Zn OMg 0.3Co) which is anticipated considering the substitution of NM for Calcium

(see Figure 5-8). The glass compositions were grouped by the present ions and

compared among them section 5.1.4.
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Figure 5-7 Concentration of the different cations in DMEM as determined by ICP-OES as a function of time after incubation of BGs for up to 24 hours.
Differences in silica, calcium and sodium release were observed in relation to the calcium substitution. (n=6) (for values and SD see Appendix 2).
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Silica profile release

The silica release profile (Figure 5-7) was strongly influenced by the calcium
substitution degree (p value <0.0001 & r? 0.9440) at four hours (Figure 5-8). The
glasses with lower than 4% Mol Ca substitution had a slight increase in the silica
release between 1 hour and 4 hours, plateauing afterwards. Interestingly the addition
of Mg increased the Si release rate, whilst the addition of Zn reduced Si release (most
obvious after 1 hour). The glasses with a higher substitution percentage had a fast
release rate up to the four-hour time-point. The lowest silica release at 4hours was
seen in the 1Zn OMg 0Co composition (1.47 mM), observing a two-fold increase in
the glasses 0Zn 4Mg 2Co and 1Zn 4Mg 1Co (2.86 and 2.96mM).

Sodium profile release

The sodium ionic (Figure 5-7d) concentration and profile is similar among all
compositions after a burst release. The sodium plateaus after after 1 hour of exposure
of the bioactive glasses to DMEM with the concentration ranging between 13.14 mM
+ 0.23 and 11.62 + 0.18 mM. However, the release of the sodium ion release
decreased (Figure 5-8Error! Reference source not found.) as the % molar Ca s
ubstitution increased (p=0.005, r? 0.8842).

Calcium profile release

Calcium release is similar in all the compositions (Figure 5-7c¢) eventhough is the
substituted ion. The variation in the calcium release at four hours varies in 0.59 mM.
The glasses containing the less amount of calcium substitution (more calcium) had a
slight higher release of calcium (p=0.0140, r> 0.6618) which can be directly related to
their NC (see Table 5-1).

204 751 144

654 u o
104

12 3 4 5 6 12 3 4 5 6 1 2 3 4 5 &

% Mol CaO Substitution % Mol CaO Substitution % Mol CaO Substitution
Figure 5-8 Correlation between the Si, Naand Caion release and the % Mol Substitution.
The molarity of the ions released after incubation in DMEM at 37 °C was analysed in relation
to the % Mol calcium substitution, where Si had a p value <0.0001 and r? 0.9440. The sodium
and calcium release decreased as the % Mol calcium substitution increased (Na p=0.005 r?
0.8842, Ca p=0.0140 r? 0.6618). (See appendix 3) There was not a significant relation for the
other ions.
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Cobalt profile release

For the glasses containing 1 and 2% Mol Co, the ion release rate slowered after 4
hours of exposure to DMEM. At 4 hours there is a three-fold increase between the
0.3% Mol glasses and the 1% Mol. There is a threefold increase in the ion release
between the glasses 1Zn 4Mg 1Co and the 0Zn 4Mg 2Co, although there is a two-
fold increase in the cobalt molar concentration in the glasses. This difference in the
ionic release can be related to the presence of zinc modifying the network

connectivity, which will be discussed in section 5.4.2.
Zinc profile release

The grade of calcium substituition did not seemed to have an effect on the zinc
release. The release at 4 hours varied from 23.44 mM to 7.94 mM at 1% Mol Zn
depending on the composition. There was not a significant correlation between the
zinc and silica release, although for the sample containing 2%M Zn the silica release
was 2.06 £ 0.073 mM compared to 1Zn 4Mg 0.3Co was 2.73 £ 0.0423, whilst the
cobalt ion release remained constant. Accordingly to the increase of percentage
molarity of the sample, the 2%M Zn composition released the highest amount of zinc
ions (29.84 £5.044). There was no correlation between the % Mol Calcium substitution

and the zinc ionic release.
Magnesium profile release

The highest amount of magnesium was, as expected, released by the glass that
contained 4% Mg (Figure 5-9). However, the addition of Zn also apeared to influence
Mg release, where 1% Zn inceased the release of 4% Mg (Appendix 3), indicating a

further disruption of the glass network and a reduction in NC.
Phosphorus profile release

The phosphorus decreases rapidly during the first 30 min after a burst release.
After 4 hour the slope tends to plateau. There is a distinguishable fashion in the
compositions. The upper band shows the compositions with lower calcium
substituition. The lower band consists the compositions with the higher %Mol calcium
substituition (>5.3 %Mol Ca subst). There is a composition that sits between both
bands, with 5% calcium substituition, which joins the upper band (lower substituition)
after 24 hours. There was no correlation between the phosphorus ion release and the

% Ca Mol substitution.
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5.4.2 Analysis of bioactive glass release at 4 hours
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Figure 5-10 Zinc-Magnesium effect in BG. (a) ion profile release (determined by ICP-OES)
of non- cobalt bioactive glasses (b) ion profile release of 0.3% Mol cobalt containing bioactive

glasses.

Although there are observable changes in the release of the calcium and silica, these
differences were found to be not significant among all the glass compositions. The
sodium, phosphorus and magnesium were all released with any noticeable difference,

and if any, resulted not significant.

The zinc measurement resulted with high standard deviation for some samples during
the ICP procedure (Appendix 2) as the zinc channel was interfering with the cobalt
detection channel. There is an obvious trend in the release of the zinc in the glasses

without cobalt (Figure 5-10 a), but because of the reason previously explained, no
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significant difference can be determined. It can only be confirmed the presence of zinc
in 1Zn OMg 0Co and 1Zn 4Mg 0Co.

