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ABSTRACT
Cardiovascular disease is the primary cause of morbidity and mortality in patients with
diabetes. Endothelial dysfunction is recognised to be a key early event in the atherogenic
process that underpins vascular disease, and endothelial hyperglycaemic exposure or
excursion could underpin this process. In addition, increased fructose consumption has
been implicated in critical aspects of atherosclerosis. Although the adverse effects of high
fructose consumption on hepatic metabolism have been extensively described, the direct
effect of circulating fructose exposure on endothelial cell function is not fully understood.
Furthermore, alteration of intracellular insulin signalling, described as vascular insulin
resistance, could arise from the continuous hyperglycaemic exposure and consequent
high insulin concentrations.
In this study, the effect of chronic, acute and oscillating glucose exposure on a humanderived endothelial cell line, EA.Hy926, was examined. EA.hy926 cells were
preconditioned with two distinctive pre-treatment glucose conditions during the cell
growth phase: (“normal glucose”, NG; NGPC cells) or 25 mM glucose (“high glucose”,
HG; HGPC cells). Both of these cell groups were exposed to three test carbohydrate
concentrations (5.5, 12.5 and 25 mM) for 48 hours and the measurement of bioenergetics,
cell function and key endothelial cell mediators compared for HGPC and NGPC cells.
Further complexity was incorporated into the model by partial substitution of glucose
with fructose and by the inclusion of insulin. The impact of the various test conditions
was measured in terms of bioenergetics, using a metabolic analyser, and cell function by
measurement of key endothelial cell mediators (nitric oxide (NO), endothelin-1 and
thrombolytic factors).
Chronic HG exposure modulated cell bioenergetics and decreased mitochondrial
respiration, production of mediators of vessel tone (NO, endothelin-1) and fibrinolysis
(tissue plasminogen activator, plasminogen activator inhibitor-1). These effects were not
reversed after acute exposure to NG. Addition of fructose increased markers of metabolic
activity, but reduced NO generation. The effect of insulin was complex, impacting both
bioenergetics and NO generation and dependent upon the presence of fructose, as well as
the glucose concentration of the medium.

2

In conclusion, this study showed that chronic glucose exposure induces long-lasting
changes in bioenergetics, antioxidant defence and production of mediators of vascular
tone and fibrinolysis in EA.hy926 cells. The results highlighted deleterious and longlasting changes to endothelial cell function induced by chronic hyperglycaemia which
could not be reversed in an improved glycaemic environment. Moreover, fructose
introduces an additional adverse effect on cell function, which is further complicated by
the presence of insulin. All taken together, this study reinforces the importance of the link
between carbohydrate load, diabetes, endothelial function and cardiovascular disease.
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CHAPTER 1: INTRODUCTION
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1.1 The endothelium and its functions
The endothelium is a monolayer of squamous cells of mesodermal origin that forms the
tunica intima of blood vessels (arteries, arterioles, veins, venules, and capillaries) and
lymphatic vessels (Félétou, 2011b). Its existence as the intimal surface of the
cardiovascular system ensures that the endothelium represents the interface between
circulating blood in the lumen and the vessel wall (Goto et al., 2013).
The endothelium was originally considered to be a passive interface between the blood
and tissues, but it is now clear that it is a highly active pseudo-organ which responds to
and influences its environment (Aird, 2007a). Endothelial cells (ECs) act as a semiselective barrier between the vessel lumen and the surrounding tissues, mediating the
transport of molecules via transcellular, para-cellular and intracellular diffusion. As
shown in Figure 1-1, the endothelium is implicated in the regulation of blood vessel tone
via the production of a range of vasoactive mediators, including nitric oxide (NO),
prostaglandins, thromboxane (TxA2), and endothelin-1 (ET-1) (Ramadan et al., 1990;
Hink et al., 2001; Stone et al., 2003; Aird, 2005, 2007a; Marasciulo, Montagnani and
Potenza, 2006; Félétou, 2011a; Pistrosch, Schaper and Hanefeld, 2013). Importantly, ECs
are also implicated in the regulation of the thrombotic and fibrinolytic processes: they
produce the antithrombin cofactor heparin sulphate and generate fibrinolytic agents like
tissue plasminogen activator (t-PA) (Saksela and Rifkin, 1990; Vilar et al., 1997; Myrup
et al., 2004; Wannamethee et al., 2008). ECs also regulate blood clotting via the
production of von Willebrand Factor, a glycoprotein involved in coagulation and platelet
adhesion (Baumgartner-Parzer et al., 1995; Sadler, 1998; Veillard et al., 2004; HernestålBoman et al., 2012). Furthermore, the endothelium is involved in modulating fluid
filtration, most notably in the glomerulus of the kidney, in the maintenance of vascular
homeostasis (Aird, 2007b; Félétou, 2011a), inflammation, neutrophil recruitment,
hormone trafficking and angiogenesis (Félétou, 2011b).
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Figure 1-1. Overview of modulation of vessel tone by ECs. ECs regulate vessel tone via the production of
vasodilatory (e.g. NO, PGE2α, PGD2 and PGI2) and vasoconstrictor agents (including PGF2α, thromboxane
-TxA2- and ET-1). The red line between ONOO- and PGI2 represents its inhibitory effect.
Abbreviations: arachidonic acid (AA), phospholipase A2 (PLA2), endothelin-1 (ET-1), adenosine
diphosphate (ADP), acetylcholine (ACh). cyclooxygenase 1 (COX-1), cyclooxygenase 2 (COX-2),
prostaglandin D2 (PGD2), prostaglandin E2α (PGE2α), prostaglandin F2α (PGF2α), prostaglandin H2
(PGH2), reactive oxygen species (ROS), superoxide anion (O2•-), peroxynitrite (ONOO-), endoplasmic
reticulum (ER), vascular smooth muscle cells (VSMCs), prostacyclin (PGI2), thromboxane (TxA2),
thromboxane receptor (TP), prostacyclin receptor (IP), adenylate cyclase/cyclic adenosine monophosphate
(AC/cAMP) pathway, cyclic 3’-5’ guanosine monophosphate (cGMP), nitric oxide (NO), endothelial NO
synthase (eNOS), guanylate cyclase (GC).

1.2 Endothelial cell metabolism
ECs are in constant contact with the blood and hence, experience all the changes in
nutrient concentration. For this reason, alterations like dyslipidaemia, hyperglycaemia
and hypercholesterolaemia, can directly affect ECs function and homeostasis (Hadi and
Suwaidi, 2007). The physiological concentration of glucose in blood plasma is usually
between 3.6 and 5.8 mM and is tightly regulated as a part of metabolic homeostasis
(Aronoff et al., 2004; Güemes, Rahman and Hussain, 2016). While glucose is the main
source of energy for ECs, those amino acids with the highest rates of oxidation
(glutamate, glutamine, alanine, asparagine) are also metabolised to intermediates before
entering the Krebs cycle, also named the tricarboxylic acid (TCA) cycle (Krützfeldt,
1990; Eelen et al., 2018); catabolism of these substrates have been characterised in bovine
pulmonary artery ECs (BPAECs) (Davda et al., 1995). Recent evidence from human
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umbilical vein ECs (HUVECs) incubated at a glucose concentration of 5 mM suggests
that fatty acids can also serve as an energy source, with adenosine triphosphate (ATP)
levels produced by fatty acid oxidation increased by 25 % (Dagher et al., 2001).
1.2.1 Endothelial glucose metabolism
The carrier responsible for the internalization of glucose via facilitated diffusion in the
EC is the glucose transporter (GLUT) 1 that, unlike GLUT4, is constitutively expressed
in the membrane of ECs and is not regulated by insulin (Olson and Pessin, 1996). GLUT1
has a low Michaelis constant (Km=1-2 mM) and high affinity for glucose (Mueckler,
1994). However, recent studies demonstrate that in some regions of the circulatory
system, like the blood-brain barrier (Cornford et al., 1995), ECs can downregulate the
expression of GLUT1 in response to high glucose concentrations in vitro and in vivo
(McCall et al., 1997; Sone, Deo and Kumagai, 2000). Vascular endothelial growth factor
(VEGF) can also increase GLUT1 through phosphoinositide 3-kinase (PI3K)-Akt
signalling (Yeh, Lin and Fu, 2007) and increase glycolytic enzymes expression (lactate
dehydrogenase-A (LDH-A) and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) (Peters et al., 2009; Parra-Bonilla et al., 2010; Rohlenova et al., 2018).
After glucose enters the cells through the transporter GLUT1 and been phosphorylated
by hexokinase, glucose-6-phosphate (G6P) can also undergo aerobic or anaerobic
glycolysis (Figure 1-2), and be metabolised through alternative pathways, including the
pentose phosphate pathway, the hexosamine pathway, the polyol pathway and the
glucuronate pathway (Oates, 2002; Buse, 2006; Lorenzi, 2007; Preston and Calle, 2010;
Kuricová et al., 2016; Eelen et al., 2018).
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Figure 1- 2. Diagram representing glucose aerobic and anaerobic metabolism in ECs.
Abbreviations: nicotinamide adenine dinucleotide reduced and oxidised (NADH, NAD +), adenosine
triphosphate (ATP), water (H2O), carbon dioxide (CO2).

The glycolytic process converts glucose into pyruvate, through ten reactions that take
place in the cytosol. Glycolysis leads to the production of pyruvate, ATP, and
nicotinamide adenine dinucleotide (NADH). Under anaerobic conditions, the metabolism
of glucose leads to the production of 2 ATP per glucose molecule (Dobrina and Rossi,
1983; Berg, Tymoczko and Stryer, 2002; Lunt et al., 2011). Pyruvate produced by
glycolysis can undergo and take part in many reactions, including its reduction to lactate
by the enzyme lactate dehydrogenase, to restore NAD+ from NADH (Berg, Tymoczko
and Stryer, 2002; Zielke, Zielke and Baab, 2013; Rogatzki et al., 2015). Pyruvate is
decarboxylated and oxidised to form acetyl-Co-A, which is then utilised by the
mitochondrial enzymes of the Krebs Cycle to produce up to 2 more ATP molecules and
reduced electron-carrying cofactors NADH and flavin adenine dinucleotide (FADH2)
(Figure 1-3). NADH and FADH2 are then used by the mitochondrial electron transport
chain (ETC) as electron donors in the oxidative phosphorylation process. The reducing
equivalents carried on cytosolic NADH derived from glycolysis can enter the
mitochondrial matrix by two different routes, the malate-aspartate shuttle and the glycerol
3-phosphate shuttle (Boveris and Chance, 1973; Barron, Gu and Parrillo, 1998; Minárik
et al., 2002; Cavero et al., 2003; Marieb and Hoehn, 2015).
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As shown in Figure 1-3, the ETC comprises five complexes located in the inner
mitochondrial membrane. Here, the electrons are transferred from one complex to the
next, following an increasing redox potential. The structures are electrically connected by
electron carriers, such as cytochrome c and ubiquinone. Under aerobic conditions, the
final acceptor of electrons is molecular oxygen (Lunt et al., 2011; C. et al., 2012; Akram,
2014; Rogatzki et al., 2015). The energy obtained through the transfer of electrons in the
ETC is used to pump protons from the mitochondrial matrix into the intermembrane
space, creating an electrochemical proton gradient (ΔpH) across the inner mitochondrial
membrane. This proton gradient creates a mitochondrial membrane potential (ΔΨM) and
is used by Complex V (ATP synthase) to produce ATP from ADP and inorganic phosphate
(Pi) using the spontaneous flux of protons from the intermembrane space to the
mitochondrial matrix (Perry et al., 2011; Zorova et al., 2018). Briefly, electrons are
transferred from NADH derived from the Krebs Cycle to coenzyme Q (ubiquinone) via
Complex I. Coenzyme Q also receives electrons from Complex II (succinate
dehydrogenase). Electrons are then transferred by ubiquinone to Complex III
(cytochrome bc1 complex), to cytochrome c and Complex IV (cytochrome c oxidase),
which uses the electrons and hydrogen ions to reduce molecular oxygen to water (Ren et
al., 2010). Finally, the proton gradient created across the inner mitochondrial membrane
is then used to produce and release ATP by Complex V of the ETC to the mitochondrial
matrix (Boyle, 2005). Few electrons can exit the ETC, generally through Complex I and
the ubiquinone–Complex III interface (Kwong and Sohal, 1998; Bergendi et al., 1999;
Jastroch et al., 2010; Brand, 2016), producing O2•-.
Glucose sustains aerobic and anaerobic metabolism in ECs. In microvascular ECs at a
physiologically relevant glucose concentration (5.5 mM), the catabolism of amino acids,
lactate and palmitate is reduced (Krützfeldt, 1990), while the hexose monophosphate
pathway represents only 1.2% of glucose metabolism, and the Krebs cycle only 0.04%.
These data suggest that almost all of the energy obtained from glucose in cultured ECs is
generated by the glycolytic pathway (Krützfeldt, 1990; Mann, Yudilevich and Sobrevia,
2003; De Bock et al., 2013; Rohlenova et al., 2018), requiring a relatively low
consumption of oxygen, demonstrated by the decrease of the oxygen consumption rate
(OCR). At the same time, oxidative metabolism is inhibited, following the Crabtree effect.
This describes as increased mitochondrial respiration in the presence of low glucose level
(approximately 1 mM) and decreased respiration and growth inhibition in high glucose
condition (25 mM of glucose) (Krützfeldt, 1990; Koziel et al., 2012). An example is
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represented in HUVECs whereby glycolytic flux (1.5 μmol glucose·h-1·mg protein-1) was
found to be 200-fold higher than glucose oxidation fluxes (Krützfeldt, 1990). In a similar
way, Rohlenova et al. estimated that rat coronary microvascular ECs metabolise
approximately 98% of glucose to lactate and only 0.04% was oxidised in the Krebs cycle
(Rohlenova et al., 2018). Despite the great availability of oxygen in the vasculature
(approximately 100 mmHg for arterial ECs) (Eichmann and Simons, 2013) and the 20fold greater ATP that could be obtained per glucose mole with oxidative phosphorylation,
compared to the anaerobic glycolysis, it is perhaps surprising that ECs prioritise anaerobic
glucose metabolism over aerobic respiration. Many hypotheses have been postulated to
explain this metabolic feature of ECs. Firstly, the production of ATP via the glycolytic
pathway is believed to produce less potentially harmful mitochondrial reactive oxygen
species (ROS). Secondly, the lower consumption of O2 preserves oxygen for the
surrounding tissues. Finally, in some cases, glycolysis represents a quicker source of
energy (Eelen et al., 2018). For example, in a study performed by Parra-Bonilla et al.,
highly glycolytic pulmonary microvascular ECs (PMVECs) showed a more rapid growth
rate and ATP production rate compared to pulmonary arterial ECs (PAECs), which have
a higher reliance on more oxidative metabolism (Parra-Bonilla et al., 2010). Lactate
produced by anaerobic glycolysis can function as a pro-angiogenic signalling molecule,
explaining the accelerated growth rate in PMVECs (Hunt et al., 2007; Vegran et al., 2011;
Sonveaux et al., 2012; Ruan and Kazlauskas, 2013).
The preference for glycolytic metabolism correlates with the relatively small number of
mitochondria in ECs (2-6% of the cellular volume, compared with 28 and 32% of
hepatocytes and cardiomyocytes respectively) (Tang et al., 2014). Research from
Clementi et al. showed that the low mitochondrial activity in ECs is partially driven by
endothelial NO production, which inhibits mitochondrial respiration via inhibition of
cytochrome c oxidase (Clementi et al., 1998). Cerebral ECs (CECs), that form the bloodbrain barrier, represent an exception, containing almost double the mitochondrial volume
of other EC subtypes (Oldendorf, Cornford and Brown, 1977). In these cells, a greater
reliance on oxidative metabolism is necessary to produce the ATP necessary to sustain
multiple transport systems that are specific to the blood-brain-barrier (Cucullo et al.,
2011).
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Figure 1- 3. Illustration of glucose aerobic metabolism. In the presence of oxygen, glucose is metabolised
through glycolysis (cytoplasm), producing pyruvate. This is oxidised and decarboxylated in Acetyl Co-A
(by the enzyme pyruvate dehydrogenase) which enters the TCA (mitochondrial matrix). The electron
transporters NADH and FADH2 derived by the TCA are then fuelling the mitochondrial ETC, whereby O 2
is reduced to water by Complex IV upon electron flow through the ETC Complexes I, II and III. ATP is
produced by Complex V of the ETC, using the proton gradient created by the passage of the electrons
through the four complexes above. O2•- is produced from the spontaneous reduction of O 2 by electrons
“leaking” from the ETC.
Abbreviations: nicotinamide adenine dinucleotide reduced and oxidised (NADH, NAD +), flavin adenine
dinucleotide reduced and oxidised (FADH2, FAD+), adenosine diphosphate (ADP) and adenosine
triphosphate (ATP), ubiquinol (QH2), ubiquinone (Q), guanosine triphosphate and diphosphate (GTP,
GDP), proton (H+).

1.2.1.1 Glucose secondary metabolic pathways
1.2.1.1.1 The pentose phosphate pathway
The pentose phosphate pathway (PPP), illustrated in Figure 1-4, can be divided into an
oxidative branch, and a non-oxidative branch. In the oxidative branch of PPP, G6P is
oxidised by the rate-limiting enzyme, glucose 6 phosphate dehydrogenase (G6PD), with
the generation of ribulose-5-phosphate. This is followed by transketolase (TK)-driven
formation of ribose-5-phosphate, a substrate for nucleotide synthesis, in the non-oxidative
branch of the PPP (Dobrina and Rossi, 1983; Kuricová et al., 2016; Eelen et al., 2018;
Rohlenova et al., 2018). As well as G6P, the glycolytic intermediates, fructose-6phosphate (F6P) and glyceraldehyde-3-phosphate can enter the PPP via the non-oxidative
branch, in the reaction catalysed by TK, leading to the formation of xylulose-5-phosphate.
Importantly, the oxidative branch of the PPP produces NADPH, an important cofactor for
26

eNOS-driven NO synthesis, for glutathione reductase, which converts oxidised
glutathione disulphide (GSSG) into the antioxidant reduced glutathione (GSH), and a
cofactor for lipid and nucleotides synthesis (Chew and Watts, 2004; Patra and Hay, 2014;
Sengupta, 2014).

Figure 1- 4. Illustration of the oxidative and non-oxidative branches of the PPP, and of the interconnection
with the glycolytic pathway. PPP leads to the formation of NADPH, ribose 5P and xylulose 5P. NADPH is
an important electron donor for the restoration of GSH from GSSG, a reaction catalysed by glutathione
reductase, and a cofactor for several intracellular reactions, including NO formation from eNOS.
Abbreviations: glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), fructose 1,6 biphosphate (F1,6P2),
glyceraldehyde-3-phosphate (G3P), 3-phosphoglycerate (3PG), phosphofructokinase 1 (PFK1), 6phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKB3), fructose 2,6 bisphosphate (F2,6P 2), lactate
dehydrogenase (LDH), glyceraldehyde 3 phosphate dehydrogenase (GAPDH), phosphoglycerate kinase
(PGK), glucose-6-phosphate dehydrogenase (G6P DH), reduced and oxidised glutathione (GSH and
GSSG), adenosine triphosphate (ATP), adenosine diphosphate (ADP).

1.2.1.1.2 The hexosamine biosynthesis pathway
Glycolysis-derived F6P can be shunted into the hexosamine biosynthesis pathway (HBP;
Figure 1-5) (Buse, 2006). This pathway is activated by a nutrient overload, requiring
glucose, acetyl-CoA, ATP, glutamine and uridine to form the UDP-N-acetylglucosamine
(UDP-GlcNAc), that is used for protein glycosylation as VEGF receptor 2 (VEGFR2)
and notch (Benedito et al., 2009; Couchie et al., 2017), important for angiogenesis
(Banerjee, Lagerlöf and Hart, 2016). The rate-limiting enzyme for this pathway is
glutamine/fructose-6-phosphate

aminotransferase

1

(GFAT1),

which

generates
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glucosamine-6-P from F6P and glutamine. ER stress and the unfolded protein response
(UPR) are linked to the HBP activation and modulate the rate-limiting enzyme GFAT1
expression, via the activation of the spliced X-box binding protein 1 (XBP1s) (Wang et
al., 2014), as well as activating transcription factor 4 (ATF4) (Chaveroux et al., 2016).

Figure 1- 5. Illustration of the HBP, which leads to the production of UDP-GlcNAc, essential cofactor for
proteins glycosylation reactions.
Abbreviations: Glucose-6-phosphate (G6P), fructose 6 phosphate (F6P), fructose 1, 6 biphosphate (F1,6P 2),
glyceraldehyde-3-phosphate (G3P), glucosamine-6-phosphate (glucosamine-6-P), 3 phosphoglycerate
(3PG), phosphofructokinase 1 (PFK1), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKB3),
fructose 2,6 bisphosphate (F2,6P2), lactate dehydrogenase (LDH), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), phosphoglycerate kinase (PGK), adenosine triphosphate (ATP), adenosine
diphosphate (ADP), Glutamine/fructose-6-phosphate aminotransferase 1 (GFAT1), uridine diphosphate-Nacetylglucosamine (UDP-GlcNAc), adenosine diphosphate (ADP), adenosine triphosphate (ATP),
nicotinamide adenine dinucleotide reduced (NADH) and oxidised (NAD+), nicotinamide adenine
dinucleotide phosphate reduced (NADPH), nicotinamide adenine dinucleotide phosphate oxidised
(NADP+).

1.2.1.1.3 The polyol pathway
The polyol pathway (Figure 1-6) metabolises 3% of glucose under physiological
conditions. In the first step of this pathway, the enzyme, aldose reductase (ALR2) reduces
glucose to sorbitol, using NADPH as an electron donor (in turn regenerated by GSH
redox-cycling). Sorbitol is then converted to fructose by sorbitol dehydrogenase (SORD),
which uses NAD+ (Mapanga, and al., 2015; Lorenzi, 2007). Fructose can lead to the
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formation of 3-deoxyglucosone, a powerful glycating agent (Szwergold, Kappler and
Brown, 1990; Vander Jagt and Hunsaker, 2003; Thornalley, 2005; Lorenzi, 2007)
Under pathological conditions, like diabetes, the overactivation of the polyol pathway,
which is normally low in healthy ECs, can contribute to disease progression (Oates, 2002;
Lorenzi, 2007; Preston and Calle, 2010; Mapanga and Essop, 2016; Yan, 2018).

Figure 1- 6. Illustration of the polyol pathway and link to the 3-DG formation.
Abbreviations: aldose reductase 2 (ALR2), sorbitol dehydrogenase (SORD), 3-deoxyglucosone (3-DG).

1.2.1.1.4 The glucuronate pathway
The glucuronate pathway (Figure 1-7) usually accounts for 5% of total human glucose
metabolism (Carbone et al., 2005). This pathway is important for glycogen synthesis and
galactose metabolism, with the production of uridine diphosphate (UDP) glucose from
G6P (Carbone et al., 2005; Adeva-Andany et al., 2016). UDP glucose is then oxidised to
UDP-glucuronic acid (UDP-GlcUA), which is converted to uronic acid, xylitol, and
xylulose-5-phosphate to finally generate ribulose-5-phosphate, that is the end product of
the oxidative branch of the PPP, described above (Adeva-Andany et al., 2016). In
addition, the glucuronic pathway is connected to the HBP or to the glycolytic pathway,
with the conversion of xylulose-5-phosphate into F6P by TK.
UDP-GlcUA can be also used for the detoxification pathway glucuronidation, where the
UDP-glucuronyl transferase (UGT) covalently binds glucuronic acid to drugs, fatty acids
(FAs), bile acids, bilirubin and steroid hormones (Rowland, Miners and Mackenzie,
2013). Although this pathway is mainly active in hepatocytes, UGT isoforms are also
found in human brain microvascular ECs (Ghosh et al., 2013; Ouzzine et al., 2014;
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Magistretti and Allaman, 2016), where it has been postulated to protect these cells from
toxic compounds (Ouzzine et al., 2014).

Figure 1- 7. Illustration of the glucuronate pathway, which rarely involves glucose metabolism in ECs,
leading to the formation of intermediates of detoxification.
Abbreviations: Glucose-6-phosphate (G6P), fructose 6 phosphate (F6P), fructose 1, 6 biphosphate
(F1,6P2), glyceraldehyde 3 phosphate (G3P), 3-phosphoglycerate (3PG), phosphofructokinase 1 (PFK1),
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKB3), fructose 2,6 bisphosphate (F2,6P2),
lactate dehydrogenase (LDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate
kinase (PGK), reduced and oxidised glutathione (GSH and GSSG), adenosine triphosphate (ATP),
adenosine diphosphate (ADP), Glutamine/fructose-6-phosphate aminotransferase 1 (GFAT1), Uridine
Diphosphate (UDP), UDP-glucuronic acid (UDP-GlcUA), UDP-glucuronyl transferase (UGT).

1.2.2 Endothelial amino acid metabolism
Essential and non-essential amino acids can enter the TCA after transamination (removal
of their amino group) by transaminase, to form keto acids. A very important example is
represented by glutamine: this amino acid is an essential source of carbon and nitrogen
for ECs. In the first case, it enters the TCA after deamination catalysed by the enzyme
glutaminases (GLT, that exists in two isoforms). In HUVECs, the inhibition of GLT
causes senescent metabolism (Unterluggauer et al., 2008) and inhibits asparagine
synthesis, compromising vessels sprouting (Huang et al., 2017). The nitrogen derived
from glutamine is essential in the synthesis of both purines (adenine and guanine) and
pyrimidines (cytosine, thymine and uracil). On the other hand, glutamine and the
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glucosamine derived from its GFAT1-mediated metabolism inhibit endothelial NO
production, by lowering the NADPH production from PPP activity, which is required for
eNOS activity (Wu et al., 2001).
Findings from Sen et al. showed that HUVECs and their arterial counterparts can convert
glutamine into γ-aminobutyric acid (GABA) using the enzyme glutamic acid
decarboxylase (GAD), with the final production of glutamate GABA. This product
showed many benefits: it was able to counteract ROS generation and prevent monocyte
adhesion by decreasing vascular cell adhesion molecule-1 and monocyte chemoattractant
protein-1 expression. GABA also increased pyruvate oxidation and fatty acid oxidation,
through an increase of mitochondrial palmitate uptake, while GAD inhibition reduced
cellular ATP levels. Finally, GABA reduced blood pressure in a dose-dependent way (Sen
et al., 2016).
Another important amino acid for EC metabolism and function is L-arginine. This amino
acid has a plasma concentration of 0.095-0.250 mM (Tapiero et al., 2002) and
intracellular levels vary between 2 and 4 mM in freshly isolated ECs and 0.1 - 0.8 mM in
cultured ECs (Mann, Yudilevich and Sobrevia, 2003). In ECs L-arginine is internalised
by the arginine transporter CAT-1 (SLC7A1), metabolised by arginase (presents in two
isoforms, cytosolic and mitochondrial) and eNOS (Chen, Lucas and Fulton, 2013). The
first enzyme forms urea and ornithine, used for proline, polyamine, or proline synthesis.
eNOS competes with arginase in the metabolization of arginine, catalysing the conversion
of arginine to citrulline, and the final production of the important vasodilator NO. Other
than through direct substrate competition, eNOS can lower arginase activity by producing
Nω-hydroxy-L-arginine (L-NOHA), an intermediate of NO synthesis (Santhanam et al.,
2008; Elms et al., 2013).
Another connection between arginine metabolism and NO production has been
highlighted by the study from Kakoki et al., in which it was found that the extracellular
presence of both cationic (ornithine, lysine, homoarginine) and neutral (glutamine,
leucine, serine) amino acids depressed endothelial NO production in EA.hy926 cells,
through the reduction of arginine uptake and the increase on its efflux (Kakoki et al.,
2006).
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1.2.3 Endothelial cells and plasma fatty acids
Circulating fatty acids (FAs) in blood plasma represent a combination of those derived
from endogenous lipolysis and those derived from intestinal absorption. Circulating FAs
exist in two forms: esterified triglycerides (TGs) contained in lipoproteins (chylomicrons
and very-low-density lipoproteins -VLDLs-) or non-esterified, non-covalently bound to
albumin. Non-esterified or “free” FAs results from the action of hormone-sensitive lipase
(HSL) and adipose triglyceride lipase (ATGL) in the adipose tissue, as well as from the
action of lipoprotein lipase (LPL), an enzyme located on the luminal side of the
endothelium,

together

with

glycosylphosphatidylinositol-anchored

high-density

lipoprotein–binding protein 1 (GPIHBP-1) (Davies et al., 2010).
The endothelium can take part in FAs metabolism prior to diffusion to underlying cells
(De Caterina, Liao and Libby, 2000; Mehrotra et al., 2014; Eelen et al., 2018). Like other
molecules, FAs can cross the endothelium in three ways: via intracellular, intercellular
and transcellular pathways. It is still not clear how FAs cross the endothelium to reach
the underlying parenchyma, but the discovery of FA transporters and acyl-CoA synthesis
supports the transcellular transport hypothesis. Specifically, this hypothesis states that
FAs resulting from TG metabolism are transported into ECs by a CD 36-dependent
mechanism (Williams and Fisher, 2011). In vitro experiments also showed the presence
of FA transport proteins 3 and 4 on ECs, stimulated by paracrine factors secreted by
parenchymal cells (Iso et al., 2013). Among these, VEGF-B (Hagberg et al., 2010),
produced by skeletal and heart muscle cells, peroxisome proliferator-activated receptorγ (PPAR-γ) (Rival et al., 2002; Goto et al., 2013) and 3-hydroxy-isobutyrate appear to be
particularly important. The latter, produced from valine catabolism, may be involved in
muscle lipotoxicity and IR (Jang et al., 2016).
ECs can also take part in FAs metabolism and distribution to cells. For example, ECs that
constitute capillaries in organs that use FAs as fuel, including heart and skeletal muscle,
can metabolise chylomicron and VLDL-derived TGs to FFAs, providing nutrients for the
cells (De Caterina, Liao and Libby, 2000). Moreover, in vitro and in vivo studies
performed by Kuo et al. (2017) demonstrated the uptake of FFAs from ECs and their
intracellular esterification into TGs (Kuo, Lee and Sessa, 2017). ECs contain the enzymes
for lipid synthesis (diacylglycerol O-acyltransferase 1-) and lipolysis (adipose
triglyceride lipase) and the two processes happen simultaneously in order to maintain TGs
homeostasis and to avoid lipotoxic endoplasmic reticulum (ER) stress. This leads to the
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temporary formation and dissolution of lipid droplets. FFAs derived from lipid droplets
are then released in the tissues or return to the circulation (Kuo, Lee and Sessa, 2017).
The formation of lipid droplets involves enzymes located in the ER membrane (Buhman,
Chen and Farese, 2001). The process is a common characteristic of many cell types - not
least adipocytes - but also occurs in other cells as a consequence of the exposure to
excessive concentrations of FFAs. In vivo formation of excessive lipid droplets in skeletal
muscle and liver cells is typical of obesity, which can predispose affected individuals to
insulin resistance (Unger and Scherer, 2010). Lipid droplet formation has also been
reported in ECs in mammalian atheroma (Sima, 2002) and in patients with
cardiomyopathy characterised by a loss of function of adipose triglyceride lipase
(Fukuuchi et al., 2008).
An in vivo study conducted by Kuo et al. (2017) demonstrate that ECs can form and
degrade lipid droplets in response to changes in circulating levels of TGs. Moreover, in
vitro studies by the same authors using EA.hy926 ECs showed that these cells can switch
their glycolytic metabolism towards an oxidative metabolism, measured in terms of a
greater OCR and a decreased extracellular acidification rate (ECAR) after exposure to
high FFA concentrations. This can be explained by the greater lipid droplet formation and
dissolution that makes FFAs available for cellular oxidative metabolism (Kuo, Lee and
Sessa, 2017).
It is still not clear why ECs take up and store fat temporarily (Evans et al., 1994). Due to
the toxicity of non-esterified lipids, their esterification into TGs can be a mechanism by
which ECs are protected against ER stress and apoptosis (Kuo, Lee and Sessa, 2017).
Their utilization as an energetic source to produce ATP seems implausible because ECs
rely mostly on glycolytic metabolism. Moreover, the switch in metabolism under
particular conditions, including after the exposure of EC to the hyperglycaemia, might be
a plausible explanation.
The storage of FFAs could also avoid a fat overload after a meal when the concentration
of FFAs increases notably. The entire endothelial surface in humans is able to store up to
20 g of fat in the form of lipid droplets (Aird, 2005; Bianconi et al., 2013), representing
a large proportion of the total amount of fat ingested after a meal. Due to the possible role
of the endothelium in buffering the exposure of deeper cells to FFAs, an excessive blood
FFAs concentration and consequent lipid droplet formation and dissolution in ECs could
mediate endothelial dysfunction (Listenberger et al., 2003; Shulman, 2014). Davda et al.
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(1995) performed a study that supports the possible influence of FFAs on ECs function.
In this study, in vitro administration of oleic acid to ECs reduced eNOS activity. This
finding could explain the loss of eNOS activity in the insulin-dependent production of the
vasodilator NO, a phenomenon that has been shown to be blunted or absent in patients
with insulin resistance, obesity and diabetes, conditions often characterised by high
plasma lipid levels (Laakso et al., 1990, 1992; Davda et al., 1995). Moreover, recent
studies demonstrated that a loss in function of adipose triglyceride lipase in human ECs
leads to an increase of tumour necrosis factor α (TNF-α)-induced intercellular adhesion
molecule (ICAM-1) expression and nuclear factor kappa-light-chain-enhancer of
activated B cells (Nf-κB) activation (Inoue et al., 2011) and promotes micro- and
macrovascular EC dysfunction and inflammation (Schrammel et al., 2014).

1.3 Diabetes and cardiovascular disease
1.3.1 Epidemiology, diagnosis and classification of diabetes
Diabetes is a collective term for a number of metabolic conditions characterised by
elevated blood glucose (hyperglycaemia) as a result of defective insulin secretion and/or
impaired insulin action (Kazi and Blonde, 2019). As shown in Table 1-1, diabetes is
classified into several subtypes. According to a recent report from the World Health
Organization (WHO) (Kazi and Blonde, 2019), 422 million adults are currently living
with diabetes worldwide (Baynest, 2015; American Diabetes Association, 2017; WHO,
2019).
As well as generating problems directly associated with poor glucose control (e.g.
ketoacidosis, non-ketonic hyperosmolar state, dizziness, confusion or loss of
consciousness, polyuria, blurred vision, weight loss), many of the additional issues
associated with longstanding diabetes are driven by macro- and microvascular disease,
collectively described as cardiovascular disease (CVD). This topic is considered in
section 1.3.2 of this chapter.
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Type of diabetes

Subtype

Type 1 DM
Type 2 DM

Hybrid form of DM

Slowly evolving, immunemediated diabetes of adults
(previously called LADA-Latent
Autoimmune Diabetes of Adults)

Ketosis-prone type 2 diabetes

Description
Immuno-mediated β-cell
destruction) and insulin
deficiency
β-cell dysfunction in various
degree and insulin resistance
The β-cell function is
partially retained; presence
of Glutamic Acid
Decarboxylase (GAD)
autoantibody
Ketosis and insulin
deficiency, not immunemediated

Other specific types of diabetes

Monogenic diabetes

Monogenic defects of β-cell
function

Caused by gene mutations

Monogenic defects in insulin
action

Caused by gene mutations
producing severe insulin
resistance
Consequent to pancreas
inflammation, trauma,
tumour, etc
Excessive secretion of
insulin antagonist hormones
Chemotherapy resulting in β
cell destruction
Inflammation resulting in β
cell destruction
Arising from genetic
disorders and chromosomal
abnormalities

Diseases of the exocrine pancreas
Endocrine disorders
Drug- or chemical-induced
Infection-related diabetes
Uncommon specific forms of
immune-mediated diabetes
Other genetic syndromes
sometimes
associated with diabetes

Not classifiable into the
defined subtypes
Gestational diabetes mellitus

Hyperglycaemia below
diagnostic
thresholds for diabetes in
pregnancy

T1 and T2 DM in pregnancy

first diagnosed during
pregnancy

Diabetes during pregnancy

Unclassified diabetes
Table 1- 1. Classification of the main subtypes of diabetes, following the guidelines of the World Health
Organisation, 2019 (WHO, 2019)

Diabetes can generally be diagnosed by defining the hyperglycaemic state through the
measurement of one or more of four parameters: the fasting (defined as no caloric intake
for at least 8 hours) plasma glucose (FPG) value; the 2 h plasma glucose value following
a 75 g oral glucose tolerance test (OGTT), and glycated haemoglobin (HbA1c) (WHO,
2019) (See table 1-2). HbA1c is formed by the non-enzymatic reaction of plasma glucose
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with circulating haemoglobin (World Health Organization, 2011). Despite its utilisation
as a diagnostic method for diabetes in developing countries (World Health Organization,
2011; Eckhardt et al., 2012; Mainous et al., 2014), it is important to note that the HbA1c
test is not accurate alone in the diagnosis of diabetes, but it is an indirect quantification
of blood glucose: according to National Health and Nutrition Examination Survey data,
this presents some limitations (Cowie et al., 2010). Haemoglobin can, in fact, be
indirectly glycated independently of glycaemia, for example in case of HIV treatment
(Kim et al., 2009; Eckhardt et al., 2012), and its glycation status can vary with age,
pregnancy status, ethnicity, anaemia or haemoglobinopathies (American Diabetes
Association, 2016a).
In the presence of the classic symptoms of diabetes mentioned above, the measurement
of the fourth parameter, a random plasma glucose level (11.1 mmol/L), is sufficient for
initial diagnosis of diabetes, which is then usually confirmed by secondary measures. In
the absence of hyperglycaemia, the diagnosis of diabetes requires at least two abnormal
test results from two separate blood samples.
Prediabetes is a term that is applied to individuals in whom glucose or HbA1c measures
are too high to be considered normal, but they do not meet the criteria for diabetes (Tabák
et al., 2012; Pratley, 2013; American Diabetes Association, 2015, 2016b; Bansal, 2015;
Nathan, 2015; Štechová, 2018). Prediabetes is a predictor for diabetes development and
increased CVD risk (Buysschaert and Bergman, 2011; Buysschaert et al., 2015; Nathan,
2015; Huang et al., 2016), especially if associated with obesity, high LDL/low HighDensity Lipoprotein (HDL) cholesterol, hypertriglyceridaemia and hypertension. In
particular, the prediabetic state is defined in the presence of impaired fasting glucose
(IFG) and/or impaired glucose tolerance (IGT) and/or HbA1c between 5.7–6.4% (39–47
mmol/mol) (Pratley, 2013; Bansal, 2015; Buysschaert et al., 2015; Nathan, 2015).
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Diabetes
Fasting plasma glucose (FPG)

≥ 7.0 mmol/L or

2 h plasma glucose*

≥ 11.1 mmol/L or

HbA1c

≥ 48 mmol/mol (6.5%)

Random plasma glucose (in the presence of
hyperglycaemic symptoms)
Impaired glucose tolerance (IGT)

≥ 11.1 mmol/L

Fasting plasma glucose

< 7.0 mmol/L
and

2 h plasma glucose*
Impaired fasting glucose (IFG)

≥ 7.8 and < 11.1 mmol/L

Fasting plasma glucose

< 7.0 mmol/L
and (if measured)

2 h plasma glucose

< 7.8 mmol/L

Gestational diabetes (GDM)
Fasting plasma glucose
1 h plasma glucose**
2 h plasma glucose

≥ 5.1 mmol/L
≥ 10.0 mmol/L
≥ 8.5 mmol/L

* Venous plasma glucose 2 hours after ingestion of 75 g oral administration of anhydrous glucose dissolved
in water (WHO, 2019)
** Venous plasma glucose 1 hour after ingestion of 75 g oral glucose load
Table 1- 2. Diagnostic criteria for the main forms of diabetes mellitus and glucose intolerance.

1.3.1.1 Type 1 diabetes
T1DM is an autoimmune disease in which CD4+ and CD8+ T-cells and macrophages
destroy the insulin-producing β cells located in the Islets of Langerhans in the pancreas
(Csorba, Lyon and Hollenberg, 2010; Atkinson, Eisenbarth and Michels, 2014). As a
result, the pancreas loses its ability to generate insulin, the hormone responsible for
glucose uptake by insulin-sensitive cells, preventing glucose utilization and causing
pooling of glucose in the blood – known as hyperglycaemia. The majority of affected
individuals develop symptoms once >80% of the β cell mass is destroyed (K. M.
Gillespie, 2006; Melmed and Williams, 2011; Egro, 2013; Tuomi et al., 2014; Simmons,
2015). Common presenting symptoms of T1DM include polyuria, polydipsia,
polyphagia, weight loss, deterioration of vision and fatigue (Cohen and Post, 2002; Faje
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et al., 2013; Mobbs, 2014; Arima et al., 2016; Kalra et al., 2016; Robertson, 2016; WHO,
2016).
There is a genetic component to the risk of developing T1DM, with mutations of specific
genes within the major histocompatibility complex (MHC) gene family (Kathleen M.
Gillespie, 2006; Csorba, Lyon and Hollenberg, 2010; Gregory, Moore and Simmons,
2013; Redondo, Steck and Pugliese, 2018) having been identified as important predictors.
However, it is important to note that heritability of T1DM is relatively low (5% from
mother to child), suggesting that the disease is multifactorial, with genetic, epigenetic and
environmental factors all likely to play a part (Maahs et al., 2010; Ziegler and Nepom,
2010; Gregory, Moore and Simmons, 2013; Ozougwu, 2013; Tuomi et al., 2014;
Redondo, Steck and Pugliese, 2018).
1.3.1.1.1 Diagnosis of T1DM
T1DM is usually diagnosed based on clinical history, combined with an elevated plasma
glucose concentration (≥ 7.0 mmol/L fasting or ≥ 11.1 mmol/L in the non-fasted state),
by the presence of elevated ketones bodies in urine or blood, acute diabetic symptoms
and diabetic ketoacidosis (DKA) (Cartwright et al., 2011; Dabelea et al., 2014;
‘Classification and diagnosis of diabetes’, 2017) and by the presence of autoimmune
markers (American Diabetes Association, 2006, 2016a; Melmed and Williams, 2011;
Gregory, Moore and Simmons, 2013; Diaz-Valencia, Bougnères and Valleron, 2015).
T1DM can be distinguished from T2DM by anti-islet cell autoantibody (ICA) testing
including anti-glutamic acid decarboxylase (GAD) antibodies (Petersen et al., 1994;
Vaziri-Sani et al., 2010; Melmed and Williams, 2011; Towns and Pietropaolo, 2011;
Ludvigsson et al., 2012; Gregory, Moore and Simmons, 2013; Chiang et al., 2014;
Forouhi and Wareham, 2014; Longmore et al., 2014; WHO, 2016; Gomes et al., 2017).
1.3.1.1.2 Treatment of T1DM
Treatment of T1DM is aimed at achieving good glycaemic control in order to reduce the
risk of long-term complications associated with chronic hyperglycaemia, including heart
disease; stroke; kidney failure; foot ulcers and retinal damage (Keen, 1994; Kathleen M.
Gillespie, 2006; WHO, 2006; Lippincott Williams & Wilkins., 2007; Forouhi and
Wareham, 2019). The primary intervention involves the delivery of exogenous insulin,
administered by subcutaneous injection or insulin pump (Vantyghem and Press, 2006;
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Gregory, Moore and Simmons, 2013), but the care package includes lifestyle
interventions in the form of dietary control and physical activity.
1.3.1.2 Type 2 diabetes
T2DM currently represents the most common form of diabetes (Kaptoge et al., 2019).
The incidence of T2DM is rising, particularly in low-middle income countries, now
accounting for 90-95% of diabetes cases (Agardh et al., 2011; Hales and Barker, 2013;
Jiang et al., 2013; Forouhi and Wareham, 2014, 2019; Zheng, Ley and Hu, 2018). The
rise in T2DM has been associated with urbanization and lifestyle changes related to an
increase in sedentary behaviour, together with an increased intake of high caloric foods,
but also with population ageing and foetal malnutrition or exposure to hyperglycaemia
during pregnancy (Rader, 2007; Johnson et al., 2013; Schellenberg et al., 2013; Forouhi
and Wareham, 2014, 2019; Moon, Kwak and Jang, 2017; Zheng, Ley and Hu, 2018;
WHO, 2019).
The main symptoms of T2DM are similar to those seen in T1DM: polyuria, polydipsia,
weight loss, polyphagia, and fatigue (WHO, 2016). However, T2DM patients may also
not show any symptoms in the early phases of the disease (Zheng, Ley and Hu, 2018).
1.3.1.2.1 Treatment of T2DM
The first-line management of T2DM is through the use of lifestyle interventions, such as
controlled diet (following the medical nutrition therapy recommended by the American
Diabetes Association- ADA-) (Evert et al., 2013; Association, 2019), an increase in
physical activity, and the achievement or the control of healthy body weight and blood
sugar levels. In a second step, pharmacological intervention might be considered,
addressing hyperglycaemia and other comorbidities, such as cardiovascular risk factors
(e.g. high cholesterol levels, microalbuminuria and high blood pressure) (Ripsin, Kang
and Urban, 2009; Raj and Rajan, 2017).
1.3.1.2.1.1 Dietary intervention for T2DM
Dietary intervention has the aim of contributing to the achievement of the desired blood
glucose, lipid profile, blood pressure and body weight. Since obesity and overweight are
considered to be risk factors for insulin resistance and defects in insulin secretion,
contributing to comorbidities associated with diabetes, obese or overweight patients are
recommended to reduce their caloric intake to promote weight loss (Ye, 2013; Abdul39

Ghani, Kanat and DeFronzo, 2014). In obese patients, weight loss surgery may also be
considered (Ripsin, Kang and Urban, 2009).
There is no consensus on the macronutrient composition for the ideal diet for patients
with diabetes, although it has been shown that the type of carbohydrates consumed can
have an impact on the glycaemic control, especially in patients treated with insulin via
basal-bolus treatment or via continuous infusion (Evert et al., 2013). General guidance
indicates to prefer consumption of natural sources of carbohydrates, like legumes, starch
and fruits, avoiding drinks and food containing a concentration of free fructose or sucrose
that exceeds 12% of total caloric intake (Inzucchi et al., 2015; Marín-Peñalver et al.,
2016). Sugary drinks, in particular, contain a high amount of rapidly absorbed
carbohydrates, the consumption of which leads to a higher risk of CVD. For this reason,
the consumption of these commodities should be strictly limited in T2DM patients
(Johnson et al., 2007; Sievenpiper, De Souza, et al., 2014). The carbohydrate glycaemic
index (GI) is not considered to be an adequate parameter for the selection of
carbohydrates in the diet, because it does not take into account the individuality of
glycaemic response to the same food and the food fibre content (Burger et al., 2012).
In diabetes patients, protein intake can reach 15%-20% of the total caloric intake, but
research is still controversial: according to several studies, an increase in dietary protein
intake up to 28-40% caused a decrease in low-density lipoproteins (LDL), total
cholesterol, HbA1c and TGs in diabetes patients (Gannon et al., 2003), but these effects
are not coherent with the results of other studies (Wycherley et al., 2010). In patients with
kidney disease, a reduction of protein in the diet did not result in improved glycaemic
control, reduced cardiovascular risk or reduced renal disease progression (Wheeler et al.,
2012).
In both the healthy population and T2DM patients, dietary fat should not exceed 30% of
the total caloric intake. Among fat assumed, it is important to keep saturated fat lower
than 10% of total fat intake and cholesterol lower than 300 mg/dL, to minimise the risk
of cardiovascular complications (Tobias et al., 2015).
1.3.1.2.1.2 Pharmacological interventions in T2DM
1.3.1.2.1.1.1 Metformin
Metformin represents the first-line pharmacological intervention for the treatment of
T2DM (Inzucchi et al., 2015). The exact mechanism of action of metformin is still under
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investigation, but many are the effects already identified. These include a decrease of
hepatic gluconeogenesis, a decrease in lipid synthesis and an increase in lipid oxidation,
changes in gut microbiota and activation of hepatic and intestinal AMP-activated proteinkinase (AMPK) (Kukidome et al., 2006; Graham et al., 2011; Boussageon et al., 2012).
In T2DM, metformin has been shown to decrease fasting blood glucose by approximately
20% and HbA1c by 25% (Marín-Peñalver et al., 2016).
Metformin is administered orally and it is primarily (70%) absorbed from the small
intestine; the remaining is eliminated through urine or faeces (Graham et al., 2011). In
the gut, metformin has been shown to increase glucose absorption prior to AMPK
phosphorylation and increased glucagon-like peptide 1 (GLP-1) release (Preiss et al.,
2017), which promotes pancreatic insulin production (Boyle, 2005).
Metformin acts principally in the liver, where it is internalised through the organic cation
transporter 1 (OCT1) (Graham et al., 2011) and, on account of its positive charge, it
accumulates in the mitochondria, where it can reach a concentration ~1000-fold higher
than in the extracellular medium. In the mitochondria, metformin has been shown to
inhibit mitochondrial ATP production by inhibiting Complex I of the ETC (Owen, Doran
and Halestrap, 2000). This results in a decrease in the ATP/ADP ratio, and the consequent
activation of AMPK (Hawley et al., 2010; Hardie, Ross and Hawley, 2012), which has
several metabolic effects. AMPK phosphorylates and inhibits the enzyme fructose-1,6bisphosphatase (FBPase) (Vincent et al., 1991), responsible for the initiation of the
gluconeogenetic pathway. AMPK also decreases cAMP production by inhibiting
adenylate cyclase (Miller et al., 2013) and by activating the cAMP-specific 3′,5′-cyclic
phosphodiesterase 4B (Johanns et al., 2016). The metformin-driven decrease in cAMP
concentration causes a decrease in gluconeogenesis. An increase in cAMP, often driven
by glucagon, is involved in the activation of PKA and gluconeogenesis promotion. PKA
phosphorylates and inactivates the enzyme, PFKFB1, resulting in a decrease in fructose2,6-bisphosphate (F2,6BP), an allosteric activator of PFK1 and inhibitor of fructose-1,6bisphosphatase (FBPase). In addition, PKA can promote gluconeogenesis by inactivating
the hepatic enzyme, pyruvate kinase, and by phosphorylating the transcription factor
cAMP response element-binding protein (CREB) which, in turn, activates the
transcription of gluconeogenic enzymes. In this regard, AMPK can phosphorylate the
CREB-regulated transcriptional co-activator-2, which is retained in the cytoplasm,
contrasting the effect of PKA on gluconeogenetic enzymes transcription (Koo et al.,
2005). AMPK decreases lipid synthesis in the hepatic cell and increased hepatic insulin
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sensitivity by phosphorylation and inactivation of acetyl-CoA carboxylase (ACC) 1 and
2 (Fullerton et al., 2013).
Recent data show that metformin can inhibit the enzyme, mitochondrial glycerophosphate
dehydrogenase, a key component of the glycerophosphate shuttle, which is involved in
the transport and the re-oxidation of NADH from the cytoplasm to the mitochondrion
(Madiraju et al., 2014; Rena, Hardie and Pearson, 2017). This result in the inhibition of
gluconeogenesis from lactate.
Metformin has been shown to reduce inflammation by reducing NF-κB activation and the
differentiation of monocytes to macrophages (Vasamsetti et al., 2015; Cameron et al.,
2016). In addition, Metformin reduces the cytokines production from macrophages,
inhibits plasmatic cytokines in human plasma of diabetics and healthy individuals
(Cameron et al., 2016), and lowers the neutrophils to lymphocyte ratio (NLR) in T2DM,
a predictor of mortality and cardiovascular complications (Schroder and Tschopp, 2010).
Metformin can be effective alone, although it is often utilised with other medications.
These agents are usually: sulphonylureas (stimulator of pancreatic insulin secretion) (Sola
et al., 2015), dipeptidyl peptidase-4 inhibitor (iDPP-4) (Aschner et al., 2006; Charbonnel
et al., 2006; Drucker and Nauck, 2006; Pratley et al., 2006; Eckhardt et al., 2007),
glucagon-like peptide 1 (GLP-1) receptor agonist (Ding et al., 2006; Drucker and Nauck,
2006; Rosenstock et al., 2009; Werner et al., 2010; Meier, 2012), thiazolidinedione
(TDZ) (Ribon et al., 1998; Martí, 2016; Rizos, Kei and Elisaf, 2016; Štechová, 2018) and
sodium-glucose transport protein 2 (SGLT-N2) inhibitors (inhibit renal glucose
reabsorption) (Hsia, Grove and Cefalu, 2017) (Rambiritch, Maharaj and Naidoo, 2014)
or basal insulin (Lim and Chong, 2015; Marín-Peñalver et al., 2016).
1.3.1.2.1.1.2 Insulin
Insulin administration represents the main treatment for T1DM. However, it can also be
used in T2DM, alone or in combination with hypoglycaemic agents, particularly when
their administration alone fails to reduce HbA1c and blood glucose levels. Insulin
injections are particularly advised when T2DM patients have HbA1c ≥ 10% (86
mmol/mol) and/or blood glucose ≥ 16.7 mmol/l (X L Du et al., 2001; American Diabetes
Association, 2018). Different types of insulin, including short-acting (Aspart, Lispro or
Glulisine), long-acting (Glargine and Detemir) and ultra-long lasting (Degludec and
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Glargine U-300) versions, or mixtures of insulin formulations can be used (Owens,
Matfin and Monnier, 2014).
The long-lasting versions of insulin are created by structural modifications of the insulin
molecule. For example, glargine is obtained by substitution of glycine in position A21 in
human insulin with asparagine, and by the addition of two arginine molecules in the Bchain of the insulin molecule (Owens, Matfin and Monnier, 2014), which causes changes
in the molecule pH. As a consequence of these modifications, long-lasting insulin
precipitates after its administration in hexamers, which guarantee a delayed absorption
(up to 24 hours) (Marín-Peñalver et al., 2016).
Multiple daily injection therapy involves the injection of long-acting insulin, once or
twice a day by way of background insulin, plus a short-acting “prandial” insulin at each
meal. Other patients may be managed with simpler regimens, e.g. a mixture of shortacting and intermediate-acting insulin twice daily, or an injection of long-acting insulin
once daily (Feinglos and Bethel, 2008; Ripsin, Kang and Urban, 2009; American
Diabetes Association, 2016a).
Insulin pumps are used to guarantee continuous subcutaneous insulin infusion and can be
used in patients with either T1DM and T2DM. Recent studies show that the use of insulin
pumps improves glycaemic control, quality of life and reduce microvascular and
microvascular complications related to diabetes (Nimri, Nir and Phillip, 2020).
Oral insulin administration is a novel treatment for T2DM patients, although it is still the
object of clinical trials. The effects observed include the reduction of hepatic
gluconeogenesis, reduction of glycogenolysis and lower risk of hypoglycaemia,
compared to parental insulin (Khedkar et al., 2010; Eldor et al., 2013). In addition to oral
insulin, the creation of smart insulin patches represents a novel treatment, object of recent
studies. The patch is composed of biocompatible material and small needles, packed with
glucose-sensitive enzymes and insulin, to be released when an increase in blood glucose
is sensed by the enzyme. The utilisation of insulin patches can lower glucose for up to 9
hours in mice and can have potential benefits for human’s use (Yu et al., 2015).
1.3.1.2.1.1.3 Insulin secretagogue
Sulfonylureas and meglitinides represent the first or second line of intervention for
patients with T2DM, alone or in combination with metformin (Eldor and Raz, 2012).
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Their mechanism of action stimulates insulin production and release and for this reason,
it is classified as secretagogues and can be only used in the presence of residual pancreatic
β-cell functionality. The mechanism of action consists of the closure of the ATP-sensitive
potassium channels on β-cells, leading to cell depolarisation, increase in intracellular
calcium level, and insulin secretion (Proks et al., 2002).
The use of Sulfonylureas is associated with a decrease in blood glucose (20%) and HbA1c
(1-2%), while meglitinides can lower glucose up to 0.5%-1% (Proks et al., 2002).
However, long-term use can lead to β-cell failure (Sola et al., 2015) and the consequent
increase of both glycaemia and HbA1c. Additionally, the use of Sulfonylureas can lead
to hypoglycaemia, particularly relevant in the older generation drugs and for patients with
kidney disease, weight gain and a higher incidence of CVD (Morgan et al., 2014; Lim
and Chong, 2015).
1.3.1.2.1.1.4 Thiazolidinediones
Thiazolidinediones (TZDs) activate PPAR-γ and they are used to improve insulin
sensitivity in hepatocytes, adipocytes and cardiac muscle cells (Eldor, DeFronzo and
Abdul-Ghani, 2013). For this reason, TZDs are mainly used in insulin-resistant T2MD
patients. PPAR-γ is present mainly in the vascular endothelium, macrophages, the central
nervous system, the adipose tissue and pancreatic β-cells. PPAR-γ gene expression has
been found to be increased in the skeletal muscles of T2DM and obese subjects (Park et
al., 1997). PPAR-γ activation by TZD in the central nervous system increase feeding,
potentially leading to weight gain by way of a common side effect. This is also potentiated
by the activation of lipid storage associated genes in the adipocytes and the increase in
adipocytes number (Bogacka et al., 2004). Other side effects are an increased risk of heart
failure and oedema, consequent to the PPAR-γ mediated activation and sodium
reabsorption in the luminal membrane of collecting tubule cells (Guan et al., 2005).
1.3.1.2.1.1.5 Dipeptidyl peptidase-4 (DPP4) inhibitors
DPP4 inhibitors (iDPP4, or gliptins) inhibit the enzyme dipeptidyl peptidase 4 (DPP4),
which is responsible for the inactivation of incretins glucagon-like peptide 1 (GLP1) and
gastric inhibitory polypeptide (GIP) by intestine L cells. These agents stimulate insulin
secretion and inhibit glucagon release in response to nutrients (Pathak and Bridgeman,
2010; Singh, 2014) and their prolonged action results in an improved glycaemic control
in T2DM patients (Eldor and Raz, 2012; Marín-Peñalver et al., 2016).

44

iDPP4 can be used alone or in dual therapy with metformin, TZDs and insulin. Common
iDPP4 therapeutic agents include sitagliptin, vildagliptin, saxagliptin, linagliptin and
alogliptin (Marín-Peñalver et al., 2016).
1.3.1.2.1.1.6 Glucagon-like peptide 1 (GLP-1) analogues
Similarly to iDPP4, the use of GLP-1 analogues increase insulin secretion and decrease
glucagon release, resulting in hepatic gluconeogenesis inhibition and to the improvement
of glycaemic control (Werner et al., 2010; Olokoba, Obateru and Olokoba, 2012; Singh,
2014). In addition, the use of these drugs improve endothelial function, lipid profile, blood
pressure and reduce inflammation, resulting in improvement of cardiovascular health
(Klonoff et al., 2008; Inzucchi et al., 2015).
1.3.1.2.1.1.7 Sodium-glucose co-transporter-2 (SGLT2) inhibitors
SGLT2 inhibitors (iSGLT2 or gliflozins), lower glycaemia and HbA1c (0.5%-1%
reduction) by inhibiting the sodium transport in the kidney, leading to glucose elimination
and inhibition of its reabsorption in the proximal renal tubule (Kalra, 2014).
Canagliflozin, dapagliflozin and empagliflozin are commonly used SGLT2 inhibitors.
Research shows that these drugs, used alone or in combination with other agents, improve
β-cell functions, enhance insulin sensitivity, lower blood pressure (by increased body
fluid excretion), lower risk of hypoglycaemia and β-cell exhaustion and prevents weight
gain (Neumiller, White and Campbell, 2010). However, iSGLT2 can cause urinary tract
infections, and their use is not indicated for patients with renal failure (Cherney et al.,
2014).
1.3.1.2.1.1.8 Combination therapy
When the use of individual medications fails to lower blood glucose, combination therapy
can be applied. This usually consists of a dual therapy or triple therapy, with the
combination of insulin with oral medications (metformin, TZD, GLP-1 receptor
agonists), or by the contemporary use of oral medications. This pharmacological
intervention results in improved glycaemic control and reduced adverse effects, compared
to the use of single therapy. For example, metformin and TDZ have been shown to lower
to improve glycaemic control, while the combination of insulin with GLP-1 results in
lower HbA1c, weight reduction (Eng et al., 2014). The administration of iDPP4 and
iSGLT2 reduce weight and reduce the risk of hypoglycaemia (Zhang, Dou and Lu, 2014).
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Finally, the combination of low doses of metformin and TZD can prevent the onset of
diabetes in pre-diabetes patients (Zinman et al., 2010).
1.3.2 Cardiovascular alterations in diabetes
Cardiovascular disease (CVD) incorporates a group of diseases that affect the
functionality of the circulatory system, including the heart and blood vessels. CVD can
be classified into microvascular disease that affects arterioles and capillaries, and
macrovascular diseases, affecting large conduit arteries (Hadi and Suwaidi, 2007;
Rahman et al., 2007; Cade, 2008; Rury R. Holman et al., 2008; Gregory, Moore and
Simmons, 2013; Forouhi and Wareham, 2014; Stirban, Gawlowski and Roden, 2014;
Buysschaert et al., 2015; Loader et al., 2017).
Microvascular disease is associated with dysfunction of nutrient transport mechanisms
and consequent damage to organ function seen in nephropathy, retinopathy and
neuropathy (Engerman and Kern, 1987; Gæde et al., 2016). If untreated, these conditions
can lead to blindness, renal failure, accompanied by blood flow alterations, and neuron
disease (including chronic pain and loss of muscular function) (Bansal, Kalita and Misra,
2006; Schreiber, 2015).
Macrovascular disease can have severe consequences, causing strokes, heart attacks or
peripheral ischaemia and claudication (peripheral vascular disease), increasing the risk of
limb amputation (Rahman et al., 2007; Cade, 2008; Forouhi and Wareham, 2014; Stirban,
Gawlowski and Roden, 2014). For these reasons, CVD is a leading cause of morbidity
and mortality of diabetes patients, including both T1DM and T2DM. As a consequence
of CVD, diabetes patients are more prone to suffer from diabetic comorbidities, such as
cerebrovascular disease, erectile dysfunction (Feinglos and Bethel, 2008), and increased
risk of infections (Jeffcoate and Harding, 2003; Baltzis, Eleftheriadou and Veves, 2014).
Atherosclerosis and EC and VSMC dysfunction are the main features of diabetic
macroangiopathy. Laboratory and clinical research shows that hyperglycaemia and IR,
together with hypertension, obesity and dyslipidaemia, contribute to the development of
these vascular alterations (Zhang, Dellsperger and Zhang, 2012).
1.3.2.1 Endothelial cell dysfunction
As explained in section 1.1, the endothelium plays a crucial role in vascular homeostasis.
Endothelial dysfunction - described as any kind of abnormal endothelial activity - is a key
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factor in the development and progression of CVD (Aird, 2005; Deanfield, Halcox and
Rabelink, 2007; Hadi and Suwaidi, 2007; Vanhoutte, 2009; Avogaro et al., 2011; Félétou,
2011b; Park and Park, 2015). Impaired endothelial function has been implicated in some
forms of hypertension and has a major impact on the atherothrombotic process that
underpins a range of cardiovascular conditions and events (Hadi and Suwaidi, 2007;
Rahman et al., 2007; Brocq et al., 2008; Vanhoutte, 2009; Zhao, Vanhoutte and Leung,
2015).
Endothelial dysfunction in diabetes is characterised by a proinflammatory,
vasoconstrictive, and prothrombotic vascular phenotype, and by a dysregulation of the
angiogenic process (Cersosimo et al., 2006; Rahman et al., 2007; Avogaro et al., 2011;
Dhananjayan et al., 2016). While increased angiogenesis contributes to atherosclerotic
plaque destabilization, diabetic retinopathy and the early stage of diabetic nephropathy,
insufficient angiogenesis causes transplant rejection in diabetic patients, macrovascular
disorders (coronary artery disease, peripheral vascular disease, and ischaemic stroke),
impaired wound healing and skin ulcers (diabetic foot ulcers) (Kolluru, Bir and Kevil,
2012), and peripheral neuropathy (Martin, Komada and Sane, 2003; Storkebaum,
Lambrechts and Carmeliet, 2004; Kota et al., 2012; Xu et al., 2012).
1.3.2.1.1 Causes of endothelial dysfunction
There are many physical and chemical triggers of endothelial dysfunction. In terms of
physical stimuli, shear stress (defined as the lateral force extended on ECs by the passage
of a semi-viscous fluid over them) is amongst the most important (Busse and Fleming,
1998; Chen et al., 2003; Soulis et al., 2006; Zernecke, Shagdarsuren and Weber, 2008).
An increase in shear stress represents an important stimulus for EC function by
stimulating cytoskeletal remodelling and by activating COX-2, and eNOS, resulting in
the production and release of prostacyclin (PGI2) and NO. Shear stress is also involved
in the activation of transcription factors (NF-κB, c-fos, c-jun and Specificity Protein 1;
SP1) and in the transcriptional activation of genes, including ICAM-1, transforming
growth factor (TGF-β1), platelet-derived growth factor-B (PDGF-B), Monocyte
chemoattractant protein 1 (MCP-1) (Gallis et al., 1999; Boo and Jo, 2003; Chen et al.,
2003; Esper et al., 2006; Park et al., 2018). The implication of shear stress in endothelial
dysfunction has been described by many findings showing that areas of the vasculature
that experience unusual shear stress, like curved vessels and tortuous coronary arteries
(Soulis et al., 2006), are particularly vulnerable to endothelial dysfunction (Stone et al.,
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2003). Alterations in blood flow can downregulate the antioxidant system of ECs, which
is normally stimulated by laminar flow through the induction of antioxidant response
elements (AREs) (Chen et al., 2003). Areas that are subject to low shear stress can show
a failure in the mechanoreceptor-mediated release of intracellular calcium, together with
a depression of different pathways, including Akt, protein kinases C (PKC) and G (PKG),
that result in reduced generation of NO and PGI2 (Boo and Jo, 2003). In the long term,
deprivation of ECs of shear stress can also cause the downregulation of critical enzymes
involved in generating relaxing factors such as NO, together with the upregulation of
endogenous constrictors and pro-atherogenic agents, for example, ET-1 (Marasciulo,
Montagnani and Potenza, 2006; Avogaro et al., 2011). However, very high shear forces
have an erosive effect on ECs, leading to endothelial denudation (Farb et al., 1996;
Arbustini et al., 1999).
Other physical stimulators of the endothelium are wall stretch (Busse and Fleming, 1998)
and the level of oxygenation of the surrounding tissues. Oxygen level is a powerful
stimulus for the regulation of EC metabolism and function. Physiological oxygen
exposure levels experienced by ECs in the microvascular environment can vary between
3% and 13% (Place, Domann and Case, 2017). Both hypoxia and hyperoxia, described
when the exposure to oxygen level does not reach or exceed the physiological oxygen
range, have consequences on ECs functionality, although this concept is still controversial
(Cornet et al., 2013).
Hypoxia is involved in an increase in cell growth and survival in ECs, stimulation of
angiogenesis, via increased production of VEGF and hypoxia-inducible factor (HIF)
activation (Ohga et al., 2012), as well as an increase in EC anaerobic respiration. VEGF
stimulation can double ECs glycolytic activity by the upregulation of PFKFB3, GLUT1
and pyruvate kinase (PK), and by downregulating pyruvate dehydrogenase expression
(Macheda, Rogers and Best, 2005; De Bock et al., 2013). The increase in lactate
production activates HIFs further, promoting a pro-angiogenic action in ECs. HIF
activation leads to greater growth factors production (i.e. VEGF, FGF), increased
cytokine production, prostaglandin synthesis, increased ECs proliferation (Li et al.,
2007) and thrombosis (Williamson et al., 1993; Li et al., 2007; Bertout, Patel and Simon,
2008; Cantu-Medellin and Kelley, 2013; Koziel and Jarmuszkiewicz, 2017).
Hyperoxia has been associated with increased vasoconstriction in some vascular beds,
including the microvasculature, as well as the coronary, cerebral, retinal and skeletal
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muscle vasculature (Messina et al., 1994; Kiss et al., 2002; Floyd et al., 2003; McNulty
et al., 2007). In addition, increased oxygen exposure in vivo has been associated with
increased oxidative stress in ECs, due to greater ROS production, which leads to an
increase in endothelial permeability, increased coagulation and inflammation, and
haemodynamic alterations (Taniyama and Griendling, 2003; Brueckl et al., 2006). While
some studies have shown that hyperoxia has anti-inflammatory effects and decreases EC
apoptosis in a rat intestinal ischaemia-reperfusion and sepsis model (Sukhotnik et al.,
2009), in vitro high oxygen exposure has been related to decreased cell proliferation and
increased cell death in human lung microvascular ECs and bovine adrenal capillary ECs
(D’Amore and Sweet, 1987; Narula et al., 1998), and to an increase in adhesion molecules
(ICAM-1) in human pulmonary artery ECs and HUVECs (Suzuki et al., 1997). Hyperoxia
has been related to the decrease in NO production and availability in many ways,
including the inhibition of eNOS (Pasgaard et al., 2007), increased ROS and ONOOformation, and decreased COX activity and vasodilatory prostaglandins release (Ishii et
al., 1993).
Among the chemical stimuli associated with the endothelium, there are a considerable
number of neurohormones that can induce the expression of different factors in ECs,
including histamine, bradykinin (Furchgott and Zawadzki, 1980), serotonin (5-HT),
insulin, leptin, glucocorticoids, adiponectin, oestrogens and substance P (Brocq et al.,
2008). Insulin, for example, has been shown to increase NO production, via the activation
of PI3K/Akt/eNOS pathway (Cersosimo et al., 2006; Konishi et al., 2017). Leptin reduces
NO bioavailability in ECs, increases ROS production, activates angiogenesis, increases
the production of pro-inflammatory cytokines such as interleukin 6 (IL-6), TNF-α
(Bełtowski, Wójcicka and Jamroz, 2003; Rodríguez et al., 2007), potentially leading to
endothelial dysfunction and atherosclerosis. Histamine increases endothelial permeability
by increasing NO production and glucose transport in ECs (Granger and Kubes, 1994;
Thomas et al., 1995; Luo et al., 2013). Aberrant signalling of the cited molecules can
trigger endothelial dysfunction in many ways, and studies are currently focusing on the
explanation of the underlying this phenomenon (Thomas et al., 1995; Stankevicius et al.,
2003; Wong and Vanhoutte, 2010; Petrie, Guzik and Touyz, 2018; Ramakrishnan, 2019).
1.3.2.1.2 Atherosclerosis
Endothelial dysfunction has been cited as a key early feature in atherosclerosis, one of
the major complications of diabetes. Atherosclerosis is a chronic disease process
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characterised by the thickening of the artery walls and by chronic inflammation of blood
vessels (R Ross, 1999; Wick, Knoflach and Xu, 2004; Hansson and Libby, 2006; Rahman
et al., 2007; Félétou, 2011b), resulting in the formation of atheromatous plaques in vessels
walls (Schwartz et al., 1992). Plaques are a manifestation of lipid accumulation, including
cholesterol and TGs, and a “fibrous cap”, comprising VSMCs and extracellular matrix
(collagen and elastin) (Bäck et al., 2005; Hansson and Libby, 2006; Tedgui and Mallat,
2006; Rahman et al., 2007; Di Pietro, Formoso and Pandolfi, 2016; Libby, Bornfeldt and
Tall, 2016). Atherosclerotic plaques are classified as stable or unstable (Ross, 1993;
Myoishi et al., 2007): stable plaques are rich in extracellular matrix and VSMCs, while
unstable plaques are rich in foam cells, characterised by chronic inflammation, with an
unstructured and weak extracellular matrix that is prone to rupture (Finn et al., 2010).
Plaque rupture exposes thrombogenic material, such as collagen (Didangelos et al., 2009),
to the circulation, leading to rapid thrombus formation in the lumen, followed by platelet
activation and aggregation (Yamagishi et al., 2001; Stone et al., 2003; Avogaro et al.,
2011; Félétou, 2011b). Intraluminal thrombi can rapidly occlude arteries or can detach,
forming emboli that ultimately block vessels downstream of the original site of formation
(Hermansson et al., 2010). In the event of severe stenosis, the result can be insufficient
blood supply to the downstream tissue (ischaemia), leading to cell death. The clinical
event triggered by thrombosis is determined by the site of blockade: in cardiac tissue,
myocardial infarction (heart attack) ensues, whereas in the brain, the outcome is an
ischaemic stroke (Hansson, Robertson and Söderberg-Nauclér, 2006; Kovanen, 2007;
Rahman et al., 2007). The size of the event – and the patient outcome - is determined by
the size of the artery affected (Forouhi and Wareham, 2019).
Many factors trigger the initiation and progression of atherosclerotic disease.
Atherosclerotic CVD can be promoted by high concentrations of cholesterol in the blood,
transported in the form of LDL (Mitra, Goyal and Mehta, 2011; Zhu et al., 2019).
Ordinarily, LDL readily diffuses into and out of the arterial wall via the intercellular
matrix or via vesicular transport in ECs. Once in the vessel wall, LDL is retained through
binding with proteoglycans (Skålén et al., 2002). The passage of LDLs depends on both
the LDL concentration and the arterial wall permeability: the presence of lesions caused
by turbulent blood flow (Busse and Fleming, 1998; Stone et al., 2003; Soulis et al., 2006)
or oxidative stress can enhance LDL access to the intima (Schwartz et al., 1992). LDL in
the intima is prone to oxidation promoted by enzymes like myeloperoxidase and
lipoxygenases, or directly by ROS generated in loco by inflammation, leading to the
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formation of aldehydes and bioactive lipids (Schwartz et al., 1992; Yoshida and Kisugi,
2010). This, together with mechanical stimuli like turbulent blood flow (Stone et al.,
2003), induces the activation of ECs, leading to expression of adhesion molecules (Eselectin and Vascular Cell Adhesion Molecule 1 -VCAM-1-, MCP-1) and chemokines
(Liochev and Fridovich, 2004) that capture circulating monocytes and lymphocytes,
facilitating their translocation into the arterial wall, whereupon they differentiate into
activated macrophages (Björkbacka et al., 2004; Greaves and Gordon, 2009; Olefsky and
Glass, 2010). Macrophages are responsible for the amplification of the inflammatory
process, producing cytokines and metalloproteinases that damage the fibrous cap
(Schwartz et al., 1992; Frostegård et al., 1999; Weber, Zernecke and Libby, 2008;
Vanhoutte, 2009; Yoshida and Kisugi, 2010).
Macrophages are also responsible for the production of O2•-, hydrogen peroxide (H2O2)
and NO through NADPH oxidase (NOX) and the inducible isoform of NOS (iNOS).
These molecules, together with ROS produced in ECs through COX, xanthine oxidase
(XO), mitochondria, NOXs, lipoxygenases and uncoupled eNOS, increase the level of
ROS in atherosclerotic lesions (Schwartz et al., 1992; Maejima et al., 2001; Zhang et al.,
2002; Harrison et al., 2003; Spanbroek et al., 2003; Li and Shah, 2004; Pedruzzi et al.,
2004; Valko et al., 2007). The primary consequence of macrophage activation is the
identification and uptake of oxLDL through scavenger receptors, and the accumulation
of cholesteryl esters in cytoplasmatic droplets (Schwartz et al., 1992; Nicoletti et al.,
1999; Ricci et al., 2004; Greaves and Gordon, 2009; Tabas et al., 2009). This
phenomenon leads to the formation of “foam cells” and causes the macrophages to swell
through lipid accumulation, and to succumb ultimately to necrotic cell death, perpetuating
the inflammatory state and progression of the atherosclerotic plaque (Aqel et al., 1984;
Hansson, Robertson and Söderberg-Nauclér, 2006; Greaves and Gordon, 2009; Lundberg
and Hansson, 2010; Yoshida and Kisugi, 2010).
OxLDL is chemotactic for monocytes and T-cells, and stimulates mitosis in VSMCs
(Schwartz et al., 1992; Cominacini et al., 2001; Hu et al., 2003; Mitra, Goyal and Mehta,
2011). This leads to the amplification of the inflammatory process and the activation of a
redox response through the biphasic activation of NF-B in ECs, VSMCs and
macrophages. In the first instance, a low concentration of oxLDL lead to the activation
of NF-B, while higher oxLDL concentration inactivates the NF-B binding to DNA.
ECs have specific receptors for oxLDL that are over-expressed in diabetes, hypertension,
atherosclerosis and hypercholesterolaemia (Hu et al., 2003; Li et al., 2003; Vicent et al.,
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2003; Mitra, Goyal and Mehta, 2011). The internalization of oxLDL by ECs may cause
their apoptosis, enhancing disruption of the endothelium. As an example, in vitro
exposure of vascular ECs to oxLDL causes an increase in O2•- production by NOX,
VCAM-1 and ICAM-1 mediated by NF-B (Gryglewski, Palmer and Moncada, 1986; Di
Pietro, Formoso and Pandolfi, 2016; Libby, Bornfeldt and Tall, 2016).
Inflammation is considered to be an important factor in the pathogenesis of
atherosclerotic disease. Inflammation can influence ER function, inducing a condition
called ER stress. Many sources of evidence suggest that ER stress can contribute to
initiation and progression of the disease (Han et al., 2006; Werstuck et al., 2006;
Groenendyk et al., 2010; Minamino, Komuro and Kitakaze, 2010; Tabas, 2010; Ivanova
and Orekhov, 2016).
Accelerated atherosclerosis is a major consequence of diabetes and insulin resistance: in
this scenario, hyperglycaemia, oxidative stress, dyslipidaemia and inflammation have
been implicated as key contributory factors in endothelial dysfunction, causing
mitochondrial damage and immune system activation that accelerates the process of ECs
death and senescence (Lorenzi, Cagliero and Toledo, 1985; Cefalu, 2001; Minamino and
Komuro, 2007; Hotamisligil and Erbay, 2008; Vanhoutte, 2009; Félétou, 2011b; Kolluru,
Bir and Kevil, 2012; Pistrosch, Schaper and Hanefeld, 2013; Kaur, 2014).
1.3.2.1.3 The role of insulin resistance in CVD
Insulin is the main anabolic peptide hormone synthesised and released by β pancreatic
cells of the Islet of Langerhans (Reaven, 1988a; Henry N Ginsberg, 2000; Cefalu, 2001;
McFarlane, Banerji and Sowers, 2001; Wilcox, 2005). Insulin signalling is essential for
the uptake, storage, and metabolism of nutrients in muscle, adipose tissue and liver cells
(Feinglos and Bethel, 2008; Jellinger, 2009; Olefsky and Glass, 2010; Ren et al., 2010;
Samuel and Shulman, 2012) via interaction with its receptor, which possesses an intrinsic
tyrosine kinase activity. Once activated, the insulin receptor initiates different pathways,
phosphorylating various substrates, including insulin receptor substrate (IRS) proteins 1
and 2 (Mèndez et al., 1996; White, 1998; Withers et al., 1998; Tsuruzoe et al., 2001;
Ozcan et al., 2004). Phosphorylation of the tyrosine residue of IRS1 leads to the activation
of the insulin response pathway, while phosphorylation of the serine residue inhibits
insulin signalling (Czech et al., 1988; Paz et al., 1997; Gual, Le Marchand-Brustel and
Tanti, 2005).

It has been shown that diabetogenic factors, such as FFAs,

hyperinsulinaemia, oxidative stress and inflammation, can cause an imbalance between
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the activating IRS1 tyrosine phosphorylation and the negative IRS1 serine
phosphorylation, leading to the inactivation of insulin signalling (Czech et al., 1988; Paz
et al., 1997; Vicent et al., 2003; Gual, Le Marchand-Brustel and Tanti, 2005).
Insulin resistance is defined as the condition in which normal or high levels of insulin
produce a low insulin response, due to a diminished cell sensitivity to this hormone
(Reaven, 1988b; Cefalu, 2001; Feinglos and Bethel, 2008; Olefsky and Glass, 2010; Jiang
et al., 2013; Ozougwu, 2013; Baynest, 2015; American Diabetes Association, 2016a;
Štechová, 2018). In the insulin-resistant state, skeletal muscle cells, hepatic cells and
adipocytes are not able to respond effectively to insulin. As a result, glucose accumulates
in the blood and is less available for cellular use or storage in insulin-sensitive cells. In
response to insulin resistance-induced hyperglycaemia, the pancreas produces more
insulin in an effort to restore physiological blood glucose concentrations, leading to high
blood concentrations of insulin (hyperinsulinaemia). Chronic insulin resistance can
culminate in diminished insulin secretion, resulting in constant hyperglycaemia and the
development of overt T2DM (Reaven, 1988b; Kahn, Hull and Utzschneider, 2006;
Ripsin, Kang and Urban, 2009; Olefsky and Glass, 2010; Tiganis, 2011; Olokoba,
Obateru and Olokoba, 2012; Abdul-Ghani, Kanat and DeFronzo, 2014; Baynest, 2015;
Buysschaert et al., 2015; Fuchsberger et al., 2016). Other than diabetes, insulin resistance
is often associated with “metabolic syndrome”, characterised by obesity, dyslipidaemia,
hypertension, hyperglycaemia, elevated TGs, small dense LDL (sdLDL), and decreased
HDL levels (Zammit et al., 2001; Courtney and Olefsky, 2007; Rader, 2007; Ren et al.,
2010; Roberts, Andrea and Barnard, 2014; O’Neill and O’Driscoll, 2015; Martí, 2016;
Lanktree and Hegele, 2017; McCracken, Monaghan and Sreenivasan, 2018).
Insulin resistance represents an early phase in the development of T2DM and CVD
(Rader, 2007), and can be observed in several clinical conditions, including rheumatoid
arthritis (La Montagna et al., 2007), breast cancer (Goodwin et al., 2009), polycystic
ovary syndrome (Franks, 2018) and non-alcoholic fatty liver disease (NAFLD) (Park,
2006; Fullerton et al., 2013). Insulin resistance represents an important risk factor for the
development of CVD; it is associated with a hypercoagulable state, increased
inflammatory cytokine levels (Nagaev et al., 2006), increased circulating TGs, LDL,
decreased HDL, and chronic hyperglycaemia (which in turn causes more inflammation
and oxidative stress) and endothelial dysfunction. CVD risk can arise in the early stages
of the progression from insulin resistance to impaired glucose tolerance (IGT), impaired
fasting glucose (IFG) and T2DM (Rader, 2007). For this reason, it is very important to
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diagnose the presence of CVD at an early stage, especially before the onset of IFG, and
to intervene with modifications to lifestyle or pharmacological intervention (Henry N.
Ginsberg, 2000; Seely and Solomon, 2003; Pistrosch, Schaper and Hanefeld, 2013;
Buysschaert et al., 2015; Martí, 2016).
Inflammation has an important role in the development of systemic insulin resistance. In
particular, recent findings demonstrate a connection between excess visceral fat and
insulin resistance (Björntorp, 1991; Frayn, 2000; Lee et al., 2001; Unger, 2003; Rader,
2007; Winer et al., 2009; Patel and Abate, 2013; Shulman, 2014). Unlike subcutaneous
adipose tissue, visceral adipose cells produce significant amounts of pro-inflammatory
cytokines, such as TNF-α, and interleukins -1 (IL-1) and 6 (IL-6). It has been
demonstrated that plasma levels of TNF-α and IL-6 are elevated in patients with insulin
resistance and T2DM (Wellen and Hotamisligil, 2003; Plomgaard et al., 2007; Olefsky
and Glass, 2010). Pro-inflammatory cytokines produced by immune cells and adipocytes
(H. Xu et al., 2003; Kahn, Hull and Utzschneider, 2006; Tchernof and Després, 2013)
have been found to impair insulin action in adipose tissue and muscle cells, potentially
contributing to the whole-body insulin resistance often observed in patients with visceral
adiposity (Goodpaster et al., 1997; Rabe et al., 2008; Winer et al., 2009; Kaur, 2014). In
addition, visceral adiposity is related to NAFLD (Björntorp, 1991; Rader, 2007; Jellinger,
2009; Buysschaert et al., 2015). The excessive release of FFAs into the bloodstream due
to increased lipolysis and an increase in hepatic glycogenolysis, as well as hepatic glucose
production, exacerbates peripheral insulin resistance and increases the likelihood of
T2DM (Kahn, Hull and Utzschneider, 2006). FFAs can activate atypical PKC in skeletal
muscles and liver cells, causing the inhibition of the insulin signalling (Dresner et al.,
1999; Fields and Regala, 2007), and can activate the innate immune response through
toll-like Receptor 4 (TLR4) activation (Dong et al., 2012). In obese individuals,
inflammation is exacerbated by the accumulation of adipose tissue macrophages,
releasing inflammatory cytokines also responsible to inhibit insulin signalling (Olefsky
and Glass, 2010).
Circulating nutrient overload can activate mammalian target of rapamycin (mTOR) and
p70 ribosomal protein S6 kinase 1 (S6K1), which, together with c-Jun NH2-terminal
kinase (JNK), TNF-α, stress-activated protein kinases, and PKC, causes serine
phosphorylation and inhibition of IRS-1, affecting the PI3K pathway (Draznin, 2006). In
addition, high concentrations of glucose and FFA have been associated with increased
ROS production derived by NOX (Wei et al., 2007), which contribute to EC dysfunction
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and atherogenesis, and to further inactivate the insulin PI3K pathway through activation
of the mTOR-S6K1 pathway (Czech et al., 1988). Hyperglycaemia has been shown to
increase the transcription of important factors in the renin–angiotensin–aldosterone
system (RAAS), also involved in insulin resistance and CVD. RAAS includes
angiotensinogen (converted in angiotensin I by the enzyme renin), angiotensin converting
enzyme (ACE), responsible for the conversion of angiotensin I to angiotensin II) and
angiotensin II (activator of Angiotensin II type 1 (AT1) receptor, leading to increased
blood

pressure,

aldosterone

production,

increased

cardiac

contraction

and

vasoconstriction) (Zhou, Schulman and Zeng, 2012; Ormazabal et al., 2018). The
activation of RAAS by hyperglycaemia results in increased blood pressure and
hypertension, but also in the inhibition of the insulin signalling by mTOR-S6K1
activation and increased oxidative stress by NOX-derived ROS production (Ormazabal
et al., 2018). In ECs, alterations in PI3K insulin signalling result in the overactivation of
mitogen-activated protein kinase (MAPK) by compensatory hyperinsulinaemia,
promoting endothelial dysfunction and atherosclerosis (Zhou, Schulman and Raij, 2010):
PI3K inhibition and MAPK activation results in a decrease in NO production (Steinberg
et al., 1997; McFarlane, Banerji and Sowers, 2001; Wu and Meininger, 2009a; Pistrosch,
Schaper and Hanefeld, 2013; Sansbury and Hill, 2014) and in the increase in the
production of pro-thrombotic factors (e.g. Plasminogen activator inhibitor -1 -PAI-1-),
inflammatory markers, ROS and adhesion molecules (e.g. ICAM-1 and VCAM-1)
(Juhan-Vague et al., 2003; Seely and Solomon, 2003; Taeye, Smith and Vaughan, 2005;
Wu and Meininger, 2009b; Cesari, Pahor and Incalzi, 2010).
There is a great deal of evidence to support the notion that prolonged exposure of β
pancreatic cells to high glucose and FFAs is one of the causes of their dysfunction,
impairing the synthesis and release of insulin (J. L. Evans et al., 2003; Ozougwu, 2013;
Baynest, 2015). Chronic exposure of cultured pancreatic cells to a high concentration of
glucose, for example, decreases pancreas duodenum homeobox-1 (PDX-1) levels and
consequently insulin gene expression through a mechanism that involves the activation
of c-Jun N-terminal kinases (JNK) (Robertson et al., 2003).
In liver cells, insufficient insulin signalling causes a reduction in glycogen synthesis and
storage and a failure to inhibit glucose synthesis. Glucose derived from hepatic
gluconeogenesis can contribute to increased blood glucose levels (Hsueh and Law, 1998;
Browning and Horton, 2004; Huang, 2009; Ye, 2013; Ormazabal et al., 2018).
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Furthermore, hyperinsulinaemia itself may have detrimental effects on hepatic lipid
metabolism.
In adipocytes, insulin resistance results in reduced uptake of circulating lipids and in
increased hydrolysis of stored TGs that are then released into the bloodstream,
contributing to the hypertriglyceridaemia. The increase in FFA secretion from adipocytes
can stimulate the secretion of VLDL from the liver, contributing to the onset of NAFLD
(H. Xu et al., 2003).
1.3.3 Endothelial cell alterations in diabetes
The duration of persistent hyperglycaemia is detrimental in the severity and the
progression of the diabetes-associated vasculopathy (Jude et al., 2001; Al-Delaimy et al.,
2004). In fact, only the reduction of glycaemia at an early stage of the disease leads to a
slowing of micro- and macrovascular complications (Stratton et al., 2000; Genuth et al.,
2003); the same was not observed in patients with long-standing hyperglycaemia
(Duckworth et al., 2009; Gao, Regier and Close, 2016). An explanation for this
phenomenon is that, in these patients, CVD is not only a consequence of a long-term
hyperglycaemic condition but that the disease is aggravated by insulin resistance and
dyslipidaemia (Pistrosch, Schaper and Hanefeld, 2013). The persistence of diabetic
cardiovascular risk is also a consequence of the “metabolic memory” or “legacy effect”,
due to various mechanisms linked to prolonged glucose exposure. This concept will be
discussed in depth in Chapter 4.
Many findings have shown a role for hyperglycaemia in causing a detrimental alteration
in the onset of endothelial dysfunction, which includes the loss of endothelial integrity
and functionality (Baumgartner-Parzer et al., 1995; Singh et al., 2002; Quagliaro et al.,
2003; Monnier et al., 2006; Yokoi et al., 2006; Popov, 2010; Melmed and Williams,
2011). The means by which hyperglycaemia affects the functionality of ECs involves
both increased oxidative stress and metabolic changes, which involve the activation of
four different metabolic pathways described previously: the PPP, the HBP, activation of
PKC pathway and the formation of advanced glycation end products (AGEs) formation
(Popov, 2010; Melmed and Williams, 2011; Eelen et al., 2018).
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1.3.3.1 Role of oxidative stress in the pathogenesis of endothelial dysfunction
1.3.3.1.1 Free radicals
Free radicals are chemical species formed via homolytic fission or via reductive or
oxidative reactions containing at least one unpaired electron (Bergendi et al., 1999;
Betteridge, 2000; Halliwell and Gutteridge, 2007). This characteristic makes free radicals
highly reactive species, able to react and modify many biological molecules, such as
proteins, lipids, and nucleic acids (Valko et al., 2004, 2007; Ren et al., 2010). The
principal free radicals produced in organisms are generated as by-products of cellular
metabolism or as a result of ionizing radiation and are oxygen-centred radicals (a
component of ROS, described in section 1.3.3.1.1.1) and reactive nitrogen species (RNS;
e.g. NO, described in section 1.3.3.1.1.2). These species play an important role as
signalling molecules in normal physiological processes, but can also mediate DNA
damage (Dröge, 2002; Joseph L Evans et al., 2003b; Valko et al., 2004; Shen et al., 2005;
Halliwell and Gutteridge, 2007) and induce changes in the function of proteins and lipids
through peroxidation reactions (Evans et al., 1994; Betteridge, 2000; Thornalley, 2005;
Kurutas, 2016).
The adverse effects of free radical production have been extensively described and
associated with the onset of many diseases, including cancer, neurodegenerative diseases
as Alzheimer’s disease and Parkinson’s disease, chronic fatigue syndrome, inflammatory
disorders and diabetes (Herrero-Mendez et al., 2009; Pitocco et al., 2010; C. et al., 2012;
Rose, Gracheck and Davis, 2015).
1.3.3.1.1.1 Reactive oxygen species
ROS are reactive molecules derived from molecular oxygen (Valko et al., 2007) that
include, but are not confined to, the free radical species described above. Molecular
oxygen itself is characterised by the presence of two unpaired electrons in separate orbits
in its outer electron shell; in this sense, it is a di-radical, which contributes to its reactive
nature. The reduction of oxygen gives rise to the formation of different ROS: superoxide
anion (O2•-), peroxide (•O22-), singlet oxygen (1O2), hydrogen peroxide (H2O2), hydroxyl
radical (•OH) and hydroxyl anion (OH-) (Wiseman and Halliwell, 1996; Papa and
Skulachev, 1997; Finkel and Holbrook, 2000; Turrens, 2003; Andreyev, Kushnareva and
Starkov, 2005; Houstis, Rosen and Lander, 2006; Valko et al., 2007). Other biologically
relevant ROS are lipid alkoxyl radical (RO•), lipid peroxyl radical (ROO•), lipid
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hydroperoxide (ROOH; associated to the membrane lipid) NO, nitrogen dioxide (NO2)
and ONOO-, which are reactive nitrogen species (Wiseman and Halliwell, 1996;
O’Donnell et al., 1999; Muller, 2000; Joseph L Evans et al., 2003b; Mikkelsen and
Wardman, 2003; Dranka, Hill and Darley-Usmar, 2010); and thiyl radical (RS.), which
has an unpaired electron on the sulphur atom (Dröge, 2002; Pastore et al., 2003; Lee, Kim
and Lee, 2012).
ROS can be generated in cells as a result of mitochondrial metabolism and by
peroxisomes, as well as from a variety of cytosolic enzyme systems (Zulueta et al., 1995;
Cadenas and Davies, 2000; Valko et al., 2007). ROS production can also be triggered by
external agents, including cytokines, ultraviolet radiation, chemotherapeutic agents,
hyperthermia, hypoxia, hyperoxia, hyperglycaemia and growth factors (Finkel, 1998;
Hancock, Desikan and Neill, 2001; Joseph L Evans et al., 2003b). ROS production, within
certain limits, is essential to maintain homeostasis and to contribute to important
signalling pathways involved in the regulation of cell function, growth, and proliferation.
In moderate concentrations, ROS and RNS can induce a mitogenic response or can
activate the cellular response to noxious stimuli (Handy and Loscalzo, no date; Valko et
al., 2007; Ray, Huang and Tsuji, 2012). In blood vessel cells, the production of O2•- plays
a pivotal role in the vasoregulatory process (Gryglewski, Palmer and Moncada, 1986;
Hink et al., 2001); in this regard, it has been shown that angiotensin II stimulates O2•production and promotes NOX assembly (Griendling et al., 1994; Romero and
Reckelhoff, 1999; Zimmerman et al., 2002; Harrison et al., 2003; Li and Shah, 2004;
Rosenkranz et al., 2006).
ROS generation by phagocytic cells constitutes an essential host defence mechanism
against pathogenic infections - a process called the respiratory burst (Forman and Torres,
2002; Iles and Forman, 2002; Nauseef, 2004; DeCoursey and Ligeti, 2005; Bogdan,
2007). Furthermore, cytosolic ROS production in response to growth factor signals is
involved in the regulation of the proliferative response (Finkel, 1998; Forman and Torres,
2002; Ray, Huang and Tsuji, 2012). During the phagocytic respiratory burst, there is a
10-20 times greater oxygen and glucose consumption, due partially to the activation of
the PPP. The major consumption and uptake of glucose is mediated via the activation and
assembly of the complex NOX in phagocytes (Cross and Segal, 2004; Nauseef, 2004;
Holland, 2013). NOX is responsible for the production of O2•-, initiating a cascade of ROS
production that kills bacteria and pathogens (Wojtaszek, 1997; Iles and Forman, 2002;
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Li, 2003; Cross and Segal, 2004; Nauseef, 2004; Rada et al., 2004; DeCoursey and Ligeti,
2005; Ying, 2008).
On the other hand, excessive O2•- production can trigger oxidative stress (Finkel and
Holbrook, 2000; Bertelsen, Änggård and Carrier, 2001; Halliwell and Gutteridge, 2007;
Fujii et al., 2012; Maamoun et al., 2015). By way of example, excessive O2•- production
can lead to inactivation of the vasodilator NO, generating ONOO-, a highly reactive
compound that can cause lipid peroxidation (Gryglewski, Palmer and Moncada, 1986;
O’Donnell et al., 1999; Ghafourifar and Cadenas, 2005; Quijano et al., 2007; Pacher,
Beckman and Liaudet, 2007) and nitration of tyrosine residues, altering protein function
(O’Donnell et al., 1999; Mikkelsen and Wardman, 2003; Martínez and Andriantsitohaina,
2009; Muller et al., 2013).
As mentioned above, intracellular ROS can be produced by NOX or by the mitochondrial
ETC, in which electrons from NAD(P)H and FADH2 produced during glucose and FFA
oxidation are used to generate the electrochemical gradient necessary for ATP production
(T Finkel and Holbrook, 2000; Murphy, 2009). The NOX family of ROS producing
enzymes exist in 7 isoforms which are mainly located in mitochondria, ER, peroxisomes
and cell membranes (Forman and Torres, 2002; DeCoursey and Ligeti, 2005; Busik, Mohr
and Grant, 2008; Ying, 2008). NOX is expressed by all of the cells that constitute blood
vessels and the different isoforms are subject to intracellular compartmentalisation
(Pendyala et al., 2009; Drummond and Sobey, 2014). In ECs, many enzymes, including
XO, NOX isoforms 1, 2 and 4, take part in the formation of ROS like O2•- and H2O2 (Li,
2003; Drummond and Sobey, 2014; Menden et al., 2015). In particular, evidence shows
that H2O2 produced by NOX4 contributes to the maintenance of EC functionality by
participating in redox signalling (Langbein et al., 2016). NOX expression is induced by
many factors, including hyperglycaemia (Shao and Bayraktutan, 2014), hypoxia (Koziel
and Jarmuszkiewicz, 2017), growth factors, shear stress (Hwang et al., 2003; Siu, Gao
and Cai, 2016) and proinflammatory cytokines, such as thrombin and VEGF (Menden et
al., 2015). Excessive O2•- concentration has been associated with the onset of
atherosclerosis (Schwartz et al., 1992; Harrison et al., 2003; Hu et al., 2003; Li and Shah,
2004; Valko et al., 2007).
1.3.3.1.1.1.1 Superoxide anion (O2•-)
O2•- is generated a result of the addition of an electron to molecular oxygen (Figure 1-8)
(Bergendi et al., 1999; Muller, 2000; Han, Williams and Cadenas, 2001; Mailloux, Jin
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and Willmore, 2014). Mitochondrial oxidative phosphorylation represents an important
source of O2•- (Yamagishi et al., 2001; Li and Shah, 2004; Valko et al., 2007; Brand,
2010). The production of mitochondrial O2•- occurs at two discrete points in the ETC: at
Complex I (NADH dehydrogenase) and at Complex III (ubiquinone–cytochrome c
reductase). Under normal metabolic conditions, Complex III is the main site of ROS
production (Turrens, 1997; Han, Williams and Cadenas, 2001; Rosca, 2005; Kyle L
Hoehn et al., 2009). O2•- produced by Complex I (NADH ubiquinone oxidoreductase) is
usually released in the mitochondrial matrix, while O2•- produced by Complex III
(coenzyme Q) can be released into the matrix or into the cytoplasm (Han, Williams and
Cadenas, 2001; Li et al., 2013). In addition to the mitochondrial enzymes, other enzymes
are involved in the production of O2•-, including lipoxygenases, NOX, NOS and XO
(Fukai and Ushio-Fukai, 2011).
O2•- is negatively charged, making it unable to cross the membrane lipid bilayer (Han,
Williams and Cadenas, 2001). Its chemical structure makes O2•- prone to react extremely
rapidly with proteins or lipids, modifying their chemical structure and function. This
interaction can give rise to the formation of more ROS through chain reactions (Bergendi
et al., 1999; Cadenas and Davies, 2000; Han, Williams and Cadenas, 2001; Halliwell and
Gutteridge, 2007; Valko et al., 2007). For example, it has been demonstrated that
excessive O2•- can cause the release of iron from iron-containing complexes. This iron, in
the reduced form (Fe2+, can then react with H2O2, generating highly reactive and damaging
hydroxyl radical (Liochev and Fridovich, 1994).
O2•- can also participate in Haber-Weiss reactions, which produce hydroxyl radical from
the reaction between O2•- and H2O2 in two steps (Thomas, Morehouse and Aust, 1985;
Khan and Kasha, 1994; Wardman and Candeias, 1996; Liochev and Fridovich, 2002).

O2•-+H2O2→O2 + •OH+−OH
Fe3+ + O2-• → Fe2+ + O2
Fe2+ + H2O2 → Fe3+ + OH- + OH• (Fenton reaction)
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Figure 1- 8. Reactions of complete reduction of molecular oxygen (O2) into water (H2O) (A), and
incomplete reduction of O2, that leads to the formation of O2•- (B).

1.3.3.1.1.1.2 Hydrogen peroxide
Hydrogen peroxide (H2O2) is formed from the spontaneous dismutation of O2•- as a direct
by-product of enzymatic reactions (C. C. C. Winterbourn and Metodiewa, 1994; Han,
Williams and Cadenas, 2001; Li and Shah, 2004; Leeuwenburgh and Heinecke, 2012;
Brand, 2016).
H2O2 is not a free radical because it does not contain an unpaired electron. At
physiological concentrations, H2O2 is an important signalling molecule. It is, however, a
precursor of other radical species such as hydroxyl and peroxyl radicals (Scandalios,
1993; Liochev and Fridovich, 1994; James P. Kehrer, 2000; Halliwell and Gutteridge,
2007). Additionally, H2O2 can be utilised by the myeloperoxidase for the production of
hypochlorous acid and singlet oxygen, a reaction that takes part during the neutrophils
respiratory burst (Babior, 1984; Forman and Torres, 2002; Iles and Forman, 2002;
Nauseef, 2004; Bogdan, 2007).
H2O2 can be derived from the dismutation of O2•- anion by the enzymes superoxide
dismutase (SOD) and peroxidases. H2O2 can also be produced by peroxisomes, including
catalase, glutathione peroxidases (GPx) and peroxiredoxins (Prx), responsible for its
reduction to water, preventing its accumulation (Valko et al., 2004; Fukai and UshioFukai, 2011).
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H2O2 is able to cross membranes (Halliwell and Gutteridge, 2007) and, in the presence of
reduced transition metals (Fe2+, Cu2+) can participate in Fenton reactions, forming
hydroxyl radical (OH•) and the corresponding oxidised metal species (Babior, 1984;
Winterbourn, 1995; Wardman and Candeias, 1996; W. H. Koppenol, 2001; Forman and
Torres, 2002; Halliwell and Gutteridge, 2007). H2O2 can also be toxic in the 10-100 µM
range, triggering, for example, the inactivation of glycolytic enzymes (Halliwell and
Gutteridge, 2007).
1.3.3.1.1.1.3 Hydroxyl radical
Hydroxyl radical (·OH) is a very short-lived ROS (Pryor, 1986; Pastor et al., 2000;
Redmond and Kochevar, 2006). For this reason, hydroxyl radical reacts in loco after its
formation. ·OH takes part in the defensive mechanism activated by macrophages and
microglial cells to help destroy pathogens and bacteria (Babior, 1984; Forman and Torres,
2002; Nauseef, 2004; Bogdan, 2007; Halliwell and Gutteridge, 2007).
Different pathways lead to the formation of hydroxyl radical, including Fenton reactions
between H2O2 and metal ions (Winterbourn, 1995; Chiueh, 1999; Liochev and Fridovich,
2002; Park and Imlay, 2003; Halliwell and Gutteridge, 2007), homolytic fission induced
by UV light, whereby the inter oxygen bond in O2•- is broken, and from the reaction
between hypochlorous acid and O2•-(Liochev and Fridovich, 1994; O’Donnell et al.,
1999; Halliwell and Gutteridge, 2007). In addition, the hydroxyl radical can be produced
in vivo by the reaction between O2•-and H2O2 (Haiber-Weiss reaction) (Czapski and Ilan,
1978; Weinstein and Bielski, 1979; Winterbourn, 1987; James P Kehrer, 2000; W.H.
Koppenol, 2001; Liochev and Fridovich, 2002)
O2•-+ H2O2 → OH− + •OH + O2
Hydroxyl radicals are reactive towards different macromolecules: the reaction with
nucleic acids (DNA, RNA) causes mutations and strand breaks, while the reaction with
lipids induces lipid peroxidation and the one with amino acids is responsible for protein
oxidation (Reiter et al., 1995; Valko et al., 2007). All of these reactions have the potential
to impact on cell function at different levels. By contrast to O2•-, hydroxyl radicals cannot
be eliminated by enzymatic reactions (James P Kehrer, 2000).
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1.3.3.1.1.1.4 Peroxyl radicals
Peroxyl radicals are ROS characterised by the formula •ROO-. Peroxyl radicals can be
formed during the reaction between oxygen-centred radicals, like hydroxyl radicals, and
the methylene group of fatty acid chains (Gardner, 1989; Porter, Caldwell and Mills,
1995; Packer, Kraemer and Rimbach, 2001; Roschek et al., 2006). During this reaction called lipid peroxidation - the hydroxyl radical attracts a hydrogen atom from the
methylene group of the fatty acid, and the resultant carbon radical can then react with
molecular oxygen to form a peroxyl radical. The reaction of peroxyl radical with other
carbon-centred radicals gives rise to a chain reaction in which the production of ROS is
amplified (Porter, Caldwell and Mills, 1995; Roschek et al., 2006; Halliwell and
Gutteridge, 2007; Pratt, Tallman and Porter, 2011).
1.3.3.1.1.2 Reactive nitrogen species
Reactive nitrogen species (RNSs) are a family of reactive species, that include nitroxyl
anion, NO, S-nitrosothiols, nitrosonium cation (NO+), dinitrosyl iron complexes
(Martínez and Andriantsitohaina, 2009) and ONOO- (Vilar et al., 1997; O’Donnell et al.,
1999; Ghafourifar and Cadenas, 2005; Pacher, Beckman and Liaudet, 2007; Borys et al.,
2019). RNSs are mainly generated through the reaction of NO with other biomolecules,
including oxygen, thiols, and O2•-(Mikkelsen and Wardman, 2003). The prevalence of the
different oxidation states of NO (NO-, NO, and NO+) is dependent on the local redox
environment.
NO contains an unpaired electron and is therefore classified as a free radical. However,
NO is less reactive compared to other free radicals, because the unpaired electron is a
non-bonding orbital (Lancaster, 2015). In cells, NO is synthesised via an oxidative
reaction from the precursor L-arginine, catalysed by the NO synthase family of enzymes
(NOS) (Ghafourifar and Cadenas, 2005), including endothelial NOS (eNOS), neuronal
NOS (nNOS), mitochondrial NOS (mtNOS) and inducible NOS (iNOS) (Knowles and
Moncada, 1994; Wu and Meininger, 2002; Ghafourifar and Cadenas, 2005; Kopincová,
Púzserová and Bernátová, 2011). These isoforms of NOS catalyze the following reaction:
2 L-Arg + 3 NADPH + 1 H+ + 4 O2 → 2 L-Cit +2 NO + 4 H2O + 3 NADP+
Once produced, NO can diffuse between the cells, due to its solubility in both the aqueous
and lipid phases (Chiueh, 1999; Halliwell and Gutteridge, 2007).
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NO is implicated in important physiological mechanisms, including smooth muscle
relaxation, peristalsis, insulin secretion, angiogenesis, immune system regulation and
neurotransmission (Knowles and Moncada, 1994; Bergendi et al., 1999). NO produced
by mtNOS is an important regulator of mitochondrial function, inhibiting the interaction
of O2 with cytochrome c oxidase (Complex IV) (Ghafourifar and Cadenas, 2005).
ONOO− reacts with macromolecules, including lipids, proteins (haemoglobin,
myoglobin, and cytochrome c), low-molecular-weight antioxidants, and DNA
(O’Donnell et al., 1999). In addition, ONOO- reacts with other molecules to form
additional types of RNS, including nitrogen dioxide (NO2) and dinitrogen trioxide (N2O3)
(Lewis and Deen, 1994; O’Donnell et al., 1999).
The reaction between NO and O2•- is crucial for the inactivation of NO function in the
vascular system (Ghafourifar and Cadenas, 2005). Markers of ONOO- are often elevated
in patients with diabetes, because of the high concentrations of O2•- promoted by
persistent hyperglycaemia (Ceriello and Motz, 2004). The resultant ‘nitrosative stress’ defined as the excessive production of RNS not counterbalanced by their clearance - has
been associated with hypertension and atherosclerosis (Martínez and Andriantsitohaina,
2009; Kurutas, 2015; Loader et al., 2017).
Impaired NO function is an important step in the onset of CVD. In diabetes,
hyperglycaemia is responsible for nitrosative stress by increasing both the production of
O2•- and NO and the consequent O2•--mediated NO inactivation. In particular, glucose
increases the expression of eNOS via protein kinase C (PKC) activation and consequently,
increases the production of ONOO-

(Hink et al., 2001). At the same time, the

hyperglycaemic state has been related to an increase in ROS production, with consequent
NO inactivation (Valko et al., 2007; Civelek et al., 2011; Förstermann and Sessa, 2012).
A study performed by Nakagawa and colleagues in 2005 shows that a high concentration
of uric acid driven by an excessive intake of fructose, can also impair NO-mediated
vasodilatory action in response to ACh in arterial rings. This process might contribute to
the development of insulin resistance and hypertension (Nakagawa et al., 2005).
In diabetes, eNOS uncoupling can be responsible for increased ROS production and many
mechanisms contributes to this phenomenon, including a decrease in L-arginine
metabolism, decreased availability of the cofactors BH4 and NADPH, endothelial IR
(Shinozaki et al., no date; Terauchi et al., 1997; González et al., 2011; Haines et al., 2012;
Rajapakse et al., 2013), increased AGEs (Su et al., 2013), hyperglycaemia-induced
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restriction of PPP flux (Peoples et al., 2000; Leopold and Loscalzo, 2005), and
aberrant O-glycosylation (Xue Liang Du et al., 2001; Federici et al., 2002; Ball, Berkaw
and Buse, 2006).
1.3.3.1.2 Cellular antioxidant defence
A rise in intracellular oxidant levels can damage various cell components and activate
specific signalling pathways. However, cells have an intricate antioxidant defence system
that includes the enzymatic scavengers, SOD, peroxiredoxins, catalase and GPxs
(Betteridge, 2000; Halliwell and Gutteridge, 2007; Valko et al., 2007; Fukai and UshioFukai, 2011; Handy and Loscalzo, 2012; Lee, Kim and Lee, 2012; Brand, 2016), as well
as many other exogenous non-enzymatic molecules, such as ascorbate, pyruvate,
flavonoids, carotenoids and GSH (Cao, Sofic and Prior, 1997; Joseph L Evans et al.,
2003b; May, Qu and Li, 2003; Valko et al., 2004, 2007). As mentioned earlier, O2•generated by electrons “leaking” to oxygen from the mitochondrial ETC at Complex I
(NADH–CoQ reductase) and Complex III (CoQH2–cytochrome reductase) (Han,
Williams and Cadenas, 2001; Li et al., 2013) is an important source of this radical species
(Finkel and Holbrook, 2000; Murphy, 2009). Once produced, O2•- is rapidly converted to
H2O2 by the enzyme [Cu-Zn]-SOD (SOD1) within the mitochondrial intermembrane
space and by Mn-SOD (SOD2) within the mitochondrial matrix (Muller, 2000; Fukai and
Ushio-Fukai, 2011; Handy and Loscalzo, 2012; Flynn and Melovn, 2013; Fridovich,
2013).
H2O2 is a less reactive molecule that is able to diffuse across membranes and plays an
important role in signal transduction. H2O2 is also eliminated by antioxidant enzymes such
as catalase, peroxiredoxins (PRX1 and PRX2) (Gryglewski, Palmer and Moncada, 1986;
Robertson et al., 2003) and GPxs (GPX1–4) (Grankvist, Marