UHI Thesis - pdf download summary

The impact of high and intermittent-high glucose on ROS generation and
bioenergetic metabolism in vascular endothelial cells

Shaw, Andrew
DOCTOR OF PHILOSOPHY (AWARDED BY OU/ABERDEEN)
Award date:
2015
Awarding institution:
University of Aberdeen
Link URL to thesis in UHI Research Database

General rights and useage policy
Copyright, IP and moral rights for the publications made accessible in the UHI Research Database are retained
by the author, users must recognise and abide by the legal requirements associated with these rights. This copy
has been supplied on the understanding that it is copyright material and that no quotation from the thesis may be
published without proper acknowledgement, or without prior permission from the author. Unless otherwise
stated, this thesis is provided under the terms of a CC BY re-use license, where use of any part of this thesis
must be attributed to the author.
Users may download and print one copy of any thesis from the UHI Research Database for the not-for-profit
purpose of private study or research on the condition that:
1) The full text is not changed in any way
2) If citing, a bibliographic link is made to the metadata record on the the UHI Research Database
3) You may not further distribute the material or use it for any profit-making activity or commercial gain
4) You may freely distribute the URL identifying the publication in the UHI Research Database
Take down policy
If you believe that any data within this document represents a breach of copyright, confidence or data protection please contact us at
RO@uhi.ac.uk providing details; we will remove access to the work immediately and investigate your claim.

The impact of high and intermittent-high glucose on
ROS generation and bioenergetic metabolism in
vascular endothelial cells

A thesis presented to
The University of Aberdeen
For the degree of
Doctor of Philosophy

By
Andrew Shaw
(B.Sc., M.Sc.)

Declaration
I hereby declare that the data published in this thesis are the result of my own work,
carried out under the supervision of Professor Ian Megson, Professor Sandra
MacRury, Dr Mary Doherty, and Dr Nicola Mutch, at the Department of Diabetes
and Cardiovascular Science, University of the Highlands & Islands. This thesis has
been completed entirely by myself and has not previously been submitted for any
other degree or qualification.

Andrew Shaw

29/08/2014

i

“The mind is not a vessel that needs filling, but wood that needs igniting”

- Plutarch

ii

Acknowledgements
I would first like to express my sincere gratitude to my supervisor Ian Megson for all
his support, wisdom, and patience over the previous few years, especially when time
was getting tight. In swift succession, I would also like to thank my other three
supervisors, Sandra, Mary, and Nicola, for all the advice and help throughout my
project.
Similarly, I would like to express my gratitude to LifeScan Scotland and the
Principal’s Circle for providing the funding for my work.
I am also thankful to those in the Department of Diabetes & Cardiovascular Science
for their continued help, donuts, and support. Special thanks go to Jan and Andy, for
being the voices of experienced reason.
I would similarly like to thank Dr Konstantin Schwarz from the University of
Aberdeen for his help with the extracellular flux analysis and for allowing me to roll
out my sleeping bag on the floor of the registrars’ office.
I am ever grateful to Professor Frank Martin from Lancaster University for getting
me hooked on biochemical toxicology and for teaching me the fundamentals of
science in just one year.
A big shout out goes to Jenni and Lizzie for bringing a semblance of sanity back to
proceedings and to Euan and Osa for simply being around.
Special thanks goes (in no particular order) to my family and friends for all their love
and support over the years: Jen, Gary, Nathan, Caroline, Robert, Rhian, Tilly, Sasha,
David & Rachel, Ely & Molly, and my Godson, Finley.
Final thanks go to my wonderful and long-suffering mother and father, for all the
money, money, and more money that they have freely thrown my way during my
fourteen years of stress-inducing intermittent higher education. This shall all be
repaid, in full, in karmic blessings on another plane.

iii

Abstract
The overproduction of reactive oxygen species (ROS), leading to oxidative stress, is
central to the induction of hyperglycaemia-mediated endothelial dysfunction and the
onset of diabetes-related cardiovascular disease (CVD). In vitro treatment with high
glucose is known to increase ROS production in endothelial cells. However, the
comparative effect of intermittent-high glucose on ROS production in endothelial
cells is yet to be fully established. Moreover, the source(s) and mechanism(s) of
high glucose-induced superoxide (the primary ROS) overproduction remain unclear.
The first aim of this thesis was to utilise an in vitro model of high and intermittenthigh glucose to measure the comparative impact of treatments on ROS production,
cell viability/toxicity, and cell proteome, in human umbilical endothelial cells
(HUVECs).

Secondly, the impact of high and intermittent-high glucose on

bioenergetic function in HUVECs was assessed, using extracellular flux analysis.
Lastly, the impact of improved glucose control on oxidative stress was
retrospectively determined using data from a clinical study of T2DM patients
receiving insulin pump therapy.
High glucose significantly increased both general and mitochondrial superoxide
generation in HUVECs, whereas intermittent-high glucose did not. High glucose
also increased the total NAD+/NADH ratio and appeared to elicit changes in the cell
proteome, whilst not significantly affecting cell survival. High and intermittent-high
glucose significantly decreased the OCR/ECAR ratio in HUVECs, driven primarily
by an increase in glycolytic metabolism. Glucose treatments had little impact on the
mitochondrial respiratory function in HUVECs, due to the inherent lack of reserve
respiratory capacity in the cells.

Finally, better glucose control was found to
iv

correlate with decreased oxidised LDL cholesterol in patients with diabetes – an
effect that was augmented by statin use.
In conclusion, it is apparent that high glucose concentrations, rather than intermittent
periods of high/low glucose, are responsible for increased superoxide production in
HUVECs. Furthermore, treatment with high glucose within the pathophysiologically
relevant range in diabetes can induce changes to both the cellular proteome and
pyridine nucleotide metabolism. Although exposure to both high and intermittenthigh glucose alter HUVEC bioenergetics, the precise nature of the link between
glucose metabolism and increased mitochondrial superoxide production in
endothelial cells remains to be elucidated.

However, increased mitochondrial

substrate oxidation under unfavourable conditions remains a feasible hypothesis.
Lastly, better long-term glucose control correlating with lower ox-LDL suggests that
the extent and duration of an individual’s glucose excursions may be very much
relevant to the lasting effects of diabetes-related complications.
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Chapter 1

Introduction

1.1

The Diabetic Cardiovascular Disease Pandemic

The estimated number of people in the world with diabetes in 2011 was 366 million,
representing approximately 8.3% of the entire global adult population (International
Diabetes Federation; IDF, 2012). This figure principally comprises two separate and
pathologically distinct diseases. Type 1 diabetes mellitus (T1DM) is an autoimmune
disease, which accounts for a relatively small proportion of all diabetes cases
(Zimmet et al, 2001; Borchers et al, 2010). Conversely, type 2 diabetes mellitus
(T2DM) — often the product of overnutrition and increasingly sedentary lifestyles
— constitutes greater than 90 % of the total diabetes burden (IDF, 2012).
The incidence of T2DM is rising, in tandem with obesity levels, and figures are
expected to reach around 10% of the global population by 2030 (James, 2008; IDF,
2012). Furthermore, it is thought that in the region of 183 million people worldwide
have undiagnosed T2DM, whilst childhood T2DM is now also recognised as a
serious and rapidly-growing public health threat (Pinhas-Hamiel & Zeitler, 2005;
IDF, 2012).
Diabetes is characterised and diagnosed by hyperglycaemia, which is recognised to
have profoundly detrimental effects on the heart and vasculature (Orasanu &
Plutzky, 2009; Stratmann & Tschoepe, 2011; American Diabetes Association, 2012).
Consequently, cardiovascular disease (CVD) is the leading cause of morbidity and
mortality in individuals with diabetes, accounting for >75% of diabetes-related
deaths (Morrish et al, 2001; Eckel et al, 2006). As such, the global epidemic of
obesity and T2DM is, by its very nature, a major contributor to a concomitant CVD
epidemic.
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It is thus apparent that the aforementioned estimates of, and projections for, T2DM
incidence underlie the need for a greater understanding of not only the causes of
hyperglycaemia, but also the vascular consequences.
1.1.1

T1DM

Type 1 diabetes is caused by the selective autoimmune destruction of insulinproducing pancreatic β-cells (Csorba et al, 2010). Mutations of certain susceptibility
genes within the major histocompatibility complex (MHC) gene family predispose
individuals to developing a self-destructive autoimmune response to an
environmental trigger, leading to mass β-cell apoptosis and the subsequent
impairment of insulin production.

It is thought that the majority of affected

individuals do not present with clinical symptoms until ~80% of the β-cell mass is
already destroyed, resulting in a life-long requirement for insulin therapy (Gillespie,
2006).
1.1.2

Insulin resistance

In both healthy and diabetic individuals, the majority of glucose in the bloodstream is
disposed of via insulin-dependent uptake into skeletal muscle tissue and subsequent
glycogen synthesis (DeFronzo et al, 1985; Shulman et al, 1990). The onset of
insulin resistance (IR) is regarded to be a cornerstone in the development of both
T2DM and related CVD. The term ‘insulin resistance’ is referred to as the molecular
and cellular mechanisms of defective insulin sensitivity mediated by deficiencies in
insulin signalling and glucose transport that is fundamental to development of T2DM
and in the context of the general condition that underpins the multifaceted
pathogenesis of the metabolic syndrome (a condition defined by the development of
a cluster of related metabolic risk factors) and CVD (Ginsberg, 2000; Eckel et al,
2005).
2

Insulin resistance is strongly associated with nutrient excess and the consequent
increase in adiposity, resulting in the induction of chronic, low-grade inflammation
(Kahn et al, 2006; Hajer et al, 2008). However, it is increasingly apparent that the
generation of potentially harmful reactive oxygen species (ROS) play an important
role in the regulation of insulin sensitivity (Tiganis, 2011). Furthermore, it has been
proposed that insulin resistance may in fact be a ROS-mediated protective
mechanism employed by skeletal muscle cells to mitigate the damaging cellular
effects of nutrient overload (Hoehn et al, 2009).
The induction of insulin resistance leads to aberrations in normal signalling
mechanisms, resulting in decreased glucose uptake from the blood. In response to
elevated blood glucose, pancreatic β-cells increase insulin production, in order to
compensate for the reduced insulin action, leading to periods of hyperinsulinaemia
and an ensuing vicious cycle of effects (Figure 1.1).

3

Figure 1.1
Hypothetical schematic summarising the mechanisms associated with
insulin signalling, action and resistance in related tissues (adapted from
McClenaghan, 2005). IGT, impaired glucose tolerance; IRS, insulin receptor
substrate proteins; KATP channel, ATP-sensitive K+ channel; VDCC, voltagedependent Ca2+ channel.

1.1.3

T2DM

Beyond the point of insulin resistance, when β-cells can no longer produce sufficient
insulin to compensate for the insulin’s increasing ineffectiveness, postprandial
hyperglycaemia becomes manifest — a condition known as impaired glucose
tolerance (Stumvoll et al, 2005). From this point, the progression to overt diabetes is
thought to occur via hyperglycaemia-induced β-cell dysfunction and degradation,
thus directly reducing the insulin-producing capacity of the pancreas (Poitout &
Robertson, 2008). Moreover, it has been posited that the damage that occurs to βcells due to glucose toxicity is mediated by increased ROS production (Robertson,
2004; Chang & Chuang, 2010). ROS generation and the onset of oxidative stress

4

mediate alterations in glucose metabolism and mitochondrial function, which likely
play a central role in β-cell degradation and apoptosis (Drews et al, 2010).
Hyperglycaemia is considered to be the foundation of diabetic complications and has
long been known to be a major risk factor for the development of vascular disease,
with hyperglycaemia-induced ROS production and the onset of oxidative stress now
recognised to play a central role (Epstein, 1967; Brownlee, 2005). Furthermore, a
recently-proposed ‘common soil’ hypothesis implicates oxidative stress in the
pathogenesis of insulin resistance, T2DM and associated vascular disease,
highlighting the critical importance of aberrant free radical production at all stages in
the spectrum of diabetic disease (Ceriello & Motz, 2005).
1.1.4

Diagnostic criteria, HbA1c and glycaemic variability

Diabetes and various categories of hyperglycaemia are commonly diagnosed
according to threshold measurements of plasma glucose concentrations (Table 1.1).
In addition to direct blood glucose measurements, glycated haemoglobin (HbA1C)
can be used as a clinical marker of glycaemia.

Although the sensitivity and

applicability of HbA1C has long been fiercely debated, it has now been endorsed for
use as a valid clinical marker, with a cut-off point of 6.5% for diabetes (Kilpatrick et
al, 2009; WHO, 2011).

Table 1.1
Diagnostic criteria for Impaired Glucose Tolerance (IGT), Impaired
Fasting Glucose (IFG) and diabetes (WHO, 2006).
5

The applicability of HbA1C as a diagnostic measure is under scrutiny due to a number
of studies that indicate a disparity between HbA1C and other glucose measures,
possibly resulting from the fact that HbA1C is, by its nature, a time-averaged and
indirect measure, which may neglect the effect of transient changes in glucose levels
(Seufert, 2011). Wolever & Mehlin (2003) found that altering the glycaemic index
(GI) of dietary intake did not alter HbA1c levels, even though mean plasma glucose
levels were significantly altered.

Moreover, in individuals with diabetes, the

achievement of tighter glycaemic control (< 7% HbA1C) does not confer a
significantly reduced risk of complications, again suggesting that HbA1C may not be
a wholly reliable marker of true glycaemia and associated risk (Lehman, 2009).
In further support of this assertion, hyperglycaemic excursions have been shown to
exhibit association with increased markers of damage in vascular tissues.

For

example, post-challenge glycaemic spikes have been found to more strongly
correlate with atherosclerosis and coronary artery disease than fasting glucose and/or
HbA1C levels (Temelkova-Kurktschiev et al, 2000; Su et al, 2011).

Similarly,

glucose excursions have been associated with both increased carotid intima-media
thickness (IMT) and levels of oxidative stress (Monnier et al, 2006; Hu et al, 2010).
Other recent findings also appear to support the hypothesis that intermittent high
glucose is an in important factor in the pathogenesis of hyperglycaemia-related
disease. In vitro and in vivo models of intermittent high glucose show increased
markers of damage and inflammation, and altered signalling pathways in a variety of
tissues, including monocytes, vascular endothelial cells, β-cells, placental
choriocarcinoma cells and Sprague-Dawley rats (Li-bo et al, 2011; Masumoto et al,
2011; Rakipovski et al, 2011; Shi et al, 2011). Furthermore, in vascular endothelial
cells, transient glucose spikes have been shown to induce ROS-mediated epigenetic
6

changes, with lasting altered gene expression consequent of a ‘metabolic memory’
(El-Osta et al, 2008; Ceriello et al, 2009).
1.1.5 Continuous cardiovascular risk
The paradigm that hyperglycaemia and related CVD risk are exclusively the products
of overt diabetes is challenged by studies linking non-diabetic hyperglycaemia with
CVD risk. Haffner et al (1990) found that pre-diabetic subjects were at increased
risk of CVD, even if they did not meet the criteria for glucose intolerance. Similarly,
Levitan et al (2004) concluded that blood glucose levels are a CVD risk marker even
in non-diabetic individuals.

More recently, Chamnan et al (2011) argue that

hyperglycaemia should be considered a continuous risk factor, integrated into a
measure of total risk, with studies showing a relationship between blood sugar levels
and disease that exist below cut-off points for diabetes.

1.2 Aerobic Respiration and Mitochondrial Free Radical Generation
1.2.1 Aerobic respiration
In the presence of oxygen, eukaryotic cells harness the biochemical energy inherent
in oxidation substrates, such as glucose, through the generation of adenosine
triphosphate (ATP) via the process of respiration. This occurs via a chain of key
steps involving glycolysis, the oxidative decarboxylation of pyruvate, the Krebs
cycle and oxidative phosphorylation. In total, the aerobic metabolism of glucose
initiates in the cytosol of the cell and completes in the mitochondria (Figure 1.2).
Glucose is metabolised through the glycolytic pathway to form pyruvate. Pyruvate
can be directly utilised by the mitochondria, or converted to lactate, which is readily
7

convertible back to pyruvate.

Pyruvate is further metabolised by pyruvate

dehydrogenase (PHD), to produce acetyl coenzyme A, which is utilised by the Krebs
cycle to yield the electron-carrying cofactors NADH and FADH2 for use by the
electron transport chain (Figure 1.2).

Figure 1.2 Summary of the bioenergetic metabolism of glucose, beginning with
glycolysis in the cytosol. Its product, pyruvate, can then form lactate, or undergo
decarboxylation in the mitochondrial matrix to form Acetyl-CoA, which then feeds
into the Krebs cycle. This cycle produces the reduced electron-carrying cofactors
NADH and FADH2, which supply electrons for use in the electron transport chain
and oxidative phosphorylation (adapted from Lunt & Vander Heiden, 2011).
8

1.2.2 Mitochondria
Mitochondria are eukaryotic organelles responsible for the production of energy that
is transiently stored in the form of ATP, through the process of oxidative
phosphorylation.
Structurally, mitochondria consist of outer and inner membranes that surround a
central matrix.

The Krebs cycle occurs within the matrix, whilst the enzymes

involved in the functioning of the electron transport chain and oxidative
phosphorylation are located in the inner membrane (Figure 1.3).
However, the process of ATP production is not completely efficient and can give rise
to reactive chemical species (Figure 1.3) that are capable of inducing oxidative stress
and exerting a detrimental effect on the cellular and subcellular components, such as
membranes and nucleic acids, and altering a multitude of signalling pathways (Lenaz
et al, 2002).
1.2.3 Free radicals & reactive oxygen species
Free radicals have been defined as ‘any (chemical) species capable of independent
existence that contains one or more unpaired electrons’ (Halliwell & Gutteridge,
2007).

Radicals can be formed by oxidation or reduction reactions, whereby

electrons are lost or gained, or by homolytic fission. Unpaired electrons can render
radicals highly reactive to membrane lipids, proteins and DNA, with the level of
reactivity dependent on the species involved.

9

Figure 1.3 The location and events of energy production via the electron transport
chain and oxidative phosphorylation, within the inner mitochondrial membrane
(adapted from Clay et al, 2011). NADH and FADH2 carry electrons from the Krebs
cycle to the electron transport chain. The electrons pass along the chain of electron
carrying protein complexes via the mobile electron carrying coenzyme Q
(ubiquinone) and cytochrome c (Cyt c), finally reacting with hydrogen ions and
oxygen to produce water. As electrons are passed down the chain, hydrogen ions are
pumped from the matrix into the intermembrane space, creating a flowing gradient of
protons, which is subsequently utilised by ATP synthase to phosphorylate ADP.

Free radicals, which include some reactive oxygen species (e.g. superoxide/hydroxyl
radical) and reactive nitrogen species (RNS; e.g. nitric oxide), can be generated by a
variety of mechanisms and play a number of roles in biological systems. For
example, radicals are recognised to be important signalling molecules in normal
physiological processes, but can also mediate DNA damage (Dröge, 2002).
ROS can be either radical or non-radical derivatives of oxygen and are important
molecular products of biochemical reactions within living systems (Miller et al,
10

1990). The unique electron configuration of diatomic oxygen makes molecular
oxygen itself a stable diradical and the addition of one electron produces superoxide
radical (O2•ˉ).
ROS generation can occur from endogenously- and exogenously-derived sources,
including cytochrome P450 metabolism, peroxisomes, inflammatory cell activation
and non-genotoxic carcinogens (Valko et al, 2006).

However, the majority of

endogenously-derived ROS is generated within the mitochondria, as a by-product of
aerobic respiration, in the form of O2•ˉ (Cadenas and Davies, 2000). O2•ˉ is the
primary ROS species generated in the incomplete reduction of molecular oxygen to
water, which occurs during the respiratory process. O2•ˉ can be reduced to secondary
ROS species (Figure 1.4), either directly, or by enzyme- or metal-catalysed
mechanisms (Valko et al, 2005).
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Figure 1.4 Summarised example of ROS formation (adapted from Valko et al,
2007). Molecular oxygen is reduced to superoxide by xanthine oxidase (XO) and
NAD(P)H oxidases, or via non-enzymatic mitochondrial processes. Superoxide
dismutase (SOD) then dismutates O2•− to form hydrogen peroxide (H2O2), which is
itself scavenged by catalase (CAT) or glutathione peroxidise (GPx), utilising
glutathione (GSH) as an electron donor, resulting in the release of oxygen and water.
H2O2 can also be further broken down by way of metal-catalysed Fenton reactions to
form the highly-reactive hydroxyl radical. Polyunsaturated fatty acids (LH) can then
donate an electron to OH•, which results in the formation of lipid radicals (L•)
followed by lipid peroxyl radicals (LO• and LOO•). Lipid radicals may then undergo
lipid peroxidation processes, resulting in cellular damage and the formation of
mutagenic end-products, such as malondialdehyde (MDA) and 4-hydroxnonenal
(HNE).
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1.2.3.1 Superoxide production
As previously stated, the mitochondrial electron transport chain is where molecular
oxygen is reduced to form water, thereby acting as a ‘sink’ for electrons. However,
this process is not totally efficient and electrons can ‘leak’ from the system and
directly reduce oxygen (Figure 1.3), forming the superoxide anion (Figure 1.5)
(Cadenas & Davies, 2000; Turrens, 2003).

Figure 1.5 Complete reduction of oxygen to water (a). Incomplete reduction of
oxygen to form superoxide anion (b).

Within the electron transport chain, superoxide is produced by complexes I (NADHquinone oxidoreductase) and III (coenzyme Q). The resulting anion is unable to
readily cross the inner mitochondrial membrane, due to its negative charge (Cadenas
& Davies, 2000). It is thought that complex I-derived superoxide is released into the
mitochondrial matrix, whereas the radicals produced by complex III can be released
into the matrix and the extra-mitochondrial environment (Muller et al, 2004).

13

1.2.3.2 Hydrogen peroxide
Superoxide is dismutated by the antioxidant enzymes superoxide dismutase (SOD) to
form hydrogen peroxide (H2O2), which is relatively stable and can readily diffuse
across membranes. Hydrogen peroxide can react with iron species by means of
Fenton reactions, resulting in the production of hydroxyl radical (Candeias et al,
1994). Although classed as a ROS, hydrogen peroxide is not particularly reactive
and plays an important role in signal transduction (Halliwell & Gutteridge, 2007).
However, hydrogen peroxide is still toxic in the 10-100 µM range and exerts toxicity
via direct and indirect mechanisms, such as the inactivation of glycolytic enzymes
and the production of hydroxyl radicals (Halliwell & Gutteridge, 2007).
1.2.3.3 Hydroxyl radicals
The hydroxyl radical is the neutral form of the hydroxide ion, formed by reactions
involving hydrogen peroxide and metal ions, hypochlorous acid reacting with
superoxide, and also UV-induced homolytic fission of the inter-oxygen bond in
hydrogen peroxide (Halliwell & Gutteridge, 2007). Hydroxyl radicals are short-lived
and highly reactive; thus they typically react close to the site of their production
(Valko et al, 2007). Hydroxyl radicals are capable of direct DNA damage via
various mechanisms, including strand breaks and base modifications, thus potentially
conferring carcinogenic/mutagenic effects (Balasubramanian et al, 1998; Valko et al,
2004).
1.2.3.4 Peroxyl radicals
Lipid peroxidation occurs when oxygen radicals react with polyunsaturated fatty
acids (Garrec et al, 2014). Hydroxyl radicals ‘steal’ a hydrogen atom from the
methylene group of the fatty acid, forming a carbon radical, which can then react
14

with oxygen to form a peroxyl radical (ROO•). Peroxyl radicals are capable of
creating more carbon-centred radicals, generating a chain reaction of ROS-producing
events.
1.2.4 The role of mitochondria in oxidative stress
That mitochondria are a known major source of ROS generation in the form of
superoxide highlights their importance in linking the processes of energy
metabolism, ROS production, and ageing/disease (Cadenas & Davies, 2000).
Whilst nuclear DNA is a target of ROS-induced damage within aging organisms, it is
thought that mitochondrial DNA may be even more susceptible to the deleterious
effects of oxidants, due to its proximity to O2•ˉ production (Esposito et al, 1999).
Damage to mitochondrial DNA may lead to a cumulative loss of mitochondrial
function and the induction of a self-amplifying cycle of damage (Alexeyev et al,
2004). Consequently, certain mitochondrial-specific mechanisms have evolved in an
attempt to deal with the problem of superoxide production.

For example,

mitochondrial uncoupling, whereby oxygen consumption is disengaged from ATP
generation by uncoupling proteins, dissipates the proton gradient required for
electron transport to occur (Skulachev, 1998).
1.2.5 Reactive nitrogen species
Reactive nitrogen species (RNS) are a family of reactive molecules that are derived
from nitric oxide (NO). Within biological systems, NO production is mediated by
nitric oxide synthase (NOS) isozymes.

Briefly, L-arginine is converted to L-

citrulline by a five electron oxidation reaction, synthesising NO from the terminal
guanidino nitrogen of L-arginine (Bergendi et al, 1999). Due to its fundamental
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chemical properties, NO can readily diffuse between cells and cellular components
(Halliwell & Gutteridge, 2007).
NO is known to play a number of important and complex roles as a signalling
molecule in processes such as neurotransmission, vascular regulation, defence
mechanisms, smooth muscle relaxation and immune system regulation (Bergendi et
al, 1999). Similarly, generation of NO from mitochondrial NO synthase (mtNOS) is
thought to play a crucial role in the regulation of mitochondrial function, by binding
to cytochrome c oxidase (complex IV) and thus inhibiting O2/complex IV interaction
(Ghafourifar & Cadenas, 2005).
During an inflammatory episode, the cells of the immune system produce both O2•ˉ
and NO as part of an oxidative ‘burst’. These two molecules react rapidly to produce
peroxynitrite (ONOO−), a potent oxidising RNS species known to cause DNA
fragmentation and lipid oxidation (Halliwell & Gutteridge, 2007).

Due to the

(variously beneficial/deleterious) concentration-dependent effects of NO, it is
apparent that tight NO regulation is critical to the maintenance of cellular and tissue
homeostasis. Indeed, inactivation of NO by O2•ˉ can be extremely detrimental to the
vasculature, contributing to hypertension and atherogenesis (Gryglewski et al, 1986).
1.2.6 Antioxidants and cellular defences
A number of cellular defence mechanisms exist in order to regulate oxidative and
nitrosative stress.

Of primary importance are the antioxidant enzymes that

catalytically remove specific reactive species. Other means of antioxidant defence
include agents that decrease reactive species generation (such as mitochondrial
uncoupling proteins), peptides such as glutathione (GSH) that become preferential

16

targets for reactive species, and other non-enzymatic antioxidants, for example
dietary antioxidants such vitamin C and vitamin E (Halliwell & Gutteridge, 2007).
SODs are a family of enzymes that promote the catalytic removal of superoxide via a
dismutation reaction. The various types of SOD are based around different metal
cofactors, including copper/zinc, manganese, iron and nickel (Abreu and Cabelli,
2010). Other important antioxidant enzymes are catalase and glutathione peroxidise,
both of which metabolise peroxides to yield H2O.
1.2.7 ROS and AGEs
The non-enzymatic reaction between reducing sugars and amino groups of proteins,
lipids and nucleic acids form Schiff bases and Amadori products, which lead to the
generation of advanced glycation end-products (AGEs) (Brownlee, 1995; Singh et al,
2001). AGEs contribute to ROS generation and thus play an important part in the
pathogenesis of diabetes and other inflammation-related complications (Mullarkey et
al, 1990; Brownlee, 2001). AGEs stimulate AGE receptors (RAGEs), leading to
inflammatory signalling and self-perpetuating cycles of ROS generation (reviewed
by Ramasamy et al, 2005).
In monocytes and macrophages, AGEs have been shown to stimulate proinflammatory cytokine production and the upregulation of cyclooxygenase-2 (COX2) (Shanmugam et al, 2003; Pertyńskw-Marczewska et al, 2004). More recently,
similar pro-inflammatory effects in monocytes have also been observed as a result of
advanced lipoxidation end-products (ALEs) (Shanmugam et al, 2008).

In

mononuclear phagocytes under diabetic conditions, high glucose and AGEs appear to
have a ‘priming’ and stimulatory effect on NADPH oxidase-derived O2•ˉ production,
mediated by the activation of RAGE (Ding et al, 2007).
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AGE-RAGE-activation of NADPH oxidases has also been implicated in the
generation of ROS in endothelial cells (Wautier et al, 2001). Indeed, in diabetic rats,
AGE-RAGE-induced cytosolic ROS appears to facilitate mitochondrial ROS
generation under conditions of hyperglycaemia (Coughlan et al, 2009). Furthermore,
in endothelial cells it has been shown that hyperglycaemia results in an increase of
both RAGE and AGE ligands, via ROS-induced methylglyoxal production,
underlining the cyclic nature of these interactions (Yao & Brownlee, 2010).
1.2.8 The effects of free radicals
The ‘free radical theory’ of aging was the first to hypothesise that aging was a
function of an organism’s metabolic rate and that oxygen-derived radicals
contributed towards cumulative cellular and subcellular damage (Harman, 1956).
However, the complexity and interaction of the mechanisms that contribute to the
control of oxidant balance are indicative of the multitude of signalling functions
governed by ever changing levels of ROS/RNS, as opposed to direct damage alone
(Figure 1.6). Nevertheless, both cellular damage and the activation of signalling
pathways have important consequences linked to the induction of senescence and the
general process of aging (Finkel & Holbrook, 2000).
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Figure 1.6 Sources of input contributing to cellular generation/depletion of reactive
species and the physiological consequences of oxidative/nitrosative imbalance
(adapted from Finkel & Holbrook, 2000).

1.3

The Pathogenesis of Diabetic Cardiovascular Disease

1.3.1 Physiology of the vasculature
The vasculature comprises all the blood vessels of the body, including arteries and
arterioles, veins and venules, and capillaries. With the exception of capillaries,
healthy blood vessel walls have three layers: the tunica adventitia, the tunica media,
and the tunica intima, which together enclose the central lumen (Moise & Fairman,
2006).
Comprising the tunica intima, the endothelium is a phenotypically heterogeneous
monolayer of cells that acts as a selectively-permeable barrier between surrounding
tissues and the lumen and is largely responsible for maintenance of vascular
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homeostasis (Aird, 2007a; Aird, 2007b).

Indeed, a correctly-functioning

endothelium is crucial to the proper regulation of blood flow and vascular tone,
inflammation, smooth muscle cell proliferation, and platelet adhesion.
Vascular tone is mediated via the secretion of endothelium-dependent vasodilatory
chemical stimuli, such as NO and prostaglandins, and vasoconstrictors, such as
angiotensin II and endothelin-1 (Pearson, 2000).

Disruption to normal

vasodilation/vasoconstriction signalling can lead to aberrant blood flow and pressure,
resulting in widespread disturbance of vascular homeostasis.
1.3.2 Endothelial function & dysfunction
Endothelial cells also express important surface proteins and are responsible for the
production of circulating von Willebrand Factor (vWF), a glycoprotein involved in
coagulation and platelet adhesion (Sadler, 1998). Thus, damage and disruption to the
endothelium can have wide-ranging and deleterious effects on the vasculature and its
haemodynamics.
Endothelial dysfunction is a general term describing the alteration of various factors
that can influence endothelial homeostasis, such as antiplatelet and antiinflammatory properties, impaired angiogenesis and the dysregulation of vascular
remodelling (Gimbrone, 1995). More commonly, however, endothelial dysfunction
refers to a loss of the vasorelaxant capacity of the vasculature, due to a decrease in
NO bioavailability, possibly resulting from oxidative stress induced via three main
enzyme systems, including xanthine oxidase, NAD(P)H oxidases and eNOS.
The human cardiovascular system undergoes a number of structural and functional
changes associated with normal aging. However, aging is also a prominent risk
factor for developing a plethora of cardiovascular disease, including atherosclerosis,
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hypertension and heart failure (Lakatta & Levy, 2003). Thus, it is likely that the
accumulation of aging-associated molecular, cellular and tissue-level changes
precede the occurrence of clinical cardiovascular disease. Normal changes in the
aging vasculature include intimal and medial thickening, luminal dilatation, arterial
stiffening and endothelial dysfunction (Lakatta, 2003). It is likely that there exists a
spectrum of constantly occurring damage within the aging vasculature, which differs
between individuals depending on the interaction of multiple genetic and
environmental factors, the culmination of which is diagnosable clinical disease
(Figure 1.7).

Figure 1.7 Endothelial dysfunction may arise due to an increase in ROS generation
(effected by a multitude of risk factors), which in turn decreases the bioavailability of
NO, leading to a plethora of deleterious outcomes (adapted from Cai & Harrison,
2000).
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1.3.3 Endothelial senescence and vascular ageing
Senescence, an irreversible process whereby viable cells become mitotically inert, is
an important process in ageing, and the progression of age-related diseases, of the
vasculature (Minamino & Komuro, 2008). Indeed, endothelial senescence has been
shown to occur both in vitro and in vivo (reviewed by Erusalimsky, 2009).
Endothelial senescence can be induced and influenced by a multitude of factors,
including oxidative stress, telomere damage, oncogene activation, impaired
mitochondrial function and modulation of telomerase activity (Erusalimsky, 2009).
Interestingly, it has been shown that intermittent glucose may increase endothelial
senescence (a marker of atherosclerosis) compared with high glucose alone,
promoted by insulin in an NO-independent manner, with potential adverse
consequences for the ‘normal’ vasculature (Hayashi et al, 2010).
‘Stress-induced premature senescence’ (SIPS) has been described in vascular and
endothelial cells as occurring via telomere-independent mechanisms (Herbert et al,
2007; Goligorsky et al, 2009). ‘Premature senescence’ in endothelial cells has been
shown to be controlled, at least to some extent, by telomere erosion, resulting from
exposure to mild chronic oxidative stress (Kurz et al, 2004). On the other hand,
‘replicative senescence’ is thought to occur primarily due to normal mitotic division
and the reaching of some arbitrary and critical telomere length (known as the
‘Hayflick limit’ (Hayflick & Moorhead, 1961)).

However, the complex and

interacting nature of the various stimuli and signalling pathways leading to similar
phenotypic outcomes would suggest that a spectrum of initiating events, controlled
through a number of core pathways, may have the capability to induce senescence
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(Lafferty-Whyte et al, 2009). Endothelial senescence can bring about changes in
vascular homeostasis that result in severe pathophysiological consequences.
1.3.4 Atherosclerosis
Atherosclerosis is the thickening of the arterial wall, on account of plaque
development, leading to vessel occlusion and is a major pathological change in the
progression of cardiovascular disease. Endothelial dysfunction is an early step in the
atherogenic process, which results in loss of vascular homeostasis and NO-mediated
tone (Bonetti et al, 2002).
Similarly, inflammation is also an important driver of atherogenesis, and endothelial
dysfunction and ‘activation’ results in a pro-inflammatory and proliferative state,
whereby immune cells are attracted and themselves activated, before invading into
the vessel wall (Hansson, 2005). In the attempt to clear modified lipid deposits,
macrophage cells become lipid engorged, leading to foam cell formation and an
increasingly large lipid core (Hansson & Libby, 2006). The inflammatory process
also initiates the proliferation of smooth muscle cells from the tunica media into the
tunica intima, further occluding the vessel lumen (Le Brocq et al, 2008).
Diabetes is a major risk factor for the development of atherosclerosis, and postprandial hyperglycaemia has long been known to play a central role in lesion
initiation and progression (Beckman et al, 2002; Bartnik et al, 2007; Zilversmit,
1979). Indeed, hyperglycaemic excursions are associated with increased carotid
intima-media thickness and atherosclerotic burden (Hu et al, 2010).
Hyperglycaemia is known to exert detrimental effects on the various tissues of the
both the cardiovascular and immune systems (Mazzone et al, 2008). However, one
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of the key initiating steps is thought to occur via hyperglycaemia-induced endothelial
dysfunction, mediated by the induction of oxidative stress (Ceriello & Motz, 2004).
Indeed, mitochondrial dysfunction and consequent aberrant ROS production are
increasingly recognised as critical steps in the development of atherosclerosis (Yu et
al, 2012).

Oxidative stress can lead to further impairment of mitochondrial

biogenesis and oxidative phosphorylation, nuclear and mitochondrial DNA damage,
increased cell death and the induction of cellular senescence (Minamino & Komuro,
2007; Ren et al, 2010; Malik & Herbert, 2012).
ROS overproduction and oxidative stress are linked with various types of damage.
However, it is becoming increasingly evident that ROS are important signalling
molecules under both physiological and pathological conditions, responsible for
regulating cell function, growth and proliferation, and cell fate, whilst contributing to
the control of vascular tone (Freed and Gutterman, 2013).

1.4

Hyperglycaemia, Energy Metabolism & Oxidative Stress in the

Endothelium
1.4.1 Glucose transport
Glucose transporters are proteins embedded in the cell membrane that act to regulate
the passage of glucose and other related molecules between extracellular and
intracellular environments.

The process of transportation can occur either by

facilitated diffusion or active transport. Facilitated diffusion is a passive process,
which is concentration gradient-dependent, transporting solutes from regions of
relatively high to low concentrations (Carruthers, 1990). Conversely, substances can
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be transported against a concentration gradient via the process of active transport,
utilising either energy from ATP or an electrochemical gradient (Wright et al, 2007).
Two structurally and functionally distinct groups of membrane-embedded glucose
transporters have been identified and characterised: the Na+-dependent glucose cotransporter (SGLTs) and the facilitative transporters (GLUTs) (Wood & Trayhurn,
2003). Regulation of both the transcription of SGLT and GLUT proteins, and their
translocation to the cell membrane, is critical to the maintenance of normal cellular
metabolism and the correct functioning of glucose-sensing mechanisms (Scheepers et
al, 2004).
1.4.1.1 Facilitated diffusion in endothelial cells
It is thought that the majority of glucose that crosses the vascular endothelium, en
route to other tissues, does so via a paracellular pathway (whereby glucose crosses
the endothelium between cells), which is strictly controlled by the presence of a
varying abundance of tight junctions, depending on the area of vasculature in
question (Michel & Curry, 1999). Transport of glucose across the membrane of
vascular endothelial cells occurs primarily via facilitated diffusion, mediated by
Glut1 proteins (Mueckler, 1994; Mann et al, 2003).
Glut1 is a high-affinity, low Michaelis constant (Km) glucose transporter, the
properties of which can be described by Michaelis-Menten kinetics (Carruthers,
1990; Mueckler, 1994). The transporter’s high-affinity and low Km suggests that it
will be saturated at normal physiologic glucose concentrations and that solute uptake
will be constant (Mueckler, 1994).
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1.4.1.2 Regulation of glucose transport in endothelial cells
Endothelial cells were previously thought to be ‘glucose blind’ and thus unable to
regulate Glut1 expression in response to a high glucose challenge. However, it is
now thought that endothelial Glut1 expression can be down-regulated in response to
hyperglycaemia, but this is dependent on the area of the vasculature in question,
reflecting the heterogeneity that exists within the tissue of the vascular endothelium
(Martel & Keating, 2009). For example, aortic endothelial cells exposed to a
prolonged high glucose challenge were able to adapt GLUT1 expression accordingly,
taking between 36 and 48 hours to achieve a 60% reduction in transport (Alpert et al,
2005). Yet, perhaps importantly, it appears that short-term high glucose exposure is
insufficient to trigger this adaptive regulatory response (Kaiser et al, 1993; Sasson et
al, 1996; Alpert et al, 2005).
Recently, ROS production have been shown to down-regulate glucose transport in
retinal endothelial cells, thus potentially implicating increased ROS generation in the
adaptive regulatory transport response to hyperglycaemia (Fernandes et al, 2011).
On the other hand, NO appears to have a stimulatory role in increasing GLUT1
expression and glucose transport (Paik et al, 2004).
Importantly, because they lack Glut4 proteins, endothelial cells do not regulate
glucose transport in response to changing insulin levels in the blood (Artwohl et al,
2007). In contradiction to this assertion, Gosmanov et al (2006) showed that insulin
does positively influences glucose uptake under conditions of high glucose, but that
this is likely due to increased levels of insulin receptors and downstream insulin
signalling.
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1.4.2 Glucose metabolism in endothelial cells
Once transported across the plasma membrane of endothelial cells, glucose
molecules are phosphorylated by hexokinase to form glucose 6-phosphate, the first
step in the process of glycolysis. Endothelial cells are highly glycolytic, decreasing
their oxygen consumption rate (OCR) and inhibiting mitochondrial respiration, in the
presence of physiological concentrations of glucose, a phenomenon known as the
Crabtree effect (Krüzfeldt et al, 1990). It could be argued that endothelial cells also
exhibit the Warburg effect, an important phenomenon in tumorigenesis, whereby
cells convert the majority of glucose to lactate in the presence of oxygen (Peters et
al, 2009).
1.4.3 Effects of high glucose on endothelial cells
High glucose is known to result in various forms of damage that contribute to
endothelial

dysfunction

and

vascular

pathologies.

Hyperglycaemia-induced

endothelial dysfunction can arise from alterations in intracellular signalling, changes
in metabolic activity and modifications of the cell ultrastructure (reviewed by Popov,
2010). Similarly, high glucose can induce DNA damage and apoptosis in human
umbilical vein endothelial cells (HUVECs) and alter the permeability of the
endothelium (Baumgartner-Parzer et al, 1995; Gillies et al, 1997; Shimoi et al,
2001).
It has been demonstrated that various pathways of high glucose-induced damage are
mediated by the aberrant production of ROS and the onset of oxidative stress (Cai &
Harrison, 2000; Nishikawa et al, 2000). Indeed, recently it has been shown that
hyperglycaemic conditions lead to increased superoxide formation, resulting from
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increased glucose metabolism and hyperpolarization of the mitochondrial membrane
(Quijano et al, 2007).
1.4.4 Effects of intermittent high glucose on endothelial cells
Intermittent high glucose has been shown to increase several markers of damage in
various cells types. In monocytes, intermittent high glucose was shown to increase
the expression of pro-inflammatory cytokines, compared with stable high glucose
(Li-bo et al, 2011). Similarly, in endothelial cells, intermittent high glucose is seen
to increase apoptosis concomitant with the induction of oxidative stress (Quagliaro et
al, 2003; Ge et al, 2010). Intermittent high glucose has also been reported to both
reduce and increase cellular proliferation, involving ROS and NF-κB pathways,
serving to highlight differences between the endothelium of the macro- and
microvasculature (Sun et al, 2010; Chen et al, 2011).

The recent finding that

oscillating glucose more strongly induced p53 activation than constant high glucose
might indicate the induction state of cellular ‘confusion’, whereby the lack of
consistent feedback inhibition may affect the long-term functioning of mitochondria
(Schisano et al, 2011).
1.4.5 Effects of high and intermittent-high glucose on ROS production in ECs
Although it has been suggested that intermittent-high glucose may be associated with
increased markers of diabetes-related hyperglycaemic injury in vivo and elevated
high glucose-related damage in vitro, the effects of acute intermittent high glucose on
ROS production in endothelial cells have not yet fully been explored. Simply put,
the effect of ‘intermittent’ versus ‘constant’ high glucose on ROS production in vitro
is a critical piece of missing information in the elucidation of hyperglycaemic
outcomes in vivo.
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Similarly, the mechanism by which high glucose induces ROS formation is still not
fully known, with the literature variously implicating both mitochondrial and
NADPH oxidases as the source of increased O2•ˉ. Whilst it is becoming clear that
there is plenty of cross-talk between mitochondria and NADPH oxidases (Dikalov,
2011), the initial and direct effects of high glucose are still shrouded in confusion.
With the bioenergetic pathways of glucose metabolism converging on the
mitochondria (being a major radical source), it would seem prudent to explore the
effects of high and intermittent high glucose on these processes.

1.5

Aims and Hypotheses

The first aim of this study was to establish the effects of ‘intermittent’ high glucose
versus ‘constant’ high glucose on endothelial cell ROS production in an in vitro
model. It was hypothesised that intermittent high glucose would increase ROS
generation compared to constant high glucose.
The second aim was to explore, using extracellular flux analysis, the effects of high
and intermittent high glucose on glycolysis and mitochondrial oxygen consumption,
so as to ascertain whether or not increased glucose exposure is linked to changes in
bioenergetic metabolism in endothelial cells. It was hypothesised that increased
glucose exposure would result in increased glycolytic flux and alterations in
mitochondrial oxygen consumption, leading to mitochondrial dysfunction.
The final aim, in a retrospective clinical cohort study, was to test the hypothesis that
improved glucose control, rather than insulin dose or HbA1C, is central to reducing
oxidative stress in patients with T2DM, following insulin pump therapy (IPT).
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Chapter 2

Materials & Methods

2.1 Materials
Unless stated otherwise, all chemicals were purchased from Sigma Aldrich (Dorset,
UK). Cell culture flasks, microtitre plates, Falcon tubes and Eppendorf® tubes were
purchased from Fisher Scientific (Loughborough, UK), unless stated otherwise.

2.2 Methods
2.2.1

Cell culture

All cell culture was carried out in a sterile environment, using aseptic technique.
Human umbilical vein endothelial cells (HUVECs) were purchased from the Health
Protection Agency (Salisbury, UK). Cells were routinely cultured on flasks coated
with 1% (W/V) gelatin in Gibco® Medium 199 (Life Technologies, Paisley, UK),
supplemented with 20% foetal bovine serum (FBS), 20 µg/mL endothelial cell
growth

supplement,

100

µg/mL

heparin

sodium

(Leo

Pharmaceuticals,

Buckinghamshire, UK), 100 units/mL penicillin, 100 mg/mL streptomycin, 2 mM
sodium pyruvate, 20 mM HEPES at 37 °C, in a 5% CO2 humidified atmosphere.
During experimental treatments, a custom-made glucose-free Medium 199 (PAA)
was used, so as to control glucose concentration below 5.5 mM (standard medium
glucose concentration). HUVECs were passaged at 70-80% confluence and only
cells up to passage 6 were used for experimental purposes.
2.2.2 Glucose treatments
Experimental glucose treatments were prepared using complete Media 199, as
described above, but without sodium pyruvate. Pyruvate was omitted from
experimental treatments, as it is known to act as an antioxidant and a scavenger of
30

hydrogen peroxide. Cells were seeded at 2 x 104 per well of a 24-well plate and left
to attach and proliferate for 24 hours before experimentation.

Experimental

treatments of 5.5 (control; ‘normal glucose’), 13.5 (intermediate), 25 (high), and
alternating 2/25 (intermittent high) mM glucose lasted for 48 hours, with the media
for all treatments being changed every 6 hours.
2.2.3 Glucose measurements with a free radical analyser
A TBR4100 four-channel free radical analyser (World Precision Instruments,
Sarasota, FL, USA) was used in conjunction with an IGS100 implantable glucose
sensor (World Precision Instruments) to measure glucose concentrations within cell
culture medium. The IGS100 sensing tip is a 600 μm coil containing an enzymesaturated plug, which detects current dependent on solution glucose molarity, within
a 2-25 mM range.

The detected current signal (measured in amperes) is then

digitised using a PowerLab® data acquisition system (ADInstruments Inc., Colorado
Springs, CO), before being displayed on LabChart software as a reading in volts. All
experiments were carried out using glassware, as plastics were found to interfere
with the detected current. The glucose sensor probe was held in a clamp and the
depth of immersion was kept constant for both calibration and experimentation.
Both calibration and experimentation were carried out at 37°C, using a water bath.
The IGS100 sensor was conditioned by immersion in 5 mM glucose solution in
0.05M PBS, at the +600 mV setting, for 3-4 hours. For short-term storage, the tip
was left immersed in 5 mM solution, at 4°C. For long-term storage, the tip was
rinsed in distilled water, left to dry, and stored at 4°C.
Before experimentation, a calibration curve is then generated using known
concentrations of glucose, as per the manufacturer’s instructions. Briefly, the range
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control was set to achieve a maximum detection of 100 nA for a 10 V output and the
probe select control, for applied voltage across the probe, was set to ‘glucose’. The
sensor was rinsed in ultrapure water and then immersed in 20 mL of 0.05 M PBS
solution, before allowing the current to stabilise. 20 μL of a 2 M stock glucose
solution (in PBS) was added to the 20 mL of 0.05 M PBS to produce a 2 mM
solution. This was repeated until the concentration reached 26 mM, allowing the
current to stabilise after each addition. The calibration curve was then used to
convert the output (volts) into glucose concentration (mM).
2.2.4 MTT assay
The Vybrant® MTT Cell Proliferation Assay Kit (Invitrogen, UK) was used to
determine the effect of glucose treatments on cell mitochondrial activity. The MTT
assay employs the enzymatic reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) to its insoluble formazan, producing a purple
colour. The reduction of MTT requires NAD(P)H-dependent oxidoreductases and is
thus actually measure of cellular activity, rather than cell number per se. The assay
is frequently used a measure of cell viability, although changes in mitochondrial
proliferation or function cannot be ignored in the outcome.
2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate in a 24-well
plate and left to attach and proliferate for 24 hours. Glucose treatments were then
carried out as described previously.

To coincide with the end of the 48 hour

treatment, 0.5 mL of pyocyanin (200 M in culture media) was added to the three
positive control wells and left for 3 hours. After the 3 hour pyocyanin treatment, all
wells were emptied and cells washed twice with PBS, before phenol red-free
media199 (200 μL, without FBS) was added to each well.

Directly prior to
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experimentation, a 12 mM MTT stock solution was prepared by adding 1 mL of PBS
per 5 mg vial of MTT, before vortexing. 20 μL of MTT stock was then added to
each well, including a negative control 20 μL of MTT with 200 μL of medium alone,
and incubated at 37°C for 3 hours. After the incubation with MTT, all media was
removed and replaced with 50 μL of fresh phenol red-free media and 100 μL of
dimethyl sulfoxide (DMSO) added to each well, mixed with gentle pipetting, and
incubated at 37°C for 10 minutes. The absorbance was then read on a plate reader at
=540 nm.
2.2.5 Lactate dehydrogenase (LDH) assay
The LDH assay was used to determine the effect of glucose treatments on cell
viability, via the measurement of total cytoplasmic LDH levels (Sigma Aldrich
(Dorset, UK). The assay is based on the reduction of NAD to NADH by LDH,
whereupon the NADH is utilised in the conversion of a tetrazolium dye, the coloured
product of which is then measured spectrophotometrically on a plate reader. Thus,
absorbance is directly proportional to LDH released from the cytoplasm and hence a
reflection of cell number.
2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate in a 24-well
plate and left to attach and proliferate for 24 hours. Glucose treatments were then
carried out, as described previously.

To coincide with the end of the 48 hour

treatment, 0.5 mL of a 200 μM solution of pyocyanin in media was added to the three
positive control wells and left for 3 hours. After the 3 hour pyocyanin treatment, all
wells were emptied and cells washed twice with PBS, before 200 μL of phenol redfree media199 (without FBS) was added to each well. 20 μL of lysis buffer was then
added to each well and incubated at 37°C for 45 minutes. 50 μL of lysate was
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transferred from each well to a flat-bottomed 96-well plate for enzymatic analysis.
LDH assay mixture was prepared directly prior to use by mixing equal parts assay
substrate solution, assay dye solution, and assay cofactor preparation, as per the
manufacturer’s instructions. 100 μL of assay mixture was then added to each well
containing 50 μL of lysate and the plate incubated at room temperature for 25
minutes, protected from light. Absorbance was then measured on a plate reader at
=490 nm, with a background measurement in an empty plate read at 690 nm and
subtracted from the primary reading.
2.2.6 Total ROS and superoxide fluorescence assay
Fluorescent probes were used to detect and quantify both general ROS production
(hydrogen peroxide, hydroxyl radicals, peroxyl radicals, and peroxynitrite) and that
of superoxide specifically.

Non-fluorescent, cell-permeable dyes react with

respective ROS, yielding a fluorescent product, which can then be quantified. ROS
and superoxide production were measured in this way after 48 hours of glucose
exposure, with treatments changed for fresh every 6 hours.
Total ROS/superoxide detection kit (Enzo Life Sciences, UK) enables dual in vitro
detection of both general ROS and specifically O2•ˉ, using two cell-permeable
fluorescent detection reagents. The green reagent detects a wide-range of reactive
species, including hydrogen peroxide, peroxynitrite, hydroxyl radical, nitric oxide,
and peroxyl radical, creating a green fluorescent product upon oxidation; however,
the green probe has a low affinity for superoxide. The orange reagent has a specific
affinity for superoxide alone, creating an orange fluorescent product upon oxidation.
The green and orange probes can be used in tandem, to simultaneously determine
both ROS and superoxide levels.
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2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate in a 24-well
plate and left to attach and proliferate for 24 hours. Glucose treatments were then
carried out, as described previously. Prior to assaying the cells, the kit reagents were
prepared by adding 60 μL of anhydrous DMF to both the green and red reagent vials,
to yield a 5 mM stock solution. 2μL of both green and orange stock solution were
then diluted per 10 mL of room-temperate assay buffer to create the detection
mixture. To coincide with the end of the 48 hour treatment, 0.5 mL of a 200 μM
solution of pyocyanin in media was added to the three positive control wells and left
for 20 minutes. After the 20 minute pyocyanin treatment, media was removed from
all plate wells and each well was washed twice with PBS. 0.5 mL of detection
mixture was added to each assayable well (with assay buffer alone added to blank
wells) and incubated for 60 minutes at 37°C, protected from light. Upon completion
of incubation, the plate was read (with detection mixture present) in a fluorescent
plate reader, with excitation at =488 and =550 nm, and emission at =520 and
=610 nm (for green and orange probes respectively).
2.2.7

MitoSOX™ Red mitochondrial superoxide assay

A second superoxide-specific probe was used to investigate the source of superoxide
generation.

MitoSOX™ Red reagent (Invitrogen, UK) was used to measure

mitochondrial O2•ˉ production as a result of various glucose treatments. MitoSOX™
Red is used for mitochondrial O2•ˉ detection in living cells and is rapidly and
selectively targeted to the mitochondria, where it binds to nucleic acids, whereby it is
oxidised specifically by O2•ˉ and fluoresces red.
2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate a 24-well plate
and left to attach and proliferate for 24 hours. Glucose treatments were then carried
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out, as described previously. Prior to assaying the cells, the contents of a 50 μg vial
of MitoSOX™ mitochondrial superoxide indicator was dissolved in 13 μL of DMSO
to make a 5 mM stock solution. The stock solution was further diluted in assay
buffer to yield a 5 μM working solution. To coincide with the end of the 48 hour
treatment, 0.5 mL of a 200 μM solution of pyocyanin in media was added to the three
positive control wells and left for 20 minutes.

After the 20 minute pyocyanin

treatment, media was removed from all plate wells and each well was washed twice
with PBS. 0.5 mL of 5μM MitoSOX™ Red working solution was added to each
assayable well and incubated for 10 minutes at 37°C, protected from light. The
MitoSOX™ Red working solution was then removed and the cells washed three
times in warm assay buffer, before 0.5 mL of pure assay buffer was added to both the
assayable and blank wells. The plate was then read on a fluorescent plate reader,
with excitation at =510 nm and emission at =580 nm.
2.2.8

NAD+/NADH ratio assay

Nicotinamide nucleotides are important mediators of cell signalling, bioenergetic
metabolism, and redox control. Changes in the normal physiological control of
NAD+/NADH ratios are associated with various pathologies and are closely linked to
aberrant ROS production. The ratio of total NAD+/NADH was measured using
Amplite™ Fluorimetric NAD+/NADH Ratio Assay Kit (Stratech, UK), which
utilises a NADH sensor and red fluorescence to monitor NAD+/NADH in an enzyme
cycling reaction.
2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate a 24-well plate
and left to attach and proliferate for 24 hours (note: separate sample wells had to be
prepared for both NAD+ and NADH extractions). Glucose treatments were then
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carried out, as described previously. Prior to running the assay, the kit components
were prepared as per the manufacturer’s instructions.

NADH standards were

prepared by adding 30 μL of 1mM NADH stock solution to 970 μL PBS buffer (pH
7.4) to create a 30 μM solution. Serial dilutions were then performed to obtain 10, 3,
1, 0.3, 0.1, and 0.03 NADH standards. NADH standards were used within an hour of
preparation. Cells were washed with PBS and lysed using 100 μL kit lysis buffer.
25 μL of diluted standards were added in duplicate to wells of a solid black 96-well
microplate. Similarly, 25 μL of lysed test samples were added in triplicate to the 96well plate. 25 μL of NAD+/NADH control solution was added to all wells containing
NADH standards. 25 μL of NAD+ extraction solution or NADH extraction solution
respectively were added to wells containing test samples. The microplate was left to
incubate at room temperature for 15 minutes, protected from light.

25 μL of

NAD+/NADH control solution was added to wells containing NADH standards. 25
μL of NADH extraction solution was added to the NAD+ extract sample wells, whilst
the same volume of NAD+ extraction solution was added to the NADH extract wells.
75 μL of NADH reaction mixture was then added to all wells (making a total of 150
μL per well), before the plate was incubated at room temperature for 1 hour,
protected from light. The plate was then read on a fluorescent plate reader, with
excitation at 540 nm and emission at 590 nm.

Background fluorescence was

subtracted from all wells and the ratio of NAD+ to NADH calculated.
2.2.9

ADP/ATP ratio assay

ADP/ATP ratios were measured using an ApoSENSOR™ ADP/ATP ratio assay kit
(Enzo Life Sciences, UK). Briefly, this assay utilises the enzyme luciferase to
catalyse the generation of light from ATP and luciferin, which is then measured
using a luminescent plate reader.

ADP/ATP ratios were measured in order to
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estimate the effect of glucose treatments on cell proliferation, apoptosis, and
necrosis. Bioluminescent detection of ADP and ATP levels utilises the enzyme
luciferase to catalyse production of light from ATP and luciferin. The light produced
from this reaction was then measured using a luminescence plate reader. Lower
ADP/ATP ratios are associated with cell proliferation and growth arrest, whilst
higher ratios are indicative of apoptosis and necrosis, respectively.
2 ×104 HUVECs per well, in 0.5 mL media, were seeded in triplicate a 24-well plate
and left to attach and proliferate for 24 hours (note: separate sample wells had to be
prepared for both NAD and NADH extractions). Glucose treatments were then
carried out, as described previously.

Kit reagents were prepared as per the

manufacturer’s instructions. For each sample well, 100 μL of reaction mixture was
prepared by mixing 10 μL of ATP monitoring enzyme with 90 μL of nucleotide
releasing buffer. 100 μL of reaction mixture was added to each well of a white
walled 96-well luminometer microplate and left to incubate at room temperature for
2 hours (to burn off low level ATP contamination). The plate was then read on a
luminescent microplate reader, in order to measure background luminescence (A).
Cells then had treatments removed and were washed three times in PBS, before 50
μL of nucleotide releasing buffer was added to each well and left at room
temperature for 5 minutes. The 50 μL of nucleotide releasing buffer from each test
sample was then transferred to each well of the luminometer plate. The plate was
then once again read in the plate reader (B). The plate was then read a third time (C),
before 1 μL of ADP converting enzyme was added and incubated at room
temperature for 2 minutes. A final reading was then taken (D). The ADP/ATP ratio
was then calculated using the following equation:
ratio of ADP/ATP = (D – C) / (B – A)
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2.2.10 Seahorse extracellular flux analysis
Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were
measured using a Seahorse Bioscience XF24 Extracellular Flux Analyzer (North
Billerica, MA). Using specialised microplates, the XF24 creates a transient 7 µL
chamber, which allows for the real-time, simultaneous measurement of oxygen and
proton

concentrations

using

fluorescent

sensor

probes.

Measurements

of

concentration are taken until the rate of change is linear, before calculating the slope
to obtain OCR and ECAR values. Preliminary experiments were carried out to
optimise cell seeding density and carbonyl cyanide p-[trifluoromethoxy]-phenylhydrazone (FCCP) concentration.
XF24 V7 PET microplates were seeded in quintuplicate with 1 x 104 HUVEC, which
were left for 24 hours to attach and proliferate. In order to achieve equal distribution
across each well, cells were initially seeded in 50 µL and left to attach for 2 hours,
before a further 200 µL was added to each well. After attaching for 24 hours, media
was removed, cells washed with PBS, and glucose treatments added in 250 µL of
medium per well. Glucose treatments were then carried out, as described previously.
24 hours before the end of glucose treatments, the XF24 assay cartridge was
hydrated by adding 1 mL of XF24 calibrant to each well of a XF24 plate, before
placing the cartridge on top and incubated at 37°C overnight in a CO2-free incubator.
The XF24 instrument was turned on, as to allow overnight stabilisation.
On the day of experimentation, 200 mL of XF assay medium was prepared using
D5030 DMEM, with 5.5 mM glucose and 4 mM L-glutamine. The medium was
warmed to 37°C at pH 7.4.

The treatment medium was removed from each

microplate well, cells washed with 200 μL of XF assay medium, before 675 μL of
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XF assay medium was added to each well and left to incubate for an hour at 37°C, in
a CO2-free incubator. Solutions of 10 μg/mL oligomycin, 3.3 μM FCCP, and 20 μM
antimycin-A plus 10 μM rotenone, were prepared in 0.3% DMSO.
The XF24 assay cartridge was the removed from the CO2-free incubator and the 3
injection ports A, B, and C were loaded with 75 μL oligomycin (final concentration
of 1 μg/mL), 83.3 μL FCCP (final concentration of 333 nM), and 92.6 μL antimycin
A/rotenone (final concentrations of 2 μM and 1 μM), respectively. The run protocol
on the analyser was then started and the XF assay cartridge installed into the
machine. The analysis program then commenced, with 3 cycles of equilibration,
mixing (3 minutes), waiting (2 minutes), and measuring (3 minutes), before and after
each port injection. Data was automatically saved as the program continued until
completion.
To allow for normalisation of data, the protein content of the each well was then
measured.

Briefly, immediately following extracellular flux analysis, the V7

microplate was put on ice and the medium carefully aspirated from each well, before
cells were washed twice with PBS. 20 μL of lysis buffer (10 mM Tris [pH 7.4],
0.1% Triton X-100) was then added to each empty well and the plate was incubated
on ice for 5 minutes. 480 μL of Bradford reagent was then added to each well. In a
fresh 96-well plate, 10 μL of prepared BSA standards were added in duplicate,
before 240 μL of Bradford reagent was added to each standard well. 250 μL of the
reagent from each well (in duplicate) of the V7 plate was then transferred to the plate
with standards already loaded. The plate was incubated at room temperature for 10
minutes, before placed on a plate shaker for 30 seconds. Absorbance was then
measured at =595 nm. The protein concentrations were then calculated using a
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standard curve, before being input into the Seahorse software. Data was acquired
from the third measurement of every cycle.
2.2.11 Proteomic analysis using LC-MS/MS – gene ontology and enrichment
analysis
For each sample, 7.5×105 HUVECs were seeded into T-75 flask and left for 24 hours
to attach and proliferate. Control cells were incbuated with 5.5 mM glucose, whilst
high glucose-treated cells were incubated with 25 mM glucose. Glucose treatment
regimens were carried out as described previously (section 2.2.2). After 48 of
glucose treatments, the medium was extracted from the flask, cells washed with PBS
and trypsinised, before the whole pellet was resuspended in PBS with added
phosphatase inhibitors and sonicated in order to disrupt cell membranes.
Soluble proteins in the samples were then separated by 1-D SDS-PAGE using a
Mini-PROTEAN® Tetra Cell system (Bio-Rad Laboratories, Ltd., Hemel
Hempstead, UK). Samples were incubated in a reducing buffer (125 mM Tris-HCL;
140 mM SDS; 20% v/v glycerol; 200 mM DTT and 30 mM bromophenol blue). 2μg
of protein per sample was loaded into each well of a pre-cast gel, before being
electrophoresed at a constant potential of 200 V, until completely run (approximately
1 hour). Gels were then stained with Colloidal Coomassie Blue (Bio-Rad).
Gel lanes were then cut into equal 24 slices, before each slice was immersed in 50 μL
of distilled deionised water in separate Eppendorf Tubes®. The water was then
removed, replaced with 50 μL destain solution (ACN/100 mM ammonium
bicarbonate 1:1 v/v) and left for 30 minutes. Destain solution was then removed and
replaced with 50 μL of reduction agent DTT and incubated at 80°C for 15 minutes.
The DTT was then discarded and replaced with 50 μL of alkylating agent (IAA) and
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incubated at room temperate for 30 minutes. The IAA was then removed, before gel
slices were dehydrated by adding 50 μL of ACN and left for 2 hours until the
completely white and rigid. The ACN was then discarded, before 50 μL of trypsin
(Roche) (0.2 μg/μL in 50 mM acetic acid) was added and incubated at 37°C
overnight, before being centrifuged for 10 minutes at 10,000 × g. The digest solution
was then transferred to glass mass spectrometry vials for analysis.
Peptide analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
was performed in positive ion mode using a Thermo LTQ-Orbitrap XL LC-MSn
mass spectrometer equipped with a nanospray source and coupled to a Waters
nanoAcquity ultra performance liquid chromatography (UPLC) system. The samples
were initially desalted and concentrated on a BEH C18 trapping column (Waters,
Milford, MA, USA). The peptides were then separated on a BEH C18 nanocolumn
(1.7 μm, 75 μm x 250mm, Waters) at a flow rate of 400 nL min-1 using an
acetonitrile-water gradient. Spectra were collected using data-dependent acquisition
in the range m/z 300-2000 following which individual precursor ions were
automatically fragmented using collision induced dissociation (CID).
The

mass

spectrometry

data

were

analysed

using

MaxQUANT

(http://maxquant.org/index.htm). The initial search parameters allowed for a single
trypsin missed cleavage, carbamidomethyl modification of cysteine residues,
oxidation of methionine, N-terminal N-acetylation, a peptide mass tolerance of ± 10
ppm and a fragment mass tolerance of ± 0.8 Da. Peptide charge was +1, +2, +3 and
the data were searched against the human International Protein Database (IPI) (v.
3.87).
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The datasets were processed by removing trypsin and keratin.

The ratio of

treated:control scores was calculated using the label-free quantification option in the
software. Data that showed a more than two-fold change between the control and
treated samples were grouped and subjected to gene ontology analysis using DAVID
(http://david.abcc.ncifcrf.gov/).
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Chapter 3

High glucose, but not intermittent-high glucose,
induces increased superoxide generation in
HUVECs

3.1 Introduction
3.1.1

Glucose in diabetes

Hyperglycaemia is the main driving force behind the development of diabetes-related
vascular disease and atherosclerosis (Brownlee, 2001). One of the earliest stages of
hyperglycaemia-induced atherogenesis involves induction of endothelial dysfunction,
which is thought to be preceded by aberrant free radical production and the onset of
oxidative stress (Le Brocq et al, 2008). However, the precise nature of the link
between hyperglycaemia, oxidative stress, and endothelial dysfunction is yet to be
elucidated. Similarly, in vitro endothelial cell exposure to high glucose has been
shown to induce increased free radical and ROS generation, leading to oxidative
stress (Cai and Harrison, 2000; Nishikawa et al, 2000); however, the exact
mechanism by which this occurs is still unclear.

Understanding precisely how

increased glucose exposure results in aberrant ROS production in endothelial cells is
central to the development of any strategies for therapeutic intervention in diabetesrelated vascular disorders.
It has been hypothesised that the glycaemic profile of an individual, in terms of the
extent and duration of their hyper- (or hypo-) glycaemic ‘excursions’, may better
explain the pathogenesis of hyperglycaemia-induced vascular disease, as opposed to
the average overall glucose exposure. Glycaemic control, in terms of lower glycated
haemoglobin (HbA1C), is seen as a major priority in the treatment of the diabetes.
Although a reduction in HbA1C associated with an improvement in cardiovascular
outcomes in type 2 diabetes mellitus (T2DM), its continued use is contentious.
Indeed, intensive strategies to lower HbA1C to near-normal levels in individuals with
T2DM have been shown to actually increase mortality and not significantly reduce
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cardiovascular events (Gerstein et al, 2008; Holman et al, 2008). Consequently, it
has been proposed that measures of true glycaemic variation may better explain the
risk of development of diabetes-related vascular disease, independent of the timeaveraged nature of HbA1C (Brownlee and Hirsch, 2006; Picconi et al, 2012).
In vitro experiments have shown that alternating high/low glucose treatments may
increase numerous markers of damage in various cell types, compared to
‘continuous’ high glucose (Quagliaro et al, 2003; Ge et al, 2010; Schisano et al,
2011). However, whilst high glucose is known to lead to increased ROS production
in endothelial cells in vitro, it is not yet known whether treatments of alternating
high/low glucose induce increased ROS production, compared to continuous high
glucose.
The varying definitions and methodological approaches to testing the intermittent
glucose hypothesis are diverse, leaving it difficult to make fair comparisons and to
draw any valid conclusions. Only with a clear understanding of how and why
glycaemic variability influences free radical production is there hope of unravelling
the mechanisms that link hyperglycaemia, ROS, and endothelial dysfunction in
diabetes-related CVD.
3.1.2

Aims and hypotheses

Within the literature, in vitro models of high glucose/alternating high/low glucose
exhibit a large degree of heterogeneity in terms of methodological design employed
definition of parameters used. Factors that often differ include the duration of
glucose treatment, definitions of the concentration of ‘high’ and ‘low’ glucose, and if
(and how often) the cell medium is replaced during the experiment. Furthermore, it
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is often taken for granted that the glucose concentration of the medium stays
relatively constant over time, even with a dense population of cells.
The aims of the current study were to produce a reliable in vitro model of high
glucose exposure in human umbilical endothelial cells (HUVECs), so as to ascertain
the effect of alternating high/low glucose on free radical production, as compared to
treatments of “continuous” HG exposure. Furthermore, the same model was then
used to investigate and characterise other HG-induced toxicological, biochemical,
and proteomic changes in endothelial cells.

3.2 Experimental approach
3.2.1

In vitro model design

The in vitro model of glucose treatments HUVECs was designed in order to satisfy
various criteria that would allow for fair comparison between treatment groups.
Glucose treatments for all experiments lasted 48 hours, which was deemed to be a
long enough to induce increased ROS generation, without causing overcrowding in
the wells.
There were four different treatment groups, representing four different glycaemic
profiles: 5 mM glucose (control group; ‘normal glucose’); 13.5 mM glucose
(intermediate); 25 mM glucose (high); 2/25 mM glucose (alternating low/high). The
cell medium of all treatment groups was changed every 6 hours over the 48 hour total
treatment period, so as to replenish nutrients and cell culture constituents other than
glucose and to remove waste products. Control, intermediate, and high glucose
treatments were changed for fresh medium containing the original concentration (i.e.
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5.5, 13.5, 25 mM). The treatments in the low/high glucose group were changed with
alternating concentration of 2 and 25 mM glucose respectively.
3.2.2

Cell culture and experimental protocol

Early passage HUVECs (<p6) were cultured and maintained as described in Chapter
2, section 2.2.1 and 2.2.2.
All other experiments were performed as described in Chapter 2.

3.3 Results
3.3.1

Cell culture glucose measurements

The glucose concentration of cell culture medium exposed to highly confluent cells
was first measured, in order to establish the extent of the effect of glucose uptake in
HUVECs. The glucose concentration of the cell culture medium dropped relatively
quickly within the 6 hours following the addition of fresh culture medium to the cells
(Figure 3.1).

However, the rate of glucose loss slowed considerably over the

following 18 hours.
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Figure 3.1
Glucose loss from cell culture medium exposed to high density
HUVECs. The glucose concentration of cell culture medium exposed to highly
confluent HUVECs, measured using a glucose-specific electrode, over a 24 hour
period. Values represent mean +/-SEM (n=4).

The concentrations used in the in vitro model of high and alternating high/low
glucose were then measured after exposure to subconfluent HUVECs. The glucose
concentration of the cell culture medium dropped relatively quickly within the 6
hours following the addition of fresh culture medium to the cells, and similarly so
during a consecutive 6 hour period (Figure 3.2). Whilst the effect appeared to be
most pronounced in the HG group, glucose loss from the culture medium occurred
across all three groups.
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Figure 3.2
Glucose loss in cell culture medium of various concentrations
exposed to subconfluent HUVECs. The glucose concentration of cell culture
medium exposed to subconfluent HUVECs (representative of the in vitro model of
HG) was measured using an electrode, over 2 consecutive 6 hour periods. Values
represent single measurements.

3.3.2

Cell morphology

HUVECs were observed under a light microscope (40x magnification) at various
stages of the experimental procedure, both pre- and post-treatment.

The cells

exhibited the normal ‘cobblestone’ characteristics common to early passage
endothelial cells, even after 48 hours HG treatment (Figure 3.3).
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Figure 3.3
HUVEC morphology before and after HG treatment. (A) Subconfluent HUVECs (p5), before treatment with HG and grown in medium containing
5.5 mM glucose; (B) Confluent HUVECs (p5), after 48 hours treatment with HG (25
mM), with the medium being changed every 6 hours. Whilst the cells in panel B are
more densely populated, there was no observable change in cell morphology after
HG treatment.

3.3.3

Measuring cytotoxicity using MTT, LDH, and ADP/ATP ratio assays

The cytotoxic effects of the in vitro model of HG in HUVECs were determined by
means of both LDH and MTT assays. Total LDH from lysed cells was measured to
estimate the number of viable cells post-treatment. LDH release into the cell culture
medium (as a measure of cell membrane integrity) was not an optimal method to use,
due to the fact that the medium was changed for fresh every 6 hours of the
experiment. Alternatively, the MTT assay was used as a measure of mitochondrial
functionality, which can reflect cytotoxicity (in terms of number of cells) within a
population of cells, with the important assumption that mitochondrial function and
number is unchanged.
The total LDH content of lysed HUVECs did not vary significantly between
treatment groups (Figure 3.4, A). Treatment of cells with 200 μM pyocyanin (+ve
control), resulted in a significant reduction in the total LDH content of lysed cells
50
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Figure 3.4
Effect of glucose treatments on cytotoxicity. Cytotoxicity assays for
HUVECs treated with 5.5, 13.5, 25, and alternating 2/25 mM glucose for 48 hours,
with treatments being changed with fresh medium every 6 hours. (A) Total LDH; (B)
MTT activity; (B) ADP/ATP ratios. 200 μM pyocyanin was used as a positive
control in order to induce oxidative stress-mediated cell death (A and B). Statistical
significance was determined by repeated-measures ANOVA and Dunnett’s multiple
comparisons post-test, with 5.5 mM glucose designated control, using GraphPad
Prism version 6.00 software (GraphPad Software, San Diego, CA). Values represent
mean +SEM, n=6 (***P<0.001). No statistical differences were observed between
glucose treatments.
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(~25%; ***P<0.001, n=6), reflecting increased cell death and the presence of fewer
viable cells.
Mitochondrial activity, determined by the MTT assay (as a measure of the number
respiring cells present), did not significantly change due to glucose treatments;
indeed, it remained consistent across all treatment groups (Figure 3.4, B). The
treatment of cells with 200 μM pyocyanin (positive control), resulted in a significant
reduction in mitochondrial activity (~20%; ***P<0.001, n=6), reflecting of the
presence of fewer viable cells due to toxicity. The extent of the pyocyanin effect was
similar in the MTT and LDH assays.
There was no significant change in ADP/ATP ratios between glucose treatment
groups in HUVECs (Figure 3.4. C). The apparent trend towards a modest increase in
ADP/ATP ratio with increasing glucose concentration was below the threshold for
statistical significance, so there was no change in cell proliferation or
apoptosis/necrosis on account of increased glucose exposure.
Taken together, the various measures of cell viability categorically indicate that
exposure of HUVECs to various hyperglycaemic regimens failed to have a cytotoxic
impact on the cells, which is a critical piece of background knowledge in advance of
interpreting subsequent results using this model.
3.3.4

HUVEC proteome - gene ontology and enrichment analysis

In total, over 440 proteins were identified in control samples, with functions ranging
from RNA and protein binding to those involved in electron transport and
oxidoreductase activity (Table 3.1).

Proteins which inhibited caspases and

phospholipases were found to be the most enriched (23.8-fold and 21.8-fold
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enrichment respectively), with oxidoreductase activity (21.8-fold enrichment) also
found to be more enriched than the background proteome.
In samples treated with high glucose there was an increase in proteins involved in
proteasome activation (36.7-fold enrichment) and also oxidoreductase activity (11.6fold enrichment) and electron carrier activity (2.3-fold enrichment) (Table 3.2). A
decrease was observed in proteins involved in binding of various proteins and small
molecules (Table 3.2).
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Table 3.1
Characterisation of control-treated HUVECs by gene ontology
and enrichment analysis. Gene ontology (GO) and subsequent enrichment
analysis-generated profile of control-treated HUVECs. Fold enrichment is compared
to the predicted human proteome.
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Table 3.2
Characterisation of high glucose-treated HUVECs by gene
ontology and enrichment analysis. Gene ontology and subsequent enrichment
analysis-generated profile of high glucose-treated HUVECs for both up-regulated
and down-regulated proteins. Fold enrichment is compared to the predicted human
proteome.
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3.3.5

ROS and superoxide generation

None of the glucose treatments resulted in a significant difference in general ROS
compared to control (5.5 mM gloucose; Figure 3.5). Treatment for 20 minutes with
pyocyanin (200 µM) induced a significant increase in measurable ROS, indicating
that both the probe and assay protocol were working correctly (*** *P<0.0001, n=6).
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Figure 3.5
ROS generation in HUVECs after 48 hours glucose treatment.
ROS generation (including hydrogen peroxide, hydroxyl radicals, peroxyl radicals,
and peroxynitrite) measured using fluorescence in HUVECs treated with 5.5, 13.5,
25, and alternating 2/25 mM glucose for 48 hours, with treatments being replenished
with fresh medium every 6 hours.
Values represent mean +SEM, n=6
(****P<0.0001). No statistically significant differences were observed between
glucose treatments.
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High glucose (25 mM) did, however, induce a significant increase in superoxide
compared to control (**P<0.01, n=6), whilst neither moderate (13.5 mM) nor
alternating (2/25 mM) glucose elicited a change (Figure 3.6). Again, treatment for
20 minutes with 200 µM pyocyanin induced a significant increase in measurable
superoxide (**P<0.01, n=6).
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Figure 3.6
Superoxide generation in HUVECs after 48 hours glucose
treatment. Superoxide generation measured using fluorescence in HUVECs treated
with 5.5, 13.5, 25, and alternating 2/25 mM glucose for 48 hours, with treatments
being changed with fresh medium every 6 hours. Values represent mean +SEM, n=6
(*P<0.05; **P<0.01).
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3.3.6

Mitochondrial superoxide generation

High glucose (25 mM) induced a significant increase in mitochondrial superoxide
compared to control (***P<0.001, n=6), whilst neither moderate (13.5 mM) nor
alternating (2/25 mM) glucose elicited a change (Figure 3.7). Treatment for 20
minutes with 200 µM pyocyanin induced a significant increase in measurable
mitochondrial superoxide (***P<0.001, n=6).
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Figure 3.7
Mitochondrial superoxide generation in HUVECs after 48 hours
glucose treatment. Mitochondrial superoxide generation (using a mitochondriaspecific fluorescent probe) measured in HUVECs treated with 5.5, 13.5, 25, and
alternating 2/25 mM glucose for 48 hours, with treatments being changed with fresh
medium every 6 hours. Values represent mean +SEM, n=6 (***P<0.001).
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3.3.7

NAD+/NADH ratio assay

The ratio of total NAD+/NADH of the control group (5.5 mM glucose) was ~4.5
(Figure 3.8). Both high glucose (25 mM) and alternating high/low glucose (2/25
mM) treatment resulted in a significant increase in the total NAD+/NADH ratio
compared to the control (***P<0.001, n=6). However, no change was observed in the
moderate glucose (13.5 mM) group compared to control.
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Figure 3.8
NAD+/NADH ratios in HUVECs after 48 hours glucose treatment.
+
NAD /NADH ratios, measured using fluorescence, in HUVECs treated with 5.5,
13.5, 25, and alternating 2/25 mM glucose for 48 hours, with treatments being
changed with fresh medium every 6 hours. Values represent mean +SEM, n=6
(***P<0.001).
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3.4 Discussion
3.4.1

Culture medium glucose concentrations in HUVECs – in vitro model

parameters
The initial amperometric measurements of glucose loss from cell culture medium
exposed to HUVECs indicated that glucose concentrations are unlikely to remain
constant over time during in vitro experiments in static wells and it is reasonable to
hypothesise that this may reflect glucose uptake into the cell. This is an important
aspect that is sometimes overlooked in experiments investigating the effects of
glucose—especially those comparing ‘continuous’ hyper/hypo-glycaemic conditions,
as well as treatments that alternate between two or more different concentrations.
Indeed, it is apparent that it should not be taken for granted that a certain glucose
concentration remains constant for the duration of any experiment; as such, it was
decided that all glucose treatments should be changed every six hour and fluctuations
of glucose concentrations be accepted as being an integral part of glucose exposure
in vitro in static well experiments.
To this author’s knowledge, such rapid glucose loss has not been reported in the
literature with respect to cultured endothelial cells. However, a similar profile of
rapid glucose loss from cell medium has been observed in C6 glial cell cultures,
using enzymatic assays, which is interesting because similarly to endothelial cells,
glial cells also predominantly express Glut-1 proteins for glucose transport
(Nagamatsu et al, 1996; Voisin et al, 2010). The fact that Glut-1-mediated transport
of glucose is a diffusive process means that it is driven by the differential in
intracellular and extracellular glucose concentrations (i.e. the concentration gradient
across the membrane).

Furthermore, endothelial cells are, in terms of glucose
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uptake, insulin blind and therefore the glucose transporters are not regulated by and
responsive to prevailing blood glucose concentrations (Artwohl et al, 2007).
Therefore, it is feasible that high extracellular glucose concentrations drive glucose
transport into the cell dependent on the established concentration gradient. The loss
of glucose from cell culture media exposed to HUVECs in this study is purely
observational, for the sole purpose of establishing the parameters of the in vitro
model, and any further inferences about the nature of glucose uptake in endothelial
cells are beyond the scope of this experiment.
3.4.2

Cell morphology and viability

There have been numerous studies showing high glucose-induced apoptosis and
senescence in endothelial cell (Lorenzi et al, 1985; Baumgartner-Parzer et al, 1995;
Feng et al, 2000; Detaille et al, 2005; Kageyama et al, 2011; Servillo et al, 2013).
Furthermore, it has been shown that alternating high/low glucose induces more
apoptosis than continuous high glucose (Risso et al, 2001).

It must be noted,

however, that the majority of studies that report increased high glucose-induced
apoptosis have treated the cells for upwards of a week—and one criticism of this
type of in vitro model of ‘chronic’ high glucose exposure is that the cells may
become more susceptible to death due to over-confluence.
That the 48 hour high glucose treatment in the present study had no observable
effects on HUVEC morphology indicates that the effects of high glucose is not
overtly toxic in terms of inducing mass substantial cell death or altered morpholgy, at
least after 48 hours of treatment. Indeed, neither intermediate, high, nor alternating
high/low glucose decreased HUVEC viability in terms of the LDH, MTT or
ADP/ATP ratios, highlighting that any effects of the glucose treatments in this model
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were not overtly toxic and that any subsequent findings were neither mediated by nor
resultant in toxicity.
3.4.3

Proteomic analysis of HUVECs

This was a pilot study in order to characterise the HUVECs, whereby samples were
subjected to a global proteomics screen using a GeLC-MS/MS approach.
Comparison between sample types was achieved using a label-free analysis
embedded in the MaxQUANT programme.

Gene ontology and subsequent

enrichment analysis (compared to the predicted human proteome) allowed a profile
of control-treated HUVECs to be obtained, which showed an enrichment of proteins
which inhibited caspases and phospholipases, with oxidoreductase activity also
found to be more enriched than the background proteome. In samples treated with
high glucose there was an increase in proteins involved in proteasome activation,
oxidoreductase activity, and electron carrier activity. A decrease was observed in
proteins involved in binding of various proteins and small molecules. In total, this
data hints towards there being changes in the HUVEC proteome, in cells treated with
high glucose, that involve proteins associated with ROS generation and oxidative
stress.

The data warrants a much more in-depth study of the hyperglycaemic

endothelial proteome.
Whilst this data is interesting and points to a glucose-mediated change in the
proteome of the HUVEC cells, further validation would be required before drawing
firm conclusions. In the first instance a stable isotope labelled amino acid in cell
culture (SILAC) approach would permit a more robust evaluation of the changes in
relative concentration of the identified proteins than the label-free methodology used
here. Further, validation of any differentially expressed proteins by either western
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blot analysis or the addition of internal standards in a mass spectrometric approach
would serve to confirm the absolute changes of protein concentration.

These

methodologies however are both labour and cost-intensive and outwith the scope of
this initial analysis.
3.4.4

The effect of continuous and intermittent high glucose on ROS generation in

HUVECs
ROS overproduction leading to oxidative stress is thought to be the cornerstone of
hyperglycaemia-mediated CVD (Brownlee, 2005).

More specifically, increased

superoxide generation is known to occur under conditions of high glucose in
endothelial cells in vitro (Cosentino et al, 1997; Nishikawa et al, 2000; Quijano et al,
2007). However, progress in understanding exactly how and why high glucose can
increase superoxide production in the endothelium is painfully slow.
It has been proposed that glucose variability and intermittent hyperglycaemic
‘excursions’ may better explain (and underlie) diabetes-related cardiovascular risk
than time-averaged measure of glycaemic exposure, such as HbA1C Indeed, in vitro
models have shown that intermittent high glucose increases various markers of
damage compared with ‘continuous’ high glucose (Risso et al, 2001; Quagliaro et al,
2003; Piconi et al, 2006; El-Osta et al, 2008; Ge et al, 2010; Sun et al, 2010; Chen et
al, 2011; Schisano et al, 2011; Xiao et al, 2011). It has been shown that intermittent
high glucose increased mitochondrial superoxide production, compared with
continuous high glucose, in porcine endothelial and human retinal endothelial cells
(Ge et al, 2010; Sun et al, 2010). Similarly, intermittent high glucose was shown to
enhance oxidative stress-induced apoptosis in HUVECs, compared to continuous
high glucose (Piconi et al, 2006). However, these models vary hugely in terms of the
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types of endothelial cells used, treatment regimen employed, and the duration of
glucose treatment (from 3 to 14 days). Indeed, it can be argued that any in vitro
experiment lasting 14 days is only measuring the stress effect of cell overconfluence. In total, these factors make it difficult to draw broad conclusions about
the genuine effects if intermittent high glucose on ROS generation in endothelial
cells.
In this study, superoxide was shown to be increased under high glucose conditions,
but not intermittent high glucose. This is interesting because it infers that there is not
unique effect of intermittent high glucose on superoxide production, at least in this
short-term in an in vitro model. It also suggests that increased superoxide production
in HUVECs may be simply a result of increased glucose exposure, in that the
continuous high glucose treatment induced more superoxide. It is important to note
that general ROS (including hydrogen peroxide, hydroxyl radicals, peroxyl radicals,
and peroxynitrite, but excluding superoxide) production did not increase under either
high glucose or intermittent high glucose conditions.
The source of high glucose-induced superoxide production is still very much
disputed, with both NADPH oxidases and mitochondria thought to be prime
candidates (Nishikawa, 2000; Zalba, 2001). Not only did this study show that high
glucose exposure induced more cellular superoxide generation, but also that
specifically mitochondrial superoxide was increased under such conditions. Again,
intermittent high glucose had no effect on mitochondrial superoxide production,
adding weight to the hypothesis that glucose exposure (total glucose flux) underpins
increased superoxide generation in HUVECs.
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The data in the present study cannot rule out the effect of osmolarity as a contributor
to the effects observed, as both mannitol and L-glucose themselves induced
excessive ROS production and were therefore unsuitable for use as an osmotic
control. However, previous studies have ruled out any effect of osmolarity on ROS
generation by using mannitol as an osmotic control (Cosentino et al, 1997).
3.4.5

Effect of high and intermittent-high glucose on the NAD+/NADH ratio in

HUVECs
NAD+ and reduced NADH are pyridine nucleotides, which are utilised by enzymes
that catalyse substrate oxidation. These molecules have wide-ranging biological
functions, including the modulation of cellular energy metabolism, cellular
respiration, oxidative stress, cell death, calcium homeostasis, gene expression, and
protein regulation (Ghosh et al, 2010). Furthermore, NAD+/NADH ratios are also
known to be key regulators of glycolysis, lactate/pyruvate interconversions, the
Krebs cycle, electron transport chain activity (NADH being a major electron donor),
and oxidative phosphorylation. Cellular NAD+/NADH exist in both free and proteinbound states, with the majority thought to be the latter and thus not freely available
for reactions (Ido, 2007); indeed, it has been posited that the free NAD+/NADH ratio
is a direct reflection of the cellular redox state of a cell (Massudi et al, 2012). Thus,
changes in cellular metabolism of NAD+ and NADH (and their ratio) are implicated
in various pathological processes, including cancer, neurodegenerative diseases,
ageing, and cardiovascular disease.
In diabetes, hyperglycaemia results in reductive stress (through increased NADH) in
the cytosol, via increased glycolysis and sorbitol pathways (Ido, 2007). However,
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little is known about the effects of high glucose on pyridine nucleotide metabolism in
endothelial cells and how this fits with the wider picture of endothelial dysfunction.
The ratio of free NAD+ and NADH in the cytoplasm of cells is thought to generally
be around 700 (a ratio that is favourable for oxidative reactions) and imbalances are
likely to have a significant effect on redox state of the cell. However, the ratio of
total (mainly mitochondrial) NAD+/NADH is far lower—typically between 2 and 4.
Current techniques can only measure total NAD+/NADH, although free
NAD+/NADH can be estimated using ratios of cytosolic lactate and pyruvate based
on the principle of chemical equilibrium (a technique not without inherent error)
(Sun et al, 2012).
That the present study found that total NAD+/NADH ratios were increased in high
and intermittent-high glucose treatments, compared to the lower concentrations, is
not a result that is readily explicable. However, the fact that there was a marked
increase in the total NAD+/NADH ratios with increased glucose concentration is
unlikely to be inconsequential. Increased NAD+/NADH ratios have been shown to
modulate mitochondrial content through SIRT1-mediated autophagy in fibroblasts,
thus improving mitochondrial function and longevity (Jang et al, 2012). Similarly,
lower NAD+/NADH ratios are linked with cellular ageing and age-related damage in
rats (Braidy et al, 2001).

In human diabetes, it is generally considered that

cytoplasmic free NAD+/NADH ratios are decreased in affected tissues, which is
indicative of increased flux through the sorbitol pathway and therefore impacting
greatly on the cellular redox state (Ido, 2007).
The majority of a cell’s total NADH is thought to reside in the mitochondria and it
has been suggested that a significant fraction of this is involved in NADH oxidation
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by oxidative phosphorylation (Blinova et al, 2005). Thus, it is entirely possible that
the increased total NAD+/NADH ratios seen in this study are the result of increased
mitochondrial NADH oxidation, which would be indicative of increased metabolic
flux. Clearly, more work on this subject is needed—firstly to confirm this result, and
secondly to explore the possible mechanisms behind it.

3.5 Conclusions
This study has highlighted the fact that high glucose exposure results in increased
non-specific and mitochondrial superoxide production in HUVECs and that, at least
in terms of short-term exposure, intermittent high/low glucose does not.
Furthermore, and in contrast to other studies, the effects of high glucose treatments
appeared to be sub-toxic and did not induce any changes in cell viability. Finally, the
total NAD+/NADH ratio was increased in both the continuous high and alternating
high/low treatments, indicating that exposure to high glucose was having
biochemical effects that may influence cellular metabolism.
Given the above, and the fact that endothelial cells are at the mercy of prevailing
blood glucose concentrations, it seemed prudent to investigate the effects of
increased glucose exposure on glucose metabolism and mitochondrial dynamics, so
that the source and mechanism of increased superoxide production may be truly
elucidated.

Only with this knowledge may successful efforts be made to

therapeutically intervene, in order to mitigate the biochemical effects of
hyperglycaemia in the vasculature.
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Chapter 4

Assessing endothelial cell bioenergetic function
in response to high and intermittent-high
glucose

4.1 Introduction
In the previous chapter, it was shown that endothelial cells incubated with high
glucose generated significantly more mitochondrial superoxide than those incubated
with either lower or intermittent-high/low concentrations. Since aberrant superoxide
production is central to the induction of hyperglycaemia-induced endothelial
dysfunction and the development of diabetes-related cardiovascular disease, it is
imperative to elucidate the mechanisms underlying the phenomenon (Li and Shah,
2004).
As previously discussed, endothelial cells rely on the concentration gradientdependent process of facilitated diffusion, via Glut1 proteins, for glucose uptake. It
has been reported that endothelial cells do not modulate Glut1 expression or
translocation when exposed to high glucose (Kaiser et al, 1993; Viñals et al, 1999).
It is, therefore, reasonable to hypothesise that endothelial cells maintain limited
regulatory control over glucose uptake and that they exist somewhat at the mercy of
the prevailing transient glycaemic conditions.

Notwithstanding the limited data

available regarding glucose transport in endothelial cells, it is clearly vital to
understand the intracellular effects of increased glucose exposure, with regard to
metabolism and ROS generation.
Compared to other tissues, the energy requirements of the endothelium are relatively
low and ATP is mainly produced by glycolysis; thus, endothelial cells are said to
exhibit the Crabtree effect (Krützfeldt et al, 1990; Culic et al, 1997; Peters et al,
2009). Although reliance on mitochondrial ATP generation is comparatively low,
endothelial cells maintain some functional mitochondrial networks, implying that
respiratory capacity may also serve alternative functions, such as those involving
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stress response and signalling (Widlansky and Gutterman, 2011; Kluge et al, 2013;
Tang et al, 2014). Indeed, bovine aortic endothelial cells (BAECs) have been shown
to consume only a basal level of oxygen, at just 35% of their maximum uncoupled
potential, suggesting the presence of a reserve respiratory capacity (Dranka et al
2010). The existence of this reserve capacity of respiratory potential has been
postulated to be an important defence against oxidative stress in vascular cells
(Sansbury et al, 2011).
Recent technology has allowed for a more thorough investigation of bioenergetic
function, through metabolic profiling by means of extracellular flux analysis (Ferrick
et al, 2008).

Mitochondrial function can be interrogated by the addition of

uncoupling agents to measure the maximal rates of oxygen consumption, which can
then be utilised to determine the reserve respiratory capacity (Dranka et al, 2011).
The reserve respiratory capacity is defined as the maximal uncoupled oxygen
consumption rate (OCRMAX) minus the overall baseline OCR measurement (Figure
2.4).
The concept of reserve capacity is closely tied to the mitochondrial respiratory state.
In isolated mitochondria, state 3 respiration is defined as the maximum rate of
respiration in the presence of ADP and excess substrate;

conversely, state 4

respiration is where there is no ADP to phosphorylate and respiration is inhibited
(Gnaiger, 2009). However, mitochondria in intact cells are thought to consume
oxygen in an intermediate state, somewhere between state 3 and 4 (typically known
as state 3.5). The respiratory state can vary widely between cell types and is termed
stateapparent (Sansbury et al, 2011). Thus, when mitochondrial respiration moves
towards state 3, the reserve capacity is consumed.
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It is apparent that the bioenergetic processes of glycolysis, the Krebs cycle, and
oxidative phosphorylation are inextricably linked, ultimately channelling glucosederived, electron-carrying metabolites towards the electron transport chain (ETC) of
the inner mitochondrial membrane. As such, it may be hypothesised that when
endothelial cells are exposed to high extracellular glucose concentrations (and
consequently experience a poorly regulated increase in glucose transport), they might
undergo increased glucose metabolism and mitochondrial substrate oxidation,
potentially leading to mitochondrial dysfunction and the increased generation of
mitochondrial superoxide. Thus, it was important to further explore the effects of
high glucose and intermittent-high glucose on the bioenergetic processes that lie
central to glucose metabolism and mitochondrial respiratory function.
Employing the same in vitro model as in the previous chapter, this study sought to
test the hypothesis that the effects of high and intermittent-high glucose on
bioenergetic metabolism and mitochondrial respiratory function in HUVECs.
Glycolytic metabolism was measured via the extracellular acidification rate (ECAR).
Mitochondrial function was measured and interrogated via the oxygen consumption
rate (OCR), under various controlled respiratory conditions.

4.2 Experimental approach
4.2.1

OCR and ECAR XF24 measurements

The in vitro model high and intermittent high glucose from the previous chapter was
adapted for extracellular flux analysis (as described in Chapter 2). OCR and ECAR
were measured using a Seahorse XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, MA, USA). Mitochondrial function was manipulated by addition of
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specific agents to inhibit various elements of mitochondrial function, which enabled
the calculation of component OCR values (Figure 4.1).

Figure 4.1
OCR utilisation after sequential drug injections. Representative
diagram of calculable compartments of OCR utilisation, after injection with
oligomycin, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and
antimycin-A/rotenone (adapted from Dranka et al, 2011). Oligomycin induces state
4 respiration by inhibiting ATP synthase (Complex V); the proton ionophore FCCP
induces state 3 respiration by making the mitochondrial inner membrane permeable
to protons; antimycin-A and rotenone inhibit electron flow at complex III and I,
respectively. X and Y axis values are for illustrative purposes only.

OCR and ECAR fluorescence readings were made simultaneously, with 3
measurements made per cycle, prior to the next injection point (Figure 4.2, A and B).
Baseline OCR and ECAR values were calculated from the 3rd measurement point,
prior to the injection of oligomycin, to allow the fluorescence readings to stabilise.
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Figure 4.2
Representative OCR and ECAR measurements. Representative
charts of (A) OCR and (B) ECAR data, for 5.5 (red), 13.5 (blue), 25 (green), and
alternating 2/25 mM (pink) glucose. Data represents mean ±SD of 5 individual
wells, measuring OCR and ECAR simultaneously. 2 µM oligomycin, 3.3 µM FCCP,
and 1 µM rotenone + 2 µM antimycin A were injected via pneumatic drug delivery
ports at points B, C, and D, respectively.

4.3 Results
4.3.1

OCR and ECAR measurements

The control (5.5 mM glucose) treatment resulted in an OCR/ECAR ratio of ~13
(Figure 4.3). Treatment with 13.5 mM glucose did not cause a significant change in
72

the OCR/ECAR ratio compared to control, although there was a slight trend towards
a decrease. However, both high and intermittent-high glucose caused a significant
decrease in the OCR/ECAR ratio compared to control, lowering the ratio to ~8 in
both cases (p<0.001).
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Figure 4.3
Ratio of OCR/ ECAR. OCR/ECAR ratios in HUVECs treated with
various concentrations of glucose for 48 hours, with treatments being changed with
fresh media every 6 hours. Statistical significance was determined by repeatedmeasures ANOVA and Dunnett’s multiple comparisons post-test, with 5.5 mM
glucose designated control, using GraphPad Prism version 6.00 software (GraphPad
Software, San Diego, CA). Values represent mean +SEM, n=6 (***P<0.001).
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In the control group, ECAR was measured to be ~21 mpH/min (Figure 4.4, A).
Treatment with 13.5 mM glucose did not show a significant change in ECAR
compared to control, although there was a trend towards an increase. Treatment with
25 mM glucose caused a significant increase in ECAR compared to control, rising to
~33 mpH/min (p<0.01). Similarly, alternating 2/25 mM glucose treatment resulted
in a significant increase in ECAR compared to control, rising to ~29 mpH/min
(p<0.05).
In the control group, OCR was measured to be ~248 pMoles/min (Figure 4.4, B).
Treatment with 13.5, 25, and 2/25 mM glucose did not alter OCR compared with
control. Whilst there was a slight trend towards a decrease in OCR in both the 25
and 2/25 mM glucose groups (~240 and ~221 pMoles/min, respectively), this was
determined to be statistically non-significant.
Basal OCR in the control group was determined to be ~248 pMoles/min (Figure
4.4,C). This represented 76.3% of the overall baseline OCR (Table 4.1). None of the
glucose treatments induced a significant change in basal OCR, compared to control.
In the control group, ATP-linked OCR was measured to be ~131 pMoles/min (Figure
4.4, D). This represented approximately 52.7% of the overall baseline OCR (Table
4.1). Neither 13.5 nor 25 mM glucose treatments induced a statistically significant
change in ATP-linked OCR. However, treatment with alternating 2/25 mM glucose
resulted in a significant decrease (of ~23 pMoles/min) in ATP-linked OCR,
compared to control (p<0.05). The ATP-linked OCR represented 49.6% of the
overall OCR in the 2/25 mM glucose treatment group (Table 4.1).
In the control group, proton leak OCR was measured at ~57 pMoles/min (Figure 4.4,
E). This represented 23.6% of the overall baseline OCR (Table 4.1). None of the
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treatment groups induced a significant change in proton leak OCR compared to
control, although there was a slight trend towards an increase in the 25 mM group,
with the measured value rising to ~72 pMoles/min. Proton leak OCR in the 25 mM
treatment represented 30.5% of the overall OCR measured in this group (Table 4.1).
Maximal OCR was measured to be ~195 pMoles/min in the control group (Figure
4.4, F). This represented 78.8% of the overall baseline OCR (Table 4.1). None of
the glucose treatments induced a statistically significant change compared to control.
However, there was a slight trend towards a reduction in maximal OCR in the
alternating 2/25 mM glucose treatment group, with a decrease of ~12 pMoles/min.
Reserve capacity OCR was measured to be ~8 pMoles/min in the control group
(Figure 4.4, G). The variance associated with these measurements was large and
none of the treatment groups induced a statistically significant change compared to
control.
Non-mitochondrial OCR in the control group was measured to be ~60 pMoles/min
(Figure 4.4, H). This represented 23.7% of the overall baseline OCR (Table 4.1).
None of the glucose treatment groups showed a significant change in nonmitochondrial OCR compared to control. However, the 25 mM glucose treatment
showed a non-significant trend towards a decrease in non-mitochondrial OCR
compared to control, with a measurement of ~38 pMoles/min.
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Figure 4.4
ECAR and OCR measurements. (A) ECAR, (B) OCR, and (C)
basal, (D) ATP-linked, (E) proton leak, (F) maximal, (G) reserve capacity and (H)
non-mitochondrial OCR measurements in HUVECs after 48 hours glucose
treatments. Statistical significance was determined by repeated-measures ANOVA
and Dunnett’s multiple comparisons post-test, with 5.5 mM glucose designated
control, using GraphPad Prism version 6.00 software (GraphPad Software, San
Diego, CA). Values represent mean +SEM, n=6 (*P<0.05; **P<0.01).
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OCR utilisation was also calculated as a percentage of the overall baseline OCR
(Table 4.1).

There were no statistically significant changes between treatment

groups were observed.

Table 4.1
OCR utilisation expressed as % of overall baseline OCR. OCR
utilisation data expressed as a percentage of the overall baseline OCR, for each of the
four glucose treatment groups. Non-mitochondrial OCR (Non-mito). Values
represent mean ±SD, n=6. No statistically significant differences between treatment
groups were observed.

4.3.2

Stateapparent and respiratory control ratio (RCR)

The estimated mitochondrial stateapparent values for the 5.5, 13.5, 25, and 2/25 mM
glucose treatment groups were 2.95, 3.14, 3.01, and 3.12, respectively (Figure 4.5,
A).

The stateapparent values for any of the glucose treatment groups were not

significantly different compared to control. Basal respiratory control ratios (RCR)
for 5.5, 13.5, 25, and 2/25 mM glucose treatment groups were 3.3, 2.9, 2.8, and 2.4,
respectively (Figure 4.5, B). Alternating 2/25 mM glucose treatment group showed a
significant decrease compared to control (p<0.05). Maximal RCR values for 5.5,
13.5, 25, and 2/25 mM glucose treatment groups were 3.5, 3.4, 3.1, and 2.5,
respectively (Figure 4.5, C). None of the treatment groups showed a significant
change compared to control. However, there was a trend towards a decrease in RCR
in the alternating 2/25 mM glucose treatment, compared with control (P=0.68).
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Figure 4.5
Stateapparent and respiratory control ratio (RCR). (A) Stateapparent
values, (B) basal RCR values, and (C) maximal RCR values for HUVECs treated
with various concentrations of glucose for 48 hours, with treatments being changed
with fresh media every 6 hours. Statistical significance was determined by one-way
ANOVA and Dunnett’s multiple comparisons post-test, with 5.5 mM glucose
designated control, using GraphPad Prism version 6.00 software (GraphPad
Software, San Diego, CA). Values represent mean +SEM, n=6.
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4.4 Discussion
The first point of note from this study is that both high glucose and alternating
high/low glucose impact on bioenergetic metabolism in HUVECs by decreasing the
OCR/ECAR ratio. This decrease in OCR/ECAR ratio is primarily driven by an
increase in ECAR, indicative of a high and intermittent-high glucose-induced
increase in glycolytic activity.
This is seemingly not in accord with a report that high glucose inhibits glucose
phosphorylation by hexokinase in endothelial cells (Viñals et al, 1999). Indeed, the
same authors hypothesise that the glucose-induced inhibition of glucose
phosphorylation would likely lower the rate of glycolysis. However, the current
finding that high glucose induces increased glycolytic activity in HUVECs is
supported by more recent work that showed a link between high glucose and
increased lactate production rate (LPR), concomitant with an increase in glucose 6phosphate (G6P), in human microvascular endothelial cells (HMECs) (Sweet et al,
2009). Yet, another subsequent report concluded that exposure of bovine arterial
endothelial cells (BAECs) to high glucose had no significant effect on ECAR (Fink
et al, 2012). The high glucose treatment regimes in both of the aforementioned
studies were similar (18 hours duration; 25 mM glucose concentration) and the
disparity between findings is not readily explained. However, it could feasibly be a
result of metabolic differences between endothelial cells from different species
and/or different parts of the vasculature.
ECAR is a measurement of the protons produced by lactate conversion from
pyruvate, by lactate dehydrogenase (LDH). The fate of pyruvate is still somewhat of
a contentious issue, although it is now argued that lactate is likely the final product of
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glycolysis (Brooks, 2009). However, it has been proposed that lactate is readily
reconverted back to pyruvate for mitochondrial consumption—a phenomenon known
as the “lactate shuttle hypothesis” (Brooks, 1985).

Thus, lactate produced is

available for reconversion back to pyruvate, which can then undergo pyruvate
decarboxylation to acetyl-CoA for use in the Krebs cycle.
In summary, it would appear that exposing endothelial cells to high glucose, at least
in the short term, leads an increase in the glycolytic metabolism of glucose.
Depending on the specific downstream effects of the increased flux of glucosederived metabolites (especially in the mitochondria), the high glucose-induced
upregulation of glycolytic metabolism may have profound implications for
endothelial cell homeostasis.
The second major finding of this study concerns the unique respiratory nature of
cultured HUVECs, even under control conditions. The overall baseline OCR of
untreated HUVECs was comparable to that of both BAECs and cardiomyocytes
reported elsewhere (Dranka et al, 2010; Sansbury et al, 2011). There appeared to be
no significant change in overall baseline OCR or in the way OCR was utilised by
various mitochondrial compartments (with the sole exception being a significant
decrease in ATP-linked OCR in the 2/25 mM glucose treatment group). However,
the respiratory states of the HUVECs differed markedly, compared to the
aforementioned studies, as discussed below.
The stateapparent of mitochondria in intact cells is a gauge of respiratory function and
reserve capacity and can be calculated from the following equation to allow for an
index of respiratory function (Dranka et al, 2010):
Stateapparent = 4 – (Basal – Oligo) / (FCCP – Oligo)
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whereby Basal represents basal OCR, Oligo represents OCR after inhibiting ATP
synthase with oligomycin, and FCCP represents OCR after uncoupling with FCCP.
The mitochondrial stateapparent in the aforementioned studies was ~3.64 and 3.75,
respectively (Dranka et al, 2010; Sansbury et al, 2011). This contrasts markedly to
the present study, whereby the stateapparent in HUVECs was found to be ~3, regardless
of glucose treatment.

This implies that, even under control conditions, the

mitochondria of HUVECs are working at maximum capacity, evidenced further by
the inhibited response to the uncoupling agent, FCCP (Figure 4.1, A).
RCR values are another means of quantifying mitochondrial function and are
calculated as the ratio of state 3/state 4 respiration. RCR values can be calculated for
both basal and maximal conditions, using the following equations:
RCRbasal = (Basal – Anti A) / (Oligo – Anti A)
RCRmax = (FCCP – Anti A) / (Oligo – Anti A)
whereby Basal represents basal OCR, Oligo represents OCR after inhibiting ATP
synthase with oligomycin, FCCP represents OCR after uncoupling with FCCP, and
Anti A represents OCR after inhibiting complex III of the ETC with antimycin A and
rotenone. High RCR values are indicative of good mitochondrial function, whereas
lower RCR values indicate greater dysfunction (i.e. a measure proton leak OCR
relative to ATP-linked OCR) (Brand and Nicholls, 2011).
In this study basal RCR decreased significantly in the alternating 2/25 mM glucose
treatment group, compared to the control. This indicated that the mitochondria of
HUVECs treated with 2/25 mM glucose are more dysfunctional (in terms of being
there being more proton leak OCR relative to basal OCR) and less-well coupled.
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That the mitochondria of even untreated HUVECs were functioning at around state 3
and thus respiring at a high rate, whilst maintaining almost no respiratory reserve is
not readily explained. It is possible that HUVECs, being a prenatal cell of foetal
origin, have uncommon mitochondrial dynamics as a consequence of their shortlived function; however, there exists little in the literature regarding mitochondrial
bioenergetic function in HUVECs.
It may indeed be the case that HUVECs are less than ideal cells to use for modelling
endothelial bioenergetics, and more work needs to be done to corroborate this data.
The observation that intermittent-high glucose induced more mitochondrial
dysfunction, in terms of a lower RCR (thus making the mitochondria less-well
coupled), may be of some importance and clearly further experimentation needs to be
carried out. Certainly, it would be of some interest to measure the mitochondrial
membrane potential (ΔΨm) of HUVECs under these conditions, to determine whether
the decrease in RCR is concomitant with an increase in ΔΨm.

4.5 Conclusions
This study has shown that both high and intermittent-high glucose are capable of
affecting bioenergetic metabolism in HUVECs, through a lowering of the ratio of
glycolysis to cellular oxygen consumption.

Whilst this effect appeared to be

primarily driven by an increase in glycolysis, the precise effects of high glucose on
oxygen consumption in endothelial cells were obscured by the peculiar nature of
mitochondrial respiratory function in HUVECs. Indeed, the HUVEC mitochondria
in this study were respiring in a hyperactive manner — a state that is linked to
increased ΔΨm and increased proton and electron leak. Retesting this hypothesis on
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an arterial cell of adult origin may give a clearer picture of the impact of increased
glucose metabolism on mitochondrial function and oxygen consumption.
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Chapter 5

Tight, insulin pump-induced glucose control is
associated with a reduction in oxidative stress in
T2DM

5.1 Introduction
The previous chapters have highlighted the effect of elevated glucose on endothelial
cells, in terms of superoxide production and altered bioenergetic metabolism, which
likely contribute to the onset of oxidative stress and endothelial dysfunction. Whilst
the comparative effects of glucose variability and exposure on endothelial cells in
vitro remain unclear, the vascular consequences of poorly controlled glycaemia are
very much apparent in individuals with diabetes (Khaw et al, 2004; Juutilainen et al,
2008). Thus, better glycaemic control, in terms of lower glycated haemoglobin
(HbA1C), is seen as a major priority in the treatment of the diabetes. Although a
reduction in HbA1C has been linked to an improvement in cardiovascular outcomes
in type 2 diabetes mellitus (T2DM) (Holman et al, 2008), the issue remains
contentious. Indeed, intensive strategies to lower HbA1C to near-normal levels in
individuals with T2DM have been shown to actually increase mortality and not
significantly reduce cardiovascular events (Gerstein et al, 2008).
Although the precise nature of the link between diabetes-related hyperglycaemia and
vascular disease remains ill defined, an increase in the production of reactive oxygen
species (ROS) is implicated, and the onset of oxidative stress is associated with both
pancreatic β-cell dysfunction and macro- and microvascular complication in T2DM
(Ceriello and Motz, 2004; Robertson, 2004).

As a consequence, plasma-borne

makers of oxidative stress (such as oxidised low-density lipoprotein [ox-LDL]) are
associated with the risk of coronary artery disease and stroke (Wu et al, 2006;
Holvoet et al, 2007).
More recently, it has been proposed that glycaemic variation may better explain the
risk of development of diabetes-related vascular disease, independent of the time-
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averaged nature of HbA1C (Brownlee and Hirsch, 2006; Picconi et al, 2012).
However, notwithstanding the controversy regarding the validity of HbA1C as a
marker of glycaemia and the lack of consensus regarding clear alternatives, it follows
that improved glycaemic control might be expected to lower diabetes-related
oxidative stress and cardiovascular disease (CVD) (Reusch and Low Wang, 2011).
Therefore, the aim of this retrospective study was to test the hypothesis that
improved glucose control, rather than insulin dose or HbA1C, is central to reducing
oxidative stress in patients with T2DM, following insulin pump therapy (IPT) as a
means of inducing improved glycaemic control.

5.2 Study design and methodology
5.2.1

Background to the study

The original prospective study was designed and conducted by Animas Ltd, over a
number of US sites. The opportunity arose to retrospectively measure ox-LDL in
residual plasma samples in order to test the above hypothesis relating to IPT and
oxidative stress.

Analysis and interpretation of the oxidative stress results are,

therefore, the focus of this Chapter, although the analytical process involved in depth
extraction and interrogation of large data sets generated in the US.
5.2.2

Patients and sample size

Fifty-eight patients with T2DM were enrolled in the study at 6 sites in the United
States, between March and December 2008. Approval was obtained from local
ethics committees prior to the study beginning and written consent was received
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from all enrolled patients, in compliance with the Declaration of Helsinki and its
amendments.
At the time of enrolment, patients were being treated with oral antidiabetic agents
(OAD), with or without insulin. Enrolled patients were men or women, aged 18-75
years, with T2DM (HbA1C 7-10.5%), and with undetectable anti-glutamic acid
decarboxylase antibodies. Exclusion criteria included previous IPT, women who
were pregnant, lactating, or planning pregnancy, as well as patients who had
evidence of CVD within the previous year (including myocardial infarction, stroke,
arterial revascularisation and/or angina with ischaemic changes on electrocardiogram
(ECG) at rest, changes on graded exercise test, or positive cardiac imaging test
results. Individuals with a history of cardiovascular events (>1 year from screening)
were eligible for enrolment, subject to the investigator’s discretion, on the basis that
the patient had been stable for 6 months and any latent CVD would not affect the
successful study completion or personal wellbeing.
Enrolled patients were assigned to one of three cohorts dependent on their
therapeutic regimen at the start of the study: stable regimen of two or more OAD
agents (OAD cohort, n=18); basal insulin with or without OAD agent(s) (basal
cohort, n=18); or basal-bolus insulin therapy through multiple daily injections
(MDI), with or without OAD agent(s) (MDI cohort, n=22). Of the 58 patients
recruited, 4 individuals did not complete the study and were excluded from analysis,
leaving an evaluable population of 54. Complete sample data sets were available for
50 individuals for glucose excursion measurements, 52 individuals for HbA1C, and
52 individuals for measures of oxidative stress.
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5.2.3

Study protocol

Patients enrolled in the study were withdrawn from all antidiabetic medication except
metformin, for the 16 week duration of the study. Sixteen weeks of IPT (Animas®
2020 insulin pump, Animas Corp, West Chester, PA, USA) was begun, using insulin
glulisine (Sanofi Aventis, Bridgewater, New Jersey, USA). Insulin was delivered
with one daily basal rate (50% of total daily dose) and further boluses (equalling
50% of total daily dose) split across each major meal. The starting recommended
total daily insulin dose was 0.5 U/Kg body weight; however, insulin dosing was
assessed at the frequent study site visits, with an aim of safely attaining FPG
concentrations of between 3.9-7.2 mM and 1.5-2 hour postprandial glucose
measurements below 10 mM.
5.2.4

Glucose measurements

Continuous glucose monitoring (CGM) was performed at US study sites in advance
of the start of this PhD project using the Dexcom® seven system and was
implemented for 5-7 days before the commencement of IPT and for 5-7 days prior to
week 16 and the termination of the study. Data from the CGM were downloaded via
USB cable at the study site, using the Dexcome® DM2 software application. The
mean percent of CGM values within the following value ranges was summarised into
the following categories: <3.9 mM, ≥3.9 mM to ≤7.8 mM, >7.8 mM, ≥3.9 mM to
≤10 mM, and >10 mM. For tight glucose control, data are presented as % time spent
with blood glucose between 3.9 and 7.8 mM, as an indicator of well-regulated
glycaemic variability.
HbA1C was measured in fresh blood taken at baseline and weeks 4, 8, 12, and 16
(Covance Laboratory, Indianapolis, IN, USA).
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5.2.5

Ox-LDL analysis

Measurements of oxidised low-density lipoprotein (ox-LDL), from samples taken at
baseline and week 16, were measured in-house using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Oxidised LDL competitive
ELISA, Mercodia; Salem, NC, USA.

Laboratory analyses were conducted on

plasma samples from baseline and week 16.

Complete data sample sets were

obtained for 53 of the 54 patients who completed the study.
5.2.6

Statistical analysis

Full data sets were obtained from Animas Ltd. and combined with the ox-LDL data
obtained in-house. Statistical analysis was performed on GraphPad Prism version
6.00 (GraphPad Software, San Diego, CA) using Student’s t-tests, one-way ANOVA
with Bonferroni post-tests, and Pearson’s correlations. Statistical significance was
considered to be P<0.05 for t-tests and ANOVA, and p<0.0167 for correlation data
(to correct for multiple comparisons).
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5.3 Results
5.3.1

Patient and cohort characteristics

Baseline patient characteristics and demographics are shown in table 5.1. There
were no significant differences at baseline between the OAD, basal, and MDI
cohorts, except for pre-pump insulin and day 1 on-pump insulin levels.

Table 5.1
Baseline patient demographics, characteristics, prior drug regimens,
and pre- and post-study insulin dosing. Data obtained at baseline and insulin dosing for
each cohort: oral antidiabetic agents (OAD), basal insulin (Basal), and multiple daily
injections of insulin (MDI). ††† P<0.001 basal v MDI; ##P<0.01 OAD v MDI; ***P<0.001
basal v MDI (one-way ANOVA with Bonferronni post-test). No other statistical differences
were observed. Continuous data are expressed as mean±SD. a1 patient did not complete; b1
patient withdrawn; c1 patient withdrew consent, 1 patient lost to follow up.

89

5.3.2

Impact of IPT on HbA1C

HbA1C significantly declined from baseline after 16 weeks of IPT (Figure 5.1, A).
There were no significant differences in the reduction of HbA1C between cohorts
(Figure 5.1, B).
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Figure 5.1
IPT-induced changes in HbA1C. (A) IPT-induced changes in HbA1C
between baseline and 16 weeks for all data. (B) IPT-induced changes in HbA1C between
baseline and 16 weeks by cohort. Statistical significance was determined by paired
Student’s t-test and one-way ANOVA. Values represent mean +SEM (***p<0.001).
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5.3.3

Impact of IPT on ox-LDL

Ox-LDL significantly declined from baseline after 16 weeks of IPT (Figure 5.2, A).
There were no significant differences in the reduction of ox-LDL between cohorts
(Figure 5.2, B).
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Figure 5.2
IPT-induced changes in ox-LDL. (A) IPT-induced changes in ox-LDL
between baseline and 16 weeks for all data. (B) IPT-induced changes in ox-LDL between
baseline and 16 weeks by cohort. Statistical significance was determined by paired
Student’s t-test and one-way ANOVA. Values represent mean +SEM (*p<0.05).
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5.3.4

Relationship between ox-LDL and changes in insulin dose, HbA1C, and tight

glucose control
There were no correlations between changes in ox-LDL and insulin dose, from
baseline and 16 weeks (Figure 5.3, A). Similarly, there were no correlations between
changes in ox-LDL and change in HbA1C, from baseline and 16 weeks (Figure 5.3,
B). However, there was a significant negative correlation between change in oxLDL and change in time spent between 3.8-7.6 mM glucose (Figure 5.3, C).
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Figure 5.3
Association between changes in ox-LDL and tight glucose control,
but not insulin or HbA1C. There was no correlation between ox-LDL and (A)
insulin, or (B) HbA1C. There was a correlation between increased time spent between
3.8 and 7.6 mM glucose (C). Statistical significance was determined by Pearson’s
correlations (*p<0.0167).
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5.3.5

Effect of statin therapy on ox-LDL

There was no baseline difference in TBARS, ORAC, or ox-LDL between those
patients treated with statins and those not treated with statins (Figure 5.8, A, B, and
D). However, there was a significant difference at baseline in PCs between patients
treated with statins compared to those who were not (Figure 5.8, C). However, at 16
weeks there was a significant reduction in ox-LDL in patients treated with statins,
compared to those not treated with statins (Figure 5.9, A and D).
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Figure 5.8
Ox-LDL (statins vs. non-statins). Baseline measurements of patients
treated with and without statins: (A) thiobarbituric acid reactive substances (TBARS); (B)
oxygen radical absorbance capacity (ORAC); (C) protein carbonyls (PCs); (D) oxidised lowdensity lipoprotein (ox-LDL). Statistical significance was determined by paired Student’s ttest. Values represent mean +SEM (*p<0.05).
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5.4 Discussion
This retrospective study showed that 16 weeks of IPT in patients with T2DM led to a
substantial reduction in HbA1C and improvement in overall glycaemic control. This
overall improvement in HbA1C and measures of glycaemic control was irrespective
of whether patients were receiving OAD, basal insulin, or MDI immediately prior to
starting treatment — which is understandable due to the fact that the insulin dosing
was adjusted to achieve similar fasting and postprandial glucose targets.
Furthermore, this improvement in glycaemic control was concomitant with a
reduction in ox-LDL.
Baseline patient characteristics and measures of glycaemia and oxidative stress were
remarkably similar across all three cohorts, with only insulin differing significantly
(as a result of the pre-IPT treatment regimen specific to each cohort). Importantly,
there were no significant differences in the levels of ox-LDL between cohorts at
baseline and the overall reduction in ox-LDL was correlated with an improvement in
glucose control (in terms of increased time spent within the limits of “tight” glucose
control). Importantly, however, the reduction in ox-LDL was not correlated to either
HbA1C, or insulin dose. Previous work has reported that, whilst improving glucose
control, insulin dose also drives oxidative stress (Monnier et al, 2011), which was
not apparent in this study. Therefore, this study highlights a possible link between
tighter glycaemic control (reduced glucose variability) and lower oxidative stress.
Oxidative stress is regarded as a key factor in the progression of T2DM and the
vascular complications that result from the disease (Ceriello and Motz, 2004; Kaneto
et al, 2007). Therefore, mitigating oxidative stress is seen as a potential target for
therapeutic intervention. Hyperglycaemia is central to the induction of oxidative
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stress, via increased ROS formation that results from mitochondrial dysfunction and
the generation of AGEs (Giacco and Brownlee, 2010). Oxidative stress impacts on
vascular cell signalling and survival, whilst impairing nitric oxide (NO)
production/bioavailability (Le Brocq et al, 2008).

Furthermore, ROS-mediated

oxidation of LDL is an early step in the atherogenic process, after which ox-LDL
retains a central role in driving forward atherogenesis (Pirillo et al, 2013).
This study clearly shows that IPT results in a considerable decrease in plasma oxLDL, which further supports the potential role of pump therapy in individuals with
T2DM.

Moreover, the fact that the decrease in ox-LDL is correlated with an

improvement in glucose control, but not with a decrease in HbA1C, alludes to the
importance of glycaemic control (in terms of extent and duration of post-prandial
glucose excursions) when assessing hyperglycaemic cardiovascular risk (Ceriello et
al, 2012). Indeed, this goes some way to highlighting the potential shortcomings of
HbA1C as a reliable standalone measure of glycaemia and concurs with previous
findings that advocate pursuing the better control of glucose excursions as a means of
mitigating oxidative stress (Monnier et al, 2006).
Previous work has shown that statin therapy has a major effect on plasma ox-LDL,
raising the possibility that patients receiving statin therapy may be exposed to less
oxidative stress and, thus, less impacted by IPT (Akalin et al, 2008). However, the
current study showed that, whilst there were no differences between cohorts, IPT
induced a more dramatic effect in patients on statin therapy.

The possible

association or interaction between IPT and statin therapy on ox-LDL requires further
investigation, but is intriguing insofar as it may advocate a combination treatment of
insulin and statin therapy for optimal effect.
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The major limitation of this study, in terms of the original focus on the effectiveness
of IPT, was the lack of parallel control group. However, the study design was
outwith the control of this project and this shortcoming does not affect the
differences between cohorts or the correlations found. The study was relatively
small, yet still had sufficient power to determine a correlation between tight glucose
control and ox-LDL. Therefore, a study is warranted that more fully examines the
effects of IPT and statin therapy on glucose control and ox-LDL in patients with
T2DM

5.5 Conclusion
The overarching finding from this retrospective study is that IPT conveys a benefit of
improvement in both glycaemic control and markers of oxidative stress in patients
with T2DM. Furthermore, the reduction in ox-LDL is associated with increased tight
glucose control, rather than changes in insulin dose or HbA1C. Intriguingly, the
reduction in ox-LDL appears to be augmented by the use of statins. Overall, the
findings of this study appear to warrant further investigation into the use of IPT in
individuals with T2DM. There is also evidence that improving HbA1C-independent
glucose control (in terms of reducing the extent and duration of glucose excursions)
could be an important factor in the mitigation of diabetes-related oxidative stress,
which may be a critical link to understanding and managing/treating diabetes-related
CVD. More work is needed to further explore the link between tight glucose control
and ox-LDL, and also the additional effects of statins.
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Chapter 6

General discussion

6.1

Introduction

Hyperglycaemia

underpins

the

onset

and

progression

of

diabetes-related

cardiovascular disease (CVD), mediated via excess generation of ROS (Brownlee,
2005). When increased ROS outweigh the cellular antioxidant capacity, it results in
oxidative stress. Whilst ROS are a normal and integral part of healthy cellular
function, aberrant ROS production and the induction of oxidative stress are
implicated in the processes of ageing and various diseases. In the context of the
vasculature, endothelial cells exposed to hyperglycaemia produce more ROS and
endure conditions of oxidative stress, leading to endothelial dysfunction and the
initiation and progression of CVD (Funk et al, 2012).
Endothelial cells are particularly vulnerable to hyperglycaemia, due to their interface
with the bloodstream. The endothelium mainly expresses Glut-1 proteins, which
transport glucose across the plasma membrane via facilitated diffusion, rendering the
cells susceptible to external hyperglycaemic environments (Mann et al, 2003).
However, the precise nature of the impact of hyperglycaemia on ROS generation in
the endothelium remains obscure, with closer scrutiny now being paid regarding
glucose variability as opposed to hyperglycaemia per se. Similarly, the major source
of hyperglycaemia-induced ROS in endothelial cells continues to be ambiguous and
the associated literature contains a number of inconsistencies and contradictions. For
example, the major source of ROS production in endothelial cells has been reported
to be either NADPH oxidases or mitochondria, or both (Nishikawa et al, 2000; Frey
et al, 2009).
In this light, the first aim of this project were to investigate the hypothesis that
‘intermittent’ high/low glucose (mimicking glycaemic excursions) induce more
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superoxide (O2•ˉ) to be generated than a ‘continuous’ high concentration of glucose
in human umbilical vein endothelial cells (HUVECs). The second aim was test the
hypothesis that high and intermittent-high glucose alter glycolytic and mitochondrial
bioenergetic metabolism in HUVECs. The third aim was to test the hypothesis that
improved glucose control, rather than insulin dose or HbA1C, is associated with a
reduction in markers of oxidative stress in patients with T2DM. The following
discussion summarises the findings of this work in the context of the literature, and
explores the mechanism(s) that might underpin accelerated endothelial dysfunction
in diabetes.

6.2

The impact of glucose variability on hyperglycaemic oxidative stress in

endothelial cells – glucose flux or excursion?
The realisation that intensive therapy to achieve near-healthy plasma HbA1C
concentrations in patients with T2DM did not reduce the occurrence of
cardiovascular events and was actually associated with an increase in all-cause
mortality led to a general reappraisal of how glycaemia is best measured (Lehman,
2009; Reusch and Low Wang, 2011). Indeed, the focus began to move towards
trying to incorporate glycaemic variability into estimations of cardiovascular risk,
independent of HbA1C (Picconi et al, 2012).
A body of evidence has accumulated that highlights the potential importance of
intermittent hyperglycaemic excursions in the development of diabetes-related CVD.
In vitro studies have shown that intermittent high glucose induces increased
apoptosis concomitant with the induction of oxidative stress in endothelial cells
(Risso et al, 2001; Quagliaro et al, 2003; Ge et al, 2010). Similarly, oscillating
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glucose concentrations have also been shown to induce p53 activation and a
metabolic memory, suggesting the onset of ‘cellular confusion’ (Schisano et al,
2011). However, the lack of standardisation in definitions and methodology in these
studies leave it difficult to make direct comparisons between studies, or to draw
overarching conclusions. For example, ‘high’ glucose can be ascribed to a wide
range of glucose concentrations, whilst the duration of experiments can also vary
from several hours to many days.
In vivo studies showed a deleterious effect of increased glucose variability on
endothelial function and angiogenesis in rat and mouse models (Hovárth et al, 2009;
Biscetti et al, 2011).

In human studies, it has been found that post-prandial

hyperglycaemic spikes resulted in platelet activation and enhanced lipid peroxidation
in patients with T2DM and HbA1C levels less than 7% (Santilli et al, 2010). Glucose
variability was also found to correlate with increased oxidative stress in patients with
T2DM, but this has latterly been contested (Monnier et al, 2006; Ceriello et al, 2008;
Siegelaar et al, 2011).
It is thus apparent that the precise nature of the link between glucose variability and
oxidative stress in the endothelium has yet to be properly elucidated. In the current
study, it was deemed appropriate to explore the comparative effects of high and
intermittent high glucose on endothelial ROS generation in an in vitro model. It was
found that whilst ‘continuous’ high glucose induced a significant increase in O2•ˉ
(both mitochondrial and non-specific) compared to the control, intermittent high
glucose did not. However, there was no significant increase in general ROS in either
high or intermittent high glucose-treated cells, compared to control.
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On the surface, this finding apparently contradicts a recent study that found that
intermittent high glucose (using an in vitro model similar to the present study)
induced more general ROS than continuous high glucose in endothelial cells (Liu et
al, 2014). However, aside from major differences in the methodology used to detect
ROS between the two studies, this work was done in human coronary artery
endothelial cells (HCAECs) and may serve to highlight the heterogeneous nature of
endothelial cells, depending on the area of the vasculature from which they originate
(Aird, 2012).
The fact that short-term intermittent glucose treatments did not significantly increase
O2•ˉ production, whilst continuous high glucose did, may suggest that the increase in
total exposure to glucose is a more important factor driving the generation of ROS
than the oscillating nature of intermittent high glucose per se; however, this inference
is complicated by a number of methodological issues and unknowns.

Firstly,

amperometric measurements made in the cell culture medium showed there to be a
rapid decline in medium glucose concentrations over the first six hours of exposure
to confluent cells. On the one hand, this is surprising given that no reports exist in
the literature of a similar nature. On the other, it may be less surprising given that
glucose transport via Glut-1 proteins is governed by a diffusive process. In fact, a
similar has been reported in C6-glioma cells, which also predominantly express Glut1 proteins (Voisin et al, 2010).
Whilst more work clearly needs to be done in order to establish the true nature of
glucose transport into endothelial cells, the implications of this finding for in vitro
models of high and intermittent high glucose are apparent. Indeed, this would mean
the assumption that the concentration of glucose remains relatively constant for the
duration of the experiment is false and that all the treatments would be naturally
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oscillating to a certain degree.

Some work in the literature falls foul of this

assumption and compare ‘intermittent’ high glucose with ‘constant’ high glucose, but
only alternative intermittent group, making any comparison between groups invalid
(Xiao et al, 2011).

Hopefully, you’ll then go on to describe the “perfect” future

experiment, which involves a glucose “clamp” in a flow-through model
Nevertheless, in the context of this study, the findings suggest that total exposure to
high glucose, rather than periods of intermittent treatment, drive O2•ˉ (and
specifically mitochondrial O2•ˉ) production. If greater glucose exposure results in
increased O2•ˉ, one would assume this to result as consequence of increased glucose
burden on the cell. Moreover, if the loss of glucose in the culture medium translates
into increased glucose transport into the cells (and therefore increased metabolism),
then the extended period of time incubated with high glucose concentrations would
account for the difference between high and intermittent high treatments. Indeed,
these inferences were the basis of the further work that measured the effect of this in
vitro model on cellular bioenergetic metabolism.
However, the findings from the retrospective study on insulin pump therapy (IPT) in
patients with T2DM would, on the surface, appear to challenge the claim that
increase glucose exposure, rather than glucose variability, is responsible for
increased ROS, contributing to the onset of oxidative stress. That improved glucose
control (in terms of more time spent within a narrower glycaemic range) was
correlated with a decrease in ox-LDL, infers that hyperglycaemic ‘spikes’ (that take
the blood glucose concentration outwith the aforementioned zone of tight control) are
an important factor mediating the development of oxidative stress in T2DM.
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In the context of the in vitro study, it is possible that 48 hours is not a sufficient
amount of time for intermittent high glucose to manifest its deleterious effects.
Indeed, this model ignores any long-term effects of oscillating glucose on
transcriptional changes or the induction of a metabolic memory. In this regard, the
findings of the in vitro study studies do not necessarily oppose the conclusions of the
clinical study.
The extent and duration of hyperglycaemic excursions are not mutually exclusive
factors and are indeed inextricably linked, insofar as the greater the extent of the
excursion, the longer the blood glucose will be elevated. It has been noted that
glucose variability should be corrected for mean glucose, as seemingly different
glycaemic profiles (with regard to frequency/extent/duration of glucose excursions)
may in fact still share similar values in terms of area under the curve (De Vries,
2013). However, this only applies under the assumption that glucose transport rates
remain constant under increasing glucose concentrations and Glut1 transport kinetics
have been studied little in endothelial cells. However, the observation that increasing
the concentration of glucose beyond a certain point does not further increase the ROS
production or apoptosis, intimates the existence of a threshold concentration that
elicits a maximal response (Zhang et al, 2011). Clearly, further work is required in
order to fully understand both the influence of the relative contribution of the
frequency, extent, and duration of glycaemic excursion to, and Glut-1 transport
kinetics on, the induction of diabetes-related oxidative stress.
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6.3

Bioenergetic metabolism in endothelial cells - towards a unified theory of

hyperglycaemia-induced ROS production
This present study’s finding that high glucose induced a significant increase in O2•ˉ
(both non-specific and mitochondrial) compared to the control, led to the
consideration of the processes that might underlie this increase. The increase in the
total NAD+/NADH ratio under both high and intermittent glucose is considered to be
of some importance in understanding the effects of these treatments, although it is
impossible to conclude anything specific from this alone.

Further studies are

required to investigate the effect of high and intermittent-high glucose on the free
NAD+/NADH ratio, which would one infer more about effects of high and
intermittent high glucose on the redox state of the cells (Mintz and Robin, 1971;
Stein and Imai, 2012). Yet, clearly high and intermittent high glucose treatments are
having profound effect on some aspect of cellular metabolism and further
investigation is warranted.
Several potential sources of O2•ˉ exist in endothelial cells, including the
mitochondrial electron transport chain (ETC), NADPH oxidases, cytochrome P-450
enzymes,

uncoupled

nitric

oxide

synthases

(NOS),

and

the

phagocytic

myeloperoxidase system (Li and Shah, 1996; Cai and Harrison, 2000; Fleming,
2001; Meneshian and Bulkley, 2002; Duchen, 2004). As previously mentioned, the
literature is less than congruent regarding the greatest contributing source of
endothelial ROS production, with different studies variously endorsing either
NADPH oxidase enzymes or the mitochondrial ETC as the most significant producer
(Nishikawa et al, 2000; Quijano et al, 2007; Frey et al, 2009; Dymkowska et al,
2014). It is likely that both NADPH oxidase and the mitochondrial ETC produce
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significant amounts of O2•ˉ, depending on specific stimuli, with ‘crosstalk’ between
both sites of production (Dikalov, 2011).
The fact that the current study showed that high glucose induced increased
mitochondrial O2•ˉ, pointed to a link between increased glucose availability and
augmented electron leak from mitochondria ETC. Increased glucose flux through
glycolysis and the Krebs cycle, leading to increased delivery of electrons to the
mitochondria and a consequent rise in O2•ˉ production, has been previously shown
(Nishikawa et al, 2000; Quijano et al, 2007). Thus, it was sensible to further
investigate the effect of high glucose and intermittent high glucose on two of the
major bioenergetic pathways that link glucose metabolism and the mitochondria,
namely glycolysis and respiration.

Indeed, it was hypothesised that increased

glucose availability would increase glycolytic activity and change the nature of
oxygen consumption in the mitochondria to a situation favouring increased O2•ˉ
production.
In this study, bioenergetic analysis of endothelial cells showed that treatment with
high and intermittent high glucose resulted in a significant decrease in the ratio of the
oxygen consumption rate (OCR) to extracellular acidification rate (ECAR). This
effect was primarily driven by an increase in glycolytic activity, as measured by
ECAR. The greatest increase in ECAR was observed in the high glucose treatment
group. Conversely, there was no significant change in the overall OCR, or in the
way in which OCR was distributed between the various sites of oxygen consumption
within the mitochondria. Most surprisingly of all was the finding that HUVECs lack
a spare respiratory capacity and that they are working at, or near, state 3 respiration,
even under control conditions. Further studies are required to confirm this finding
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and to determine the validity of HUVECs as a valid model for endothelial cellular
bioenergetics.
However, this study clearly shows that exposure to concentrations of high glucose
(continuous both intermittent) drives glycolytic metabolism in endothelial cells.
Whilst the fate of glycolysis is argued to always ultimately be lactate, it is thought
that lactate is readily converted back to pyruvate for use in the Krebs cycle, thus
linking glycolytic and oxidative pathways (Brooks, 2009).

The hypothesis that

increased glucose load increases glycolytic flux and impinges on mitochondrial
function has been investigated previously, where it was shown that high glucose did
not increase lactate production or OCR in cultured endothelial cells (Sweet et al,
2009). Indeed, the authors go on to suggest that high glucose likely mediates its
toxic effect in endothelial cells via alternative pathways, such as cytoplasmic
NADPH oxidases. However, the authors only expose the cells to high glucose for a
maximum of 18 hours, which is less than half of the exposure time used in the
present study, and it is possible that cells were simply not being overly burdened by
the glucose load from short experimental duration.
Furthermore, the hypothesis that overall oxygen consumption must necessarily go up
in order to achieve a glucose flux-mediated increase in mitochondrial O2•ˉ is
fundamentally flawed.

Indeed, it is clear that oxygen consumption in the

mitochondria is compartmentalised by differential utilisation and this is dependent on
the prevailing mitochondrial state, e.g. changing ATP demands, or the degree of
coupling within the mitochondria at any given time. Thus, it is possible that stress
caused by increased metabolic flux could change the way in which oxygen is utilised
in the mitochondria, without necessarily increasing overall oxygen consumption.
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Indeed, this hypothesis was tested recently by using an uncoupler of mitochondrial
respiration to examine oxygen consumption under conditions of high glucose in
bovine aortic endothelial cells (BAECs) (Fink et al, 2012). Again, however, the
study used only an 18 hour exposure to high glucose and unsurprisingly observed no
changes in any OCR or basal ECAR. Work by Suzuki et al (2011), investing
hydrogen sulphide replacement therapy using mouse endothelial cells, clearly shows
that cells exposed to an adequate and prolonged glucose insult (40 mM for 7 days),
results in a decrease in the spare respiratory capacity concomitant with an increase in
mitochondrial O2•ˉ production. In this light, it would therefore be pertinent to apply
the in vitro model used in the present study to human endothelial cells of non-foetal
origin.
6.4

Future perspectives and potential therapies

With accruing evidence that high glucose induces increased O2•ˉ through metabolic
flux, resulting in mitochondrial dysfunction and increased electron leak, it is
important to robustly test new hypotheses using optimal protocols and
methodologies.

Emerging new techniques for measuring extracellular flux are

central to interrogating mitochondrial function beyond overall OCR.

These

techniques, combined with knowledge of the specific metabolic profiles of different
endothelial cells, allow us to ask much more pertinent and focussed questions about
the effects of high glucose on ROS production in endothelial cells. Similarly, this
will allow us to gauge the true comparative effects of high versus intermittent high
glucose regarding bioenergetic metabolism and ROS production in endothelial cells.
In the same way, the issue of glucose transport and uptake in endothelial cells needs
to be fully explored, as old assumptions regarding this issue are likely hindering
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progress in the field. From a bioenergetics/ROS point of view, this issue can be
bypassed by utilising flow-through technology that allows the user to perfuse a
controlled flow of a steady concentration of culture media over the cells. However,
the practicalities of combing the above techniques are often a limiting factor.
Armed with more information about how and why increased glucose exposure exerts
it effect on the endothelium at the cellular level, we can better relate our knowledge
to considerations of clinical significance, such the impact of glycaemic variability on
patients with diabetes. With a clearer picture of how hyperglycaemia and glycaemic
variability induce oxidative stress, clinicians are in a stronger position to manage
control of blood glucose and effectively improve cardiovascular outcomes.
Furthermore, by understanding the mechanisms of hyperglycaemia-induced
oxidative stress, new therapies can be developed that target and exploit bioenergetic
pathways in order to break the link between hyperglycaemia and oxidative stress
(Divakaruni and Brand, 2011; Mailloux and Harper, 2011; Zhang et al, 2012).

6.5

Conclusions

In summary, this project has found that high glucose, but not intermittent-high
glucose, induces increased mitochondrial O2•ˉ in HUVECs, whilst not affecting cell
viability. Furthermore, both high and intermittent-high glucose causes changes in
bioenergetic function, via an increase in glycolytic metabolism. However, even
under basal condition, HUVEC mitochondria function at a maximal rate of oxygen
consumption, which is not conducive to respiratory analysis. It would be of interest
to investigate the comparative effects of high and intermittent-high glucose on
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cellular bioenergetics and ROS generation on endothelial cells derived from the adult
endothelium, such as arterial endothelial cells.
This project has also shown evidence that links tight glucose control (reduced extent
and duration of excursion) to a reduction in oxidative stress (measured by ox-LDL),
highlighting the potential importance of HbA1C-independent glucose variability as
relevant measure of hyperglycaemic CVD risk.
Finally, the two major findings of the project, that intermittent high glucose did not
increase O2•ˉ whilst reduced glycaemic variability lessened oxidative stress in the
IPT clinical study, should not necessarily be viewed as incongruent with each other,
as the role of increased glucose metabolic flux is necessarily and intimately tied to
glucose transport and uptake, about which little is known. Indeed, whilst the in vitro
study was limited to endothelial ROS generation, the oxidants involved in ox-LDL
formation derived from numerous other sources (for example, monocytes). Further
studies on the nature of glucose transport and bioenergetics metabolism may help
elucidate the effect of hyperglycaemia on oxidative stress in the vascular
endothelium.
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Atherothrombotic disease is a well-recognized complication of diabetes and is a major contributor to the high
morbidity and mortality associated with diabetes. Although there is substantial evidence linking diabetes
with cardiovascular disease, the speciﬁc effect of hyper- (or hypo-) glycaemia is less well understood. The
present review focuses on the impact that glycaemic dysregulation has on respiratory function and ROS
(reactive oxygen species) generation in the endothelial cells that are critical in preventing several key steps
in the atherothrombotic process. Endothelial cells are particularly susceptible to ROS-mediated dysfunction
not only because of reduced cell viability and increased senescence, but also because one of the major
endothelium-derived factors that help to protect against atherosclerosis, nitric oxide, is rapidly deactivated
by superoxide radicals.

Diabetes and diabetes-related disease are at epidemic levels.
Although T1DM (Type 1 diabetes mellitus), a disease
principally of autoimmune origin, remains a significant and
pernicious problem, the massive global rise in morbidity
and mortality seen in recent decades is predominantly
underpinned by an increase in T2DM (Type 2 diabetes
mellitus) [1,2]. Obesity is a significant contributor to
the development of T2DM, derived of over-nutrition and
increasingly sedentary lifestyles [3]. T1DM and T2DM
are pathologically separate diseases with very different
aetiologies, but both are defined by a hyperglycaemic state,
whereby blood glucose levels are elevated above the normal
and healthy range.
Hyperglycaemia has profoundly detrimental effects on the
cardiovascular system and has long been known to be a
major risk factor for the development of CVD (cardiovascular
disease), with the hyperglycaemia-induced overproduction of
ROS (reactive oxygen species) thought to play a central role
[4,5]. CVD is the leading cause of morbidity and mortality in
individuals with diabetes, accounting for >65 % of diabetesrelated deaths [6].
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Abstract

Hyperglycaemia and CVD
Both T1DM and T2DM are diagnosed according to
various categories of hyperglycaemia, as determined by the
measurement of blood glucose concentrations. In addition
to direct blood glucose measurements, HbA1c (glycated
haemoglobin) is used as a clinical marker of glycaemic
Key words: cardiovascular disease, diabetes, endothelial cell, glucose, oxidative stress.
Abbreviations: CVD, cardiovascular disease; ETC, electron transport chain; GLUT, glucose
transporter; HbA1c , glycated haemoglobin; HG, high glucose; ROS, reactive oxygen species; T1DM,
Type 1 diabetes mellitus; T2DM, Type 2 diabetes mellitus.
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exposure. The validity of using a surrogate marker such as
HbA1c has limitations because it serves as a time-averaged
and indirect measure of glycaemic exposure, which does not
confer any information regarding glycaemic variability and
the transient fluctuations of blood glucose [7].
A number of studies have shown that transient hyperglycaemic ‘excursions’ are associated with increased
measures of clinical markers of damage in vascular tissue
[8–11]. Similarly, in vitro and in vivo studies have shown
that intermittent HG (high glucose) increases markers
of vascular damage and inflammation, alters signalling
pathways, influences cell fate and induces epigenetic changes
[12–18]. It is therefore hypothesized that the specific
glycaemic profile of an individual with diabetes is a critical
factor in the development of CVD and associated risk, as
opposed to their overall time-averaged level of glycaemia, as
measured by HbA1c .
The manifestation of CVD in terms of coronary heart
disease, peripheral vascular disease and ischaemic stroke is
underpinned by the development of atherosclerosis [19].
Atherosclerosis is an age-associated disease, whereby arteries
narrow due to the formation of lipid-filled plaques in
vessel walls. Plaque formation is associated with increased
endothelial aging, which is known as cellular senescence [20].
Rupture of the atherosclerotic plaque results in a rapid local
thrombotic event, triggering partial or complete occlusion of
the artery and oxygen starvation of tissue downstream of the
rupture site, resulting in a clinical event such as myocardial
infarction or ischaemic stroke.
Diabetes is a major risk factor for the development
of atherosclerosis, and post-prandial hyperglycaemia plays
a central role in atherosclerotic lesion initiation and
progression [21,22]. Atherosclerosis has a complex aetiology,
but endothelial dysfunction is a critical early event that drives
accumulation of lipid-laden monocytes (foam cells) in the
Biochem. Soc. Trans. (2014) 42, 928–933; doi:10.1042/BST20140113
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Figure 1 The ETC within the inner mitochondrial membrane
NADH and FADH2 carry electrons from the Krebs cycle to Complex I and II of the ETC. Electrons are transferred between protein
complexes via the mobile electron carrying coenzyme Q (ubiquinone) and cytochrome c, ﬁnally reacting with H + ions and
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O2 to produce H2 O. As electrons are passed down the chain, H + ions are pumped from the matrix into the intermembrane
space, creating a proton gradient, which is subsequently utilized by ATP synthase to phosphorylate ADP. Electrons can ‘leak’
from the ETC, partially reducing O2 to produce O2 • − .

vascular wall to form an atherosclerotic plaque; rupture of
unstable plaques induces a rapid local thrombotic event that
is responsible for heart attacks and ischaemic strokes [23].

Hyperglycaemia and endothelial
dysfunction

The endothelium is a continuous monolayer of cells that
lines all blood vessels and plays a critical role in vascular
homoeostasis. The endothelium is responsible for the
regulation of vascular tone, mainly through the production
of a number of vasoactive mediators, including NO
(nitric oxide), prostaglandins, thromboxane and endothelin.
Similarly, the endothelium is central to the processes
of vascular wall inflammation, cellular adhesion, smooth
muscle proliferation and thrombus formation. Endothelial
dysfunction occurs when the endothelium loses the ability to
control these processes that govern vascular homoeostasis.
Hyperglycaemia is known to be a major contributor to
the induction of endothelial dysfunction. One of the key
initiating steps in endothelial dysfunction is thought to
be mediated by the induction of hyperglycaemia-induced
oxidative stress, which is a result of the imbalance between
ROS production and antioxidant action [4]. This is important,
because the position of the endothelium at the interface with
the blood means that it is fully exposed to the constantly
changing glycaemic environment in the blood, without the

potential for glucose buffering that might be evident in deep
tissue.

Hyperglycaemia and endothelial ROS
production
ROS can be either radical or non-radical derivatives of oxygen
and are important molecular products and by-products of
biochemical reactions within living systems. The unique
electron configuration of diatomic oxygen makes molecular
oxygen itself a stable diradical and the addition of one electron
produces O2 • − (superoxide radical). O2 • − is the primary
ROS, which can be generated by a variety of mechanisms
and plays a number of important roles, both beneficial and
deleterious, in biological systems. O2 • − is recognized to
be an important signalling molecule in normal physiological
processes; however, it can also give rise to secondary ROS,
such as H2 O2 (hydrogen peroxide) and HO• (hydroxyl
radical) [24]. The presence of unpaired electrons can render
certain ROS highly reactive to membrane lipids, proteins and
nucleic acids.
O2 • − generation can occur from endogenously and
exogenously derived sources, including cytochrome P450
metabolism, peroxisomes and NADPH oxidases [25].
However, the majority of endogenously derived O2 • − is
generated within the mitochondria, as a by-product of aerobic
respiration [26]. The mitochondrial ETC (electron transport
chain) is where molecular oxygen is reduced to form water,
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glycolytic pathway to form pyruvate (Figure 2), which can be
directly utilized by the mitochondria or converted into lactate
(which is readily convertible back into pyruvate). Pyruvate
is then metabolized further by pyruvate dehydrogenase to
produce acetyl-CoA, which is utilized by the Krebs cycle
to yield the electron-carrying cofactors NADH and FADH2
for use by the ETC to generate the proton gradient that drives
oxidative phosphorylation (Figure 1).
However, endothelial cells are highly glycolytic, decreasing
their OCR (oxygen consumption rate) through reduced
mitochondrial respiration in the presence of physiological
concentrations of glucose, which is a phenomenon known as
the Crabtree effect [38]. It could be argued that endothelial
cells also exhibit the Warburg effect, which is a phenomenon
common in cancer cells, whereby cells convert the majority
of glucose into lactate in the presence of oxygen [39].
However, in endothelial cells, the net effect is the same, insofar
as they up-regulate glycolysis and down-regulate oxidative
phosphorylation in the presence of glucose and oxygen.
ROS production has been shown to down-regulate
glucose transport in retinal endothelial cells, thus potentially
implicating increased ROS generation in the adaptive
regulatory transport response to hyperglycaemia [40]. On
the other hand, NO appears to have a stimulatory role in
increasing GLUT1 expression and glucose transport [41].

C

thereby acting as a ‘sink’ for electrons (Figure 1). However,
this process is not totally efficient and electrons can ‘leak’
from the system and directly reduce oxygen, forming O2 • −
[27].
Increased mitochondrial ROS production can induce
mitochondrial dysfunction through mitochondrial DNA
damage and respiratory changes, creating a positive-feedback
loop, manifesting in the generation of more ROS. Aberrant
ROS production is linked with various types of molecular
and cellular damage, but it is also becoming increasingly
evident that ROS are important signalling molecules under
both physiological and pathological conditions, responsible
for regulating cell function, growth and proliferation, and
cell fate, while contributing to the control of vascular tone
through interaction with NO production. Thus endothelial
mitochondrial dysfunction, aberrant ROS production and
oxidative stress are increasingly recognized as critical steps in
the initiation of endothelial dysfunction and the development
of atherosclerosis [28].
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Glucose transport and metabolism in
endothelial cells

Au
th

Although the majority of glucose that crosses the vascular
endothelium en route to other tissues does so via a paracellular
pathway, transport of glucose into vascular endothelial cells
occurs primarily via GLUT1 (glucose transporter 1) proteins
embedded in the cell membrane [30]. GLUT1 proteins transport glucose via facilitated diffusion, which is a passive,
concentration gradient-dependent, process [31].
GLUT1 is a high-affinity low Michaelis constant (K m )
glucose transporter, the properties of which are described
by Michaelis–Menten kinetics [32]. The high affinity and
low K m for the transporter suggests that it will be saturated
at normal physiological glucose concentrations (∼5 mM)
and that solute uptake will be relatively constant under
physiological conditions. Once glucose enters the cell, it
is phosphorylated by hexokinase, thus becoming unable
to leave the cell. Importantly, because they lack GLUT4
proteins, endothelial cells do not regulate glucose transport
in response to changing insulin levels in the blood [33].
Endothelial cells were previously thought to be ‘glucose
blind’ and thus unable to regulate GLUT1 expression in
response to an HG challenge. However, it is now thought
that endothelial GLUT1 expression can be down-regulated in
response to hyperglycaemia, but that this is dependent on the
area of the vasculature in question [34]. For example, aortic
endothelial cells exposed to a prolonged HG challenge were
able to adapt GLUT1 expression accordingly, taking between
36 and 48 h to achieve a 60 % reduction in transport [35]. Yet,
perhaps importantly, it appears that transient short-term HG
exposure is insufficient to trigger this adaptive regulatory
response [36,37].
In the presence of oxygen, most eukaryotic cells utilize the
process of oxidative phosphorylation to produce the majority
of required ATP. Briefly, glucose is metabolized through the
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Effects of high glucose and intermittent
high glucose on endothelial cells
HG is known to result in various forms of damage
that contribute to endothelial dysfunction and vascular
disease. Hyperglycaemia-derived endothelial dysfunction
can arise from alterations in intracellular signalling, changes in
metabolic activity and modifications of the cell ultrastructure
[42]. Similarly, HG can induce DNA damage, apoptosis and
senescence in HUVECs (human umbilical vein endothelial
cells) [43,44]. HG is thought to exert its damaging effect
on endothelial cells through four different pathways: (i) the
polyol, (ii) hexosamine, (iii) PKC (protein kinase C), and (iv)
advanced glycation end-product pathways [45]. Importantly,
it has been demonstrated that these various pathways of HGinduced damage are mediated by the aberrant production of
O2 • − and the onset of oxidative stress [46].
In vitro studies have shown that intermittent HG increases
several markers of damage in endothelial cells. Intermittent
HG has been shown to increase apoptosis concomitant
with the induction of oxidative stress [12,14]. However,
intermittent HG has also been reported to both reduce
and increase cellular proliferation, involving ROS and NFκB (nuclear factor κB) pathways, perhaps highlighting
differential effects between the macro- and micro-vasculature
[15,16]. The finding that oscillating glucose more strongly
induces p53 activation than constant HG suggests that a
state of cellular ‘confusion’ is induced, whereby the lack
of consistent feedback inhibition can affect the long-term
functioning of mitochondria [47].

Redox Regulation in Health and Disease

Figure 2 Summary of the bioenergetic metabolism of glucose
Glycolysis in the cytosol generates pyruvate, which can be converted into lactate or undergo decarboxylation in the
mitochondrial matrix to form acetyl-CoA, which feeds into the Krebs cycle. This cycle produces the reduced electron-carrying
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cofactors NADH and FADH2 , which supply electrons to the ETC, fuelling the proton pumps that power oxidative
phosphorylation. This Figure was reproduced from [55] with permission of Annual Review of Cell Developmental Biology,
Volume 27 by Annual Reviews, http://www.annualreviews.org.

Although it has been shown that intermittent HG may
be associated with increased markers of diabetes-related
hyperglycaemic injury in vivo and elevated HG-related
damage in vitro, the effects of acute intermittent HG (to
mimic post-prandial glucose excursions) on ROS production
in endothelial cells have not yet been elucidated. The effect
of ‘intermittent’ compared with ‘constant’ HG on ROS production in vitro is an important missing piece of the puzzle.
It has been shown that increased hyperglycaemiamediated O2 • − formation results from up-regulated glucose
metabolism, leading to hyperpolarization of the mitochondrial membrane [48]. However, there is some dispute
over mechanisms by which HG induces ROS formation,
with NADPH oxidases also implicated as a source of
hyperglycaemia-induced increased O2 • − production [49] in
addition to the respiratory chain. Although it is becoming
clear that there is ‘cross-talk’ between mitochondria and

NADPH oxidases [50], the direct and chronological effects
of HG are still unclear. With the bioenergetic pathways
of glucose metabolism converging on the mitochondria,
it would seem logical that increased glucose metabolism,
and thus increased electron delivery to the ETC, may
underpin at least the initial increase in hyperglycaemiainduced endothelial ROS generation.

Hyperglycaemia and O2 • − production in
endothelial cells: the bioenergetic link
The bioenergetic processes of glycolysis, the oxidative decarboxylation of pyruvate, the Krebs cycle and oxidative
phosphorylation are inextricably linked, directing electron
carrying metabolites towards the ETC of the inner
mitochondrial membrane (Figure 2). That endothelial cells
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that the other cellular components that are central to the
atherothrombotic process, namely circulating monocytes
and platelets, are similarly exposed to unbuffered glycaemic
fluctuations in the blood and are recognized to also
experience enhanced ROS generation, with consequential
effects on inflammation and thrombosis. Taken together,
the impact of hyperglycaemia on endothelial cell, monocyte
and platelet respiratory function and ROS production is
likely to represent a causal link between diabetes and
atherothrombosis.
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are glycolytic in nature does not negate the possibility
that increased pyruvate and/or lactate production, as a
result of increased glucose metabolism, may burden the
mitochondrial ETC with electrons that are surplus to
respiratory requirement. As previously mentioned, it is
thought that endothelial exposure to HG may result in
increased mitochondrial O2 • − production in endothelial
cells, thus suggesting an effect on mitochondrial dynamics.
HG has been found to increase glycolytic intermediates, but
not mitochondrial respiration, in terms of overall oxygen
consumption in endothelial cells [51]. This is perhaps
unsurprising, given the glycolytic nature of endothelial cells
in the presence of glucose; however, it does not preclude
there being a change in the way oxygen is utilized in the
mitochondria. Indeed, no change in mitochondrial oxygen
consumption or increase in ROS generation was found upon
exposure of bovine aortic endothelial cells to HG [52].
However, these cells were subjected to only a single
exposure of HG (25 mM) lasting 18 h; it is possible that
repeat exposures or a more chronic glucose exposure model
might have a more substantial impact on mitochondrial
dynamics and consequent ROS production in endothelial
cells. Indeed, a study on hydrogen sulfide therapy in
microvascular endothelial cells showed that exposure to
HG (40 mM, 7 days, replenished every day) induced both
an increase in mitochondrial O2 • − production and a
considerable decrease in the maximum uncoupled respiratory
rate [53]. The maximum uncoupled respiratory rate reflects
the reserve capacity of the mitochondria in terms of
oxygen consumption, which is a critical factor in endothelial
bioenergetics [54]. The findings by Suzuki et al. [53] suggest
that HG exposure could influence the way in which oxygen is
utilized within the mitochondria of endothelial cells, without
necessarily changing the overall level of oxygen consumption.
Clearly, more work is required to establish the effects
of HG on mitochondrial dynamics in endothelial cells.
However, it is logical to hypothesize that any significant HGinduced changes in mitochondrial function are likely to have
an impact on mitochondrial O2 • − generation.
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Summary
There is an inextricable link between diabetes and CVD.
The impact of hyperglycaemia and, potentially, dramatic
glucose excursion on endothelial cell function might play a
critical role in driving the link between the two conditions.
Hyperglycaemia is a major causal factor for the development
of atherosclerosis through the induction of ROS-mediated
endothelial dysfunction. There is good evidence in the
literature to suggest that the source of the hyperglycaemiainduced ROS is mitochondrial and that increased O2 • − may
be a consequence of increased glucose metabolism. It is
hypothesized that an increased glucose burden in endothelial
cells results in altered bioenergetic activity, mitochondrial
dysfunction and O2 • − generation. Although the present
review has focused on endothelial cells and their exposure
to blood glycaemic conditions, it is important to note
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