Among the samples containing a different ratio between magnesium and zinc with
constant 0.3% Mol Co (Figure 5-10b), it can be observed that the presence of
magnesium increased the release of the zinc ions (p<0.0001). This result could
possibly be extended to the previous comparison, with the similar trend but not
significant difference due to the large standard deviation. There was also a significant
difference in the release of the zinc ions with double the amount of %Zn Mol.
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Figure 5-11 Cobalt effect in ion profile release of 0.3% Mol bioactive glasses, as
determined by ICP-OES.

The cobalt ions were released following (Figure 5-11) the increase in the cobalt
content (p<0.0001). There was a three-fold increase in the cobalt release when the %
Mol cobalt was tripled in the 1Zn 4Mg glasses, meanwhile in the glass that did not
contained zinc, the cobalt release was tripled with a two-fold increase of cobalt.
Interestingly, as the cobalt release increased, the zinc ion release decreased
(p<0.001).

5.4.3 Cell Studies

The cellular (HaCaT) response to bioactive glass releasing ions (Zn and Co) were
studied individually (for cobalt see section 4.4.1) and as released from bioactive
glasses (see dissolution media methodology section 5.3.2.2), in both normoxia (20%
0O,) and hypoxia (1% O) to mimic oxygen levels in a chronic wound (discussed in

section 0).
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5.4.3.1 Effect of zinc in hypoxia and normoxia conditions

Zinc appeared to enable cell survival, as determined by metabolic activity (p<0.001,
n=6) and number of cells present (p<0.0001, n=6), after 7 days culture in hypoxia but

did not affect cell metabolic activity or cell number in normoxia (Figure 5-12).
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Figure 5-12 Effect of Zinc in cell metabolism and proliferation under normoxia and
hypoxia. a) Zinc alters the metabolic activity during hypoxia, as determined by alamar Blue®
b) When the metabolic activity is normalised to DNA, as quantified using Hoechst dye, the
effect of different zinc concentrations.
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Zinc also increased total VEGF production but this is likely to be because of the
increased cell survival (Figure 5-13a), indeed when normalised to DNA only the
highest concentration of Zinc (100uM) increased VEGF production (p<0.01, n=6).
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Figure 5-13 VEGF expression under zinc conditions. a) Hypoxic cells under zinc influence
were able to secrete VEGF, as determined by ELISA, in a similar fashion to the normoxic cells
with higher cell number, in higher amounts than hypoxia (***p<0.0001, n=6). b) High levels of
zinc increased VEGF secretion response under hypoxia (**p<0.01, n=6). Zinc did not had a
VEGEF effect in normoxia.
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The metabolic activity was increased after 24 hours under hypoxia conditions. The
increase in the metabolic activity in the hypoxia cells is independent to the effect of
the zinc, as it was significantly increased in all conditions. The difference in cell
proliferation between the two oxygen conditions is increased at day 3 and day 7. The
supplementation of zinc had no effect on the cell proliferation at day 3, but plays an
important role in the number of cells present after 7 days of culture.

Zinc seems to play an important role in hypoxia, whilst in normoxia the metabolic
activity is similar across all concentrations. At Day 7, 100 uM Zinc appears to be
having an effect on the metabolic activity of the cells/DNA, but this could be related to

the lower cell proliferation in this condition.

5.4.3.2 Do cobalt and zinc increase antioxidant capacity?
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Figure 5-14 Capacity to inhibit produced ROS by the ions present in the glasses
compositions. The capacity of reduction of ROS, as determined by DCF-DA dye, produced
after HaCaT cells were stimulated with 800 puM of H202, the cells were previously incubated
for 4 hours with the different conditions. A reduction of the ROS was seen in all the conditions.

Cobalt, zinc and silica ions had an effect in suppressing the ROS increase in HaCaT
cells after being stimulated with 800 mM H»0O, (Figure 5-14). Trolox, an antioxidant
known as a cytoplasmic ROS scavenger #°, was kept as a negative control. The basal
cellular ROS production was 12.35% + 0.39. The increase of ROS production was
significant in all the samples compared to the basal level, and also significantly
decreased when compared to the maximum production. The effect of silica and zinc
were similar to the reduction produced by the use of Trolox, where there was not
significant difference observed. There was a significant difference in the reduction

capacity of the cobalt to the other agents (p <0.01).
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5.4.3.3 Effect of zinc-containing bioactive glasses in HaCaT cells
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Figure 5-15 The effect of Zinc and Magnesium ions released by bioactive glasses.
Glasses containing zinc had an initial slower cell proliferation rate, as quantified using Hoechst
dye, under normoxia and slightly decreased cell proliferation after 7 days of hypoxia. The same
compositions induced a higher metabolic activity per cell, measured using alamar Blue®,
under normoxic conditions at day 1 and 3.
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The metabolic activity is higher in all the glasses at normoxic levels (Figure 5-15) with
the BG without zinc (Mg only) being the highest, there is not much difference between
the ones containing zinc, regardless of the presence of Mg. whist hypoxia has not
noticeable effect. The difference in the metabolic activity in normoxia day 3 is
reduced. The 0Zn 4Mg 0Co, had the highest metabolic activity at day 1, now is similar
to the one in the control. The metabolic activity in the zinc containing glasses remains
higher, but to a less extent than Day 1. At day 7 all of them have a similar metabolic

activity.
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Figure 5-16 Effect of Zinc in VEGF production under hypoxic conditions. Zinc increased
VEGF production (r?=0.8528, normalised to DNA r?=0.885), as determined by VEGF ELISA
and Hoechst dye accordingly, under hypoxia at day 3.

Control and 45S5 did not had an increase of VEGF/cell as a response to hypoxia.
Hypoxia D1 0Zn 4Mg 0Co had a significant higher VEGF/DNA compared to all.
Followed by 1Zn OMgOCo and 1Zn 4Mg 0Co. With no statistical difference between
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them. There is an increase on VEGF production at normoxia Day 3 in the 1Zn OMg
0Co and 1Zn 4Mg 0Co, suggesting an effect from the zinc ions.

5.4.3.4 Zinc/Magnesium ratio effect in cobalt-containing glasses
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Figure 5-17 Effect of Magnesium and Zinc rates in bioactive glasses. Zinc influenced cell
growth, as determined by Hoechst dye, under hypoxia by day 3 (p<0.01, n=6). The proliferation
was decreased by day 7 in both CoBG due to the presence of the HIF mimetic (p<0.001, n=6).
Metabolic activity was quantifies using alamar Blue®. N=6, Error bars= Standard deviation
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The CoBG had an influence in the metabolic activity of HaCaT cells (Figure 5-17a).
The composition 1Zn 4Mg 0.3Co had a higher metabolic activity under normoxia at
day 1 and 3 possibly as a result of HIF stabilisation induced by the Co ions, although
the VEGF increased was observed until day 3 (Figure 5-18a). The metabolic activity
per cell for the 2Zn 2Mg 0.3Co was similar to the control at day one, and so was the
VEGF expression. By day 3 the metabolic activity significantly increased and so did
the VEGF per cell as a result of the cobalt. The metabolic increase induced by Co
ions in normoxia was observed at day 3 (p<0.001, n=6) (Figure 5-17b). The metabolic
activity under the glass conditions was higher than the control in hypoxia at day 7,
although the cell proliferation was significantly lower.
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Figure 5-18 Zinc/Magnesium ratio effect on cells. a) The VEGF, as determined by VEGF
ELISA, was increased at day 3 under hypoxia and normoxia a higher amount of zinc (p<0.001,
n=6). The effect of increased VEGF as zinc increased was observed only at normoxia day 1
(p<0.001, n=6). DNA was quantified using Hoechst dye. Error bars=Standard deviation.

The BG-treated cells had a lower cell growth at normoxic conditions (Figure 5-17c)
when compared to the control. Whilst hypoxic control resulted in a higher cell

proliferation until day 7 (p<0.001, n=6), being significantly lower than 1Zn 4Mg 0.3 Co
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at day 3 (p<0.001, n=6). When comparing between the two compositions, 2Zn 2Mg
0.3Co had a higher cell growth under hypoxic conditions after 24 hours of exposure,
while in day 3 it was higher than the normoxic pair. This cell growth rate was reduced
by day 7 under hypoxia, when the cell population decreased for the 2% Mol Zn. This
initial effect could be possibly related to the zinc that can enhance the DNA synthesis,
and for the last stage cell proliferation inhibition the effect could be related to the
decreased ROS production during prolonged hypoxia.

The VEGF/DNA expression is higher (Figure 5-18b), as expected under hypoxia
conditions, being not significantly different by day 3. The increase of VEGF/DNA at
normoxia conditions in the 2Zn 2Mg 0.3Co at day 1 can be related to the higher
presence of zinc (p<0.001, n=6), meanwhile this effect is not significant at day 3 and
can be attributed to the Co component (14.3 uM) of the glasses.

5.4.3.5 Cobalt glasses in HaCaT cells

Under normoxia conditions, the metabolic activity of the zinc-containing glasses was
influenced by the CoBGs (Figure 5-19a). At day 3 the metabolic activity in normoxia
was increased at the glass containing 1%Mol Co (p<0.05, n=6), by day 7 the CoBGs
had a higher metabolic activity than the control (p<0.05, n=6). These results suggest

the metabolic was increased through the glass cobaltous ions.

The glass-conditioned cells had a lower proliferation rate (Figure 5-19c¢) during the
first time points, but were able to reach confluence similar to the normoxia control at
day 7, with the exception of 0Zn 4Mg 2Co (p<0.001), which contained 148 uM of Co
and no zinc. Interestingly under hypoxia, the same composition had a similar profile
to the 1Zn 4Mg 0Co and 1Zn 4Mg 0.3Co, whilst the 1Zn 4Mg 1Co had a decline in
cell population after day 3 (p<0.001). The cells with only fully supplemented media

had the highest cell proliferation among hypoxia.
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Figure 5-19 Effect of cobalt-bioactive glasses in HaCaT cells. a) Metabolic activity was
affected by the presence of the different ions, as determined by alamar Blue®. Cell growth
was reduced with the bioactive glasses, as quantified using Hoechst dye, independently of the
amount of cobalt in both oxygen conditions (p<0.001, n=6) Error bars=Standard deviation.

As the cobalt concentration increases, so does the VEGF expression (r’=0.9953)
(Figure 5-20 a). This can be seen in VEGF/ml and normalised to total DNA values
(Figure 5-20b). The amount of VEGF secreted at 1% Molar at normoxia levels was
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the same as the hypoxic control (SD ns, n=60. The HIF inducing effect of cobalt was
greater under normoxic conditions at 1 and 2% Mol. The effect of the 0Zn 4Mg 2Co
was slightly seen from Day 1 on a 0.55X and Day 3 by a 6.25X increase. The effect
of the 0Zn 4Mg 2Co on hypoxia was seen at Day 3, with a 0.4x increase than the
hypoxia control. At Day 3 in the 1Zn 4Mg 0.3 Cobalt there is no difference in the cell
proliferation between the two oxygen levels. The VEGF is 2.5x higher than normoxia
control by day 3, whilst in hypoxia it decreased at both time points.
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Figure 5-20 The effect of Cobalt incorporation in bioactive glass. VEGF secretion was
increased linearly to the cobalt content in the glasses, as expected with the use of a HIF
mimicking ion. VEGF was quantified by VEGF ELISA and DNA using Hoechst dye.

Cobalt increased VEGF/cell secretion directly related to the molarity in the glass
dissolution (Figure 5-20b), however the glass only containing magnesium and zinc

had increased VEGF expression under hypoxia at day 3.
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5.5 Discussion

In this chapter Si-based hypoxia bioactive glasses were created for chronic wound
healing. Cobalt has been previously incorporated to melt derived glasses for bone
engineering purposes,?49483510 however, this thesis is the first investigation into the
effect of CoBGs for wound healing purposes. There are no (to our knowledge)
previous publications on the effect of CoBGs on keratinocytes or in hypoxia
conditions. Here we demonstrated that CoBGs can be created that release cobalt ions
in a controlled manner and at physiologically relevant ranges that were previously
demonstrated to stabilise HIF (Figure 4-5). The dissolution products of these BGs
were also found to dramatically increase VEGF production dependant on the
concentration of cobalt within the glass. Other ions known to have wound healing
properties (Zn and Mg) were also investigated and the Zn was found to have a
promoting effect on VEGF expression under hypoxia and a higher cell number after

prolonged exposure to hypoxia.

5.5.1 Therole of theions in the glass network

Zn, Mg and Co were added to the BG via calcium substitution, if these ions had the
same role within the glass structure as calcium then it would be expected that the
release of the other ions (e.g. Ca, Si, P or Na) would remain the same. This was not,
however, the case. As Ca substitution increased Si release also increased (Fig. 5.8),
suggesting that these ions are affecting the glass network differently to Ca and
causing increased disruption of the network. Others have also reported that increased
number of different ions, substituted for calcium, causes increased glass network

disruption and higher Si release rates.>%3>!

The lower release of silica in the 1Zn OMg 0Co (8.43 %Mol Si) and 1Zn OMg 0.3Co
(9.71 %Mol Si) compared to the other compositions (av. 12.65 %Mol Si) notes the
rigidity of the glass network at low calcium substitution degree. A fraction of the zinc
molar percentage possibly forms part of the network, as the amount of silica released
decreases with its inclusion into the composition whilst the release of the cobalt is the
same. This was not observed in the glasses containing magnesium, suggesting Mg
is behaving as a network modifier of the BG network.*?2, The electrostatic attraction
of negative charged Zn restrains the mobility of the Na ions, which initiate the ion

exchange and hydrolysis of the silicate network.**

The cobalt can play a similar role in the glass network due to the size to charge ratio,

the incorporation to the network has shown to delay bioactive glass dissolution and
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alter ion release, as an intermediate oxide would.?®® However to define the specific
role that the cobalt, zinc and magnesium played in the conformation of the glass
network, NMR studies need to be done.

Watts et al. (2009) ) reported that the incorporation of magnesia to BG changed the
Si/Na release in ICIE-1 glasses, increasing the network connectivity (NC) as
quantified by NMR.%! They kept the predicted NC molarity constant by considering
the MgO acts as a network modifier (as performed in this chapter). Their result
suggest the MgO is patrticipating as network forming oxide, as it increases the NC with
the increase of the %Mol, as described in NC2 equation (see Equation 3) .°!* The
cobalt can play a similar role in the glass network due to the size-to-charge ratio, the
incorporation to the network has shown to delay bioactive glass dissolution and alter
ion release, as an intermediate oxide would.?® However to define the specific role
that the cobalt, zinc and magnesium played in the conformation of the glass network,

NMR studies need to be performed.

Relatively few studies investigate the ion release in DMEM, however, to evaluate the
effect of the glasses in the cells and the real dissolutions to which the cells would be
exposed to, this was necessary. Differences between the ion release in different
media compositions may influence the glass dissolution,>!2 and thus altering the ionic
concentrations to which the cells are subjected to. Differing media have different
amounts of ions, which may cause further changes to the release rates or to
spontaneous precipitation (apatite formation), for example DMEM media contains
1.80 mM calcium and 0.81 mM magnesium,>** whilst RPMI 0.42 mM Ca and 0.41 mM

magnesium.>*

5.5.1.1 Cobalt

The ions released by the cobalt containing glasses were able to increase of the VEGF
production per cell under normoxia conditions, suggesting the stabilisation of the
hypoxia pathway as discussed previously (Section 4.4.1.1). The VEGF production
was directly correlated to the cobalt released (% molarity). The glasses with the 0.3%
Co were found to release the same amount of cobalt ions. The glass 0Zn 4Mg 2Co
showed significantly lower cell proliferation, characteristically of hypoxia stabilisation,
nevertheless had higher proliferation and VEGF expression than the hypoxia control.
The increase in the concentration of cobalt in the 1Zn 4Mg xCo compositions had an
effect in the zinc ion release. As the cobalt concentration increased, the zinc ion
release was decreased, suggesting that a portion of cobalt could be participating as

a network modifier. Meanwhile, Bresson et al. (2006) reported that under the presence
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of cobalt ions, the intracellular concentrations of zinc increased.?® It would be
interesting to observe the mechanism in which this phenomenon occurs and if the

presence of zinc ions in conjunction with cobalt have an effect.

Although CoBG have been previously developed, the effects in chronic wound healing
remains unanswered. Moura et al. (2017) developed a composite of PCL electrospun
fibres with CoBG (via sol-gel) for wound healing purposes, however they reported the
material characterisation and not included in vitro evaluation.?®® Raja et al. (2019)
evaluated the antimicrobial properties of BG in gram positive and gram negative
bacteria, as well as in fungal colonies for future wound healing applications. They
reported antibacterial properties only under the presence of the glasses and not in the
BG-ion dissolution, this could be possible due to the pH changes happening during

glass dissolution.?™®

55.1.2 Zinc

Zinc functions as a site-specific antioxidant through binding competition with Fe and
Cu, to bind to ferritin and metallothionein (reviewed by Bettger 1992). Prolonged
exposure to hypoxia or HIF stabilisation mimetics leads to increased ROS production
and activation of the apoptotic pathway.*** Zinc has been shown to have geno-
protective properties.*® Parat et al. (1997) demonstrated that pre-incubation of
HaCaT cells with 100 uM zinc chloride, reduced DNA fragmentation after UVB
irradiation. The reduction of the ROS production seen in Figure 5-14 by Zn BGs is
comparable to the reduction produced by the potent anti-oxidant Trolox (an analogue
of vitamin E). It has been also reported that even in glutathione cell depletion, zinc-
methallothionein has the ability to protect the DNA from ROS damage in HaCaT cells
functioning as sacrificial site for antioxidant attacks.*®® The higher cell proliferation
under hypoxic conditions resulting from the exposure to ionic zinc can be related to
these anti-oxidant and anti-apoptotic properties. This has been previously reported by
Kontargiris et al. with 15uM and 30uM Zn .56

As discussed before, zinc can act as a network modifier, while in higher amounts it
can act as an intermediate oxide. Oki et al. (2004) reported that the incorporation of
zinc to bioactive glasses did not reduced the biocompatibility, but aided in buffering
the pH of simulated body fluid.49%517518 The zinc-containing ion glass dissolution had
an effect in the increase of VEGF under hypoxic conditions, even when cobalt was
not present. The addition of 0.3% Mol cobalt to the similar composition had no
significant effect. This increase in VEGF is in contrast to the reduction on VEGF and

HIF-1a downregulation described by Nardinocchi et al (2010) described in human
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prostate cancer cells and glioblastoma in hypoxia®!® and a reduction in astrocyte HIF-
mediated migration under hypoxic conditions under the presence of ZnSO4 (50uM).>%°
However, a spliced variant of HIF-1a induced by ZnCl, (500 uM) has been identified.>*
Although HIF-1a stabilisation with cobalt has been quantified, the capacity of the Co-
containing glasses and the effect of zinc incorporation remained pending.

5.5.1.3 Magnesium

Between the different glass compositions, the magnesium release concentration was
within a narrow range (0.46 mM range), however the magnesium in the BG may have
disrupted the glassy network,®1:522 affecting the ion degradation profile. Therefore,
the cell behaviour difference across the glass compositions containing magnesium
could be attributed to the variation in the concentration release of the other ions.
Magnesium has proved to have a stimulating effect HUVECS in terms of proliferation
and increasing the motogenic (migration) response to angiogenic factors at low
concentrations and in keratinocytes. Besides stimulating proliferation it can also
improve cell-matrix interactions.®?*52* These results were supported by the addition of

magnesium in bone culture systems having an increased vascularisation effect. 52452

2.5.1.4 Silica

The results indicate that the bioactive glass compositions released silica ions in a
similar fashion and that they did not affected negatively the cell proliferation or
metabolic activity; these was also observed in the compositions that did not contained
cobalt. The glasses released ions that could activate angiogenic-related processes

and could have therapeutic outcomes for impaired wound healing.

It was also observed that silica, at the concentration released by the glasses, had the
capacity of decrease ROS induced by H;O,. The mechanism could be through the
iron chelating capacity of silicate. Silicate is widely used in the paper-making industry
as a stabiliser of H,Oy; it interacts with the metal ions present in the bleaching
process.19526527 Ag ROS is a major cause of tissue injury in inflammatory conditions,
including diabetes type 2, the regulation capacity of high levels of ROS can be found

beneficial.

Amorphous silica is considered as a low toxicity agent, as opposed to the crystalline
silica, which has been found to be cyto- and genotoxic. Barnes et al. made a
meticulous investigation with two independent laboratories to assess the toxicity of
silica particles and found that the particles investigated dis not caused genotoxicity.

°28 This has been supported by Busch et al. (2010) where they found that the most of
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the gene expression observed by the cobalt- containing nanoparticles was coinciding
with the cobalt control gene expression and not in the simple form of the particles.
Whilst Nabeshi et al. found an increased ROS production and DNA damage induced
by amorphous nanopatrticles.>?®

5.5.1.5 Sodium

The dissolution of the glass is initiated by the sodium interaction with the DMEM. In
the glass formation, the increase of the % molarity of sodium will decrease the glass
transition temperature and peak crystallisation temperature.®®® in our compositions,
the sodium release remained constant throughout the time evaluated and showed no
significant difference across samples. Although the effect of the sodium released by
the glasses was not evaluated and being the highest ion released, the cells were able
to proliferate as the media control, consisting with Tennenbaum et al, who evaluated
the addition of sodium to magnesium-containing media and observed no negative
effect in the DNA synthesis. 5%

5.5.1.6 Calcium

Cell proliferation and metabolic activity is influenced by Ca?* gradients in in vitro and
in vivo models, functioning as a cue for basal and stratum corneum differentiation; as
well as regulating adherent and tight junctions which would affect the cell migration,
vital in wound healing.5® Although calcium has an effect on HaCaT behaviour,
Colombo et al. (2017) reported that the cellular density has a major regulation factor
under low variations of calcium. The particular effect of calcium was not analysed in

this thesis.

5.6 Conclusion

Zinc demonstrated to have an effect in cell survival and VEGF production under
prolonged hypoxic conditions, whilst under normoxic conditions it had no effect in
VEGF production or proliferation. Silica and zinc showed ROS reduction capacity
similar to Trolox, a widely used antioxidant analogue to vitamin E. Diabetic patients
generally had an increase ROS production, also characteristic of impaired healing

due to the prolonged inflammation conditions.

The non-cobalt containing glasses had no significant effect on cell survival, the
proliferation under hypoxic conditions was reduced slightly, but an increase in the
VEGEF per unit of DNA was positively related to zinc under hypoxic conditions by day

3. When comparing the magnesium/zinc ratio, no significant effect was observed, as
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the VEGF production and reduction of cell proliferation was driven by the presence of
the cobalt in the glass compositions.

As the cobalt content in the glass increased, so did the VEGF per DNA unit under
normoxic conditions. This was particularly observed under normoxic conditions,
suggesting the effective HIF stabilisation which resulted in the VEGF increase. This
was also seen under hypoxic conditions, although surprisingly the glass without
cobalt, but containing zinc and magnesium, had also an increase on the VEGF

production.

The cobalt-zinc glasses demonstrated potential for wound regeneration. It was in the
limits of this thesis to evaluate their performance under hyperglycaemic conditions.

Fibroblast characterisation and cell migration need to be addressed.

As HaCaT are able to accumulate metallic ions and the toxicity of cobalt is dose
dependant. It would of interest to evaluate the intake and accumulation of cobalt ions

during and after exposure to the glass dissolutions.
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Chapter 6. General Discussion

This thesis addresses new treatments for chronic wounds via the artificial stabilisation
of the HIF-1a pathway. An in vitro hyperglycaemic model was created that
demonstrated that prolonged culture in high glucose conditions caused a diminished
response to hypoxia (as determined by VEGF production). Using this model,
commonly used HIF mimetics (with differing modes of action) were investigated for
their ability to stabilise HIF-1a and restore a wound healing response. In addition, the
controlled delivery of cobalt, at physiological relevant concentrations, was achieved
through the use of silica-based bioactive glasses. This chapter discusses the

importance, impact and limitations of the thesis.

6.1 Diabetic Model

An in vitro model of hyperglycaemic wound healing was developed using two dermal
cell types, keratinocytes (HaCaT cells) and fibroblasts (HDF). The studies were made
in HaCaT cells, a keratinocyte immortalised cell line with similar cytokine/chemokine
profile to primary keratinocytes- and HDF, primary dermal cells. These two cell lines
were selected as they are majorly involved in the inflammatory and remodelling stages
of wound healing, cell recruitment and activation of other cells through their secretome
following HIF stabilisation/hypoxia sensing.*® The diabetic model consist on a 28-day
exposure to high glucose conditions, based on Terashi et al. (2005). Euglycaemia
was determined as 1 g/L (5.5 mM) glucose, being physiologically relevant (non-
diabetic fasting glucose level is 5.2+0.6mM)??? and concordant to what others have
used as low/normal glycaemic conditions, as reviewed in section 3.1.2. There is no
consensus in the use of high levels of glucose; therefore, hyperglycaemia was
determined as 4.5 g/L (25 mM) as it is close to the average of the literature review
(27.9 £14.4mM) and it is commercially available at this concentration, decreasing

variability in the experiments.

The diabetic model in HaCaT cells is similar to what is observed in chronic wounds;
a decrease response to hypoxia, which translates to a low level of HIF-1a stabilisation
observed in day 3. The inhibition in HIF stabilisation is mirrored to a reduced VEGF
expression, which would initiate angiogenesis,*’” reduced cell proliferation, involved
in re—epithelialisation, and increased ROS production®? and decreased antioxidant
capacity, which increases the oxidative stress and DNA damage and MMP-9

overexpression*'® degrading ECM. Hyperglycaemic HaCaTs are appeared to be
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larger and flattened concomitant with literature.?®”321 Moreover, a significantly higher
variation in cell size was measured under hyperglycaemia. This morphological
change could be translated to impaired skin barrier function, as described in murine
models, due to an increased tight junction protein-1 (ZO-1) level in diabetes-1.17°

In vitro modelling of chronic wounds is important in creating new treatments and in
improving the translation of these new treatments. Hyperglycaemia clearly does not
account for all the differences observed within diabetic patients (as discussed in
section 3.1) but does allow for mimicking of some key behavioural responses.
Surprisingly the human fibroblasts (HDF cells, 28 days of hyperglycaemia) did not
consistently have a significantly response to hypoxia, whilst keratinocytes did. This
may indicate cell-type variations in glucose metabolism®! or highlight other
experimental variations. Indeed, others have demonstrated that fibroblasts do have a
diminished response to 0.5% oxygen when cultured in 25 mM (4.5 g/L) glucose
conditions.®® The reason for this difference may be due to adaptation of the cell line
to high glucose. The cells obtained were p4-20, it is likely the cells (prior to
obtainment) were cultured in “normal” glucose DMEM (4.5g/L) which is classed within
hyperglycaemic environment as high (Figure 3-2). Others have reported that
exposure prolonged exposure high glucose-mediated cell growth, become

unresponsive to further glucose changes inhibition.3%%>%

MGO (as a means of introducing AGE products) was investigated as an alternative to
prolonged hyperglycaemia?®®3%, as a means of creating a simpler model. After MGO
treatment the cells had a diminished response to a change in oxygen pressure
(decreased VEGF production and metabolic adaption). These characteristics were
initially similar to those observed under 28 days of hyperglycaemic condition;
however, ROS was not increased, as was observed with prolonged hyperglycaemia.
Yu et al. (2006) has reported that ROS overproduction in a diabetic environment is
preceded by mitochondrial morphological changes®®?. The effect of MGO in
antioxidant capacity, MMP-9 production and cell proliferation further 24 hours after
exposure remains to be answered. However, the data suggest that MGO has potential

to reduce the preconditioning period of diabetic models.

In the HaCaT cells diabetic model, cell migration -which is reduced in diabetic and
elderly patients) and temporal characterisation of the evolution under hyperglycaemia

(as represented in Figure 3-16 and Figure 3-17 in HDFs) remain as future research.
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6.2 HIF mimetics in wound healing

The efficacy of Cobalt, DMOG and DFO to induce HIF-1a stabilisation and VEGF
secretion in HDF and HaCaT cells was evaluated. The concentrations were firstly
evaluated in fibroblast and based on VEGF expression, several concentrations were
then evaluated in HaCaT cells. It is of interest to note that the study of HIF mimetics
under hypoxic conditions. The synergistic effect, or possibly detrimental, of enhancing
HIF stabilisation under already hypoxic conditions is not commonly investigated under
wound models. Rey et al. (2009) investigated the effect of adenoviral HIF-stabilisation
factor and DMOG in a ischemic rat limb, observing an increased limb salvage in a

mouse critical limb ischemia, with higher perfusion and functionality restoration.*?3

DFO had a significant increase in VEGF expression in fibroblasts, however the doses
used in these experiments fall on the lower limit of what it has been reported in the
literature as reviewed in section 4.1.2.2.1. The initial concentrations evaluated (100-
50uM) decreased metabolic activity significantly and cell number, however VEGF was
increased significantly ~10 fold. In the lower doses, DFO decreased metabolic activity
and cells did not proliferated after 3 days, nevertheless VEGF was significantly
increased. The effect of DFO in cell metabolic activity and cell proliferation was firstly
considered as a toxic effect. However, iron is a co-factor for DNA synthesis and due
to the iron-chelator nature, DFO reduces cell proliferation after depleting iron from the
cells as shown by Siegers at al. (1991). Although as mentioned DFO decreases cell
proliferation shown in this study in vitro and others?**5% its positive effect on wound

healing in vivo has been previously proven,200:438

As mentioned before, the concentrations of the HIF mimetics were based on the
increased of VEGF, hypothesising that this was a result of the HIF stabilisation.
DMOG at the selected concentration did not increased HIF-1a stabilisation. A
limitation of the research is that the concentrations were selected based on the
response in HDF cells and then evaluated in HaCaT cells. This was based on the
sensitivity of the assay to cell number and cell size difference between HaCaT and
HDF (fibroblasts are bigger and basal HIF was not detected hyperglycaemic
normoxia), thus it was considered sensible to evaluate first the VEGF expression
response in HDF and later in HaCaT. However, as discussed previously, the response
to hypoxia and HIF mimetics is cell specific, fibroblasts respond to lower hypoxia
changes, as they increased their metabolism and their VEGF release at 2% O, whilst
in HaCaT it was only observed at 1% O». In hyperoxygen conditions, DMOG did not

protect the cells from damage, even if VEGF increased. At 85% of oxygen cells under
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high glucose have a reduced proliferation rate compared to euglycaemic cells at day
3, however they survived to the constant exposure to high levels of oxygen. Moreover,
HIF-1a was accumulated in hyperglycaemic hyperoxia, whilst in euglycaemia it was

comparable to the levels of normoxic expression.

Cobalt stabilised HIF-1a under normoxia in hyperglycaemic cells, this increase was
found to be similar to the one exerted by hypoxia in euglycaemia and higher to that
one in euglycaemia normoxia. However, it was a short-term effect, as in day 3
hyperglycaemia there was no significant effect. The BGs released cobaltous ions in
physiological relevant concentrations. Cobalt increased VEGF release in a
dose/dependent manner, in CoCl, and in the ionic release of the BGs. HIF-1a
guantification remained pending, however Co interaction with HIF pathway is specific
the HIF-1a isoform. The materials were evaluated in euglycaemic conditions, in order
to preselect BG compaositions that elucidate relevant responses. All cobalt containing
glasses increased VEGF expression, and surprisingly so did a composition with no
cobalt but zinc. It is of interest evaluate the effect of the CoBG in MMP-9, as MMP-9
is strongly related to cell migration and ECM remodelling. Cobalt ions may induce

ROS production whilst zinc ions could possibly serve as antioxidant.

6.3 Development of HIF mimicking wound dressings

Here we found that HIF mimetics (cobalt and DFO) restored the HIF-1a pathway in
dermal cells and (some) of the normal wound healing responses to hypoxia. Wound
dressings that release HIF mimetics would could therefore be a commercial target for
improved chronic treatments. Currently there are no commercially available HIF
mimicking wound dressings, but several recent publications have developed materials
for the release of DMOG from borosilicate BG and mesoporous BG with poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) polymers 264534 and DFO from cross-linked
gelatine and injectable hydrogels loaded with BG 2062¢€0, The strength of evidence that
these materials stabilise HIF or increase wound healing in vivo is poor. The release
of HIF mimicking ions from bioceramics have a number of advantages over DMOG
and DFO in terms of control of the release, cheapness of manufacture and by
incorporating other ions that may also benefit wound healing. Similar work in Cu BG
was independently published, however copper had a lower effect in VEGF
secretion.>* Indeed, recently borate fibrous glass scaffolds (Mirragen™) has been
granted FDA approval for chronic wound healing (although the cellular mechanism

remains unknown), these could be incorporated with cobalt.
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There are however, a number of considerations in the design of this wound dressing

in terms of delivery mechanism (concentration and duration of release), toxicity —

prolonged HIF stabilisation — biofilm / penetration of drug (debridement would still be

required) and carrier (provide barrier, allow gaseous exchange and retain moisture).

6.4 Future areas of research

1.

Is hyperglycaemia leading to intracellular AGE accumulation?
The prolonged exposure to high glucose concentrations led to a reduced
response to hypoxia (see 3.4.2). It is also considered that in ageing, the
reduced response to hypoxia is associated to intracellular AGE accumulation
(see 1.6.3). Prolonged hyperglycaemia may induce AGE accumulation, which
possibly would be the mechanism of HIF-1a impairment!®®. If true,
hyperglycaemia preconditioning can also be translated into an ageing model
for HIF-1a impairment. The measurement of intracellular advance glycation
protein after high glucose preconditioning could provide insight towards this
approach.

Is the MGO effect specific to HaCaT cells?

Bento et al. (2010) reported the inhibition of the hypoxia response in Retinal
pigment epithelial (RPE) cells, however this inhibition was observed under the
presence of MGO.'®® Here, HaCaT cells had a decrease VEGF secretion 24
hours after treatment and removal of MGO. HIF-a stabilisation/inhibition after
MGO treatment remains to be assessed in HaCaT cells and if this effect is
only observed in HaCaT, or if similar in fibroblasts/

Can MGO decrease the preconditioning time of hyperglycaemia?
Several pathological responses are activated through ROS production,
however 4-hr preconditioning with MGO did not increase ROS in euglycaemic
cells, whilst affecting VEGF production. Sequential treatment with MGO or
MGO treatment in combination with short-term high glucose could potentially
reduce the hyperglycaemia conditioning (28 days), as single longer exposure
of the cells to MGO (6 hours) and higher doses induced cell death.

Can HIF mimetics prevent/restore the damage of AGE accumulation?
The restoration of the oxygen sensitivity (HIF pathway) in diabetic and ageing
in vitro models using high glucose, osmotic variations and some gene
knockouts have been widely reported; and whilst MGO has been used in
several diabetic models as an AGE precursor, inhibiting HIF stabilisation,%®

there were no reports of HIF mimetics in methylglyoxal diabetic models.
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Chapter 7. Conclusion

In this work a diabetic model of chronic wound healing has been developed, that
mimics the complex environment in diabetic patients. The model had a reduced
response to hypoxia, showing a decrease accumulation of HIF-1a, a reduced increase
of VEGF expression, increased ROS production, decreased antioxidant capacity, and
increased MMP-9 production. HIF-mimetics were able to increase HIF-1a stabilisation
in hyperglycaemic conditions, showing a potential incorporation into active wound
dressings. The glasses released cobalt in relevant physiological concentrations that

were shown to increase HIF stabilisation.
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Appendix 1 DFO can induce cell toxicity at high concentrations. DFO at 50 uM and higher
concentrations reduced the metabolic activity of the cell and decreased cell number; however,
the cells continued to express VEGF under these toxic concentrations.
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Appendix 2 Bioactive glass Mol release at 4 hours in DMEM.

Molar release at 4 h

45S5

0Zn 4Mg 0Co

1Zn OMg 0Co

1Zn 4Mg 0Co

1Zn OMg 0.3Co

1Zn 4Mg 0.3 Co

2Zn 2Mg 0.3Co

1Zn 4 Mg 1Co

0Zn 4Mg 2Co

Si (mM)
2.23
+0.07
2.26
+0.10
1.47
+0.02
2.47
+0.03
1.80
+0.01
2.73
+0.04
2.06
+0.07
2.96
+0.09
2.89
+0.10

Na (mM)
11.92
+0.14
12.18
+0.26
11.70
+0.08
12.29
+0.28
12.72
+0.06
12.46
+0.09
11.90
+0.30
12.92
+0.33
12.02
+0.32

P (mM)
0.41
+0.02
0.57
+0.02
0.48
+0.01
0.58
+0.02
0.60
+0.01
0.42
+0.01
0.58
+0.03
0.41
+0.02
0.39
+0.01

Ca (mM)
2.14
+0.07
1.87
+0.07
1.89
+0.02
2.15
+0.05
2.41
+0.01
1.81
+0.03
2.05
+0.09
1.82
+0.06
1.873
+0.07

Co (uM)
0.45
+0.02
0.01
+0.01

15.02
+0.03
14.39
+0.19
14.25
+0.76
47.93
+1.83
148.97
+4.76

Zn (UM)
5.09
+4.36

23.45
+6.03
12.91
+10.98
7.95
+0.014
16.52
+2.49
29.84
+5.04
8.16
+1.71
6.97
15.43

Mg (mM)
0.85
+0.03
1.31
+0.06
1.06
+0.01
0.89
+0.02
1.02
+0.01
1.09
+0.02
1.04
+0.04
1.14
+0.04
1.16
+0.05
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Si Na P Ca +-®-+Co ++®@:+Zn +-#--Mg
0Zn 4Mg 0Co

3125

0Zn 4Mg 2Co 1Zn 4Mg 0Co

1Zn 4Mg 1Co 1Zn OMg 0Co

2Zn 2Mg 0.3Co 1Zn OMg 0.3Co

1Zn 4Mg 0.3Co scale ppm Log 5

Appendix 3 Relationship glass composition and ion release (ppm) after 4 hours in DMEM. The
ratio of silica/calcium ion release varies according to the presence and amount of zinc,
magnesium and cobalt, proposing the active involvement in the glass conformation. The
magnesium and sodium release does not present any significant fluctuations. The solid lines
represent the ions present in ICEI-1. The dotted lines show the ions modifying the glass
network. The substitution was made in % molar of calcium. The scale represents the ions
released (ppm) by the glasses.
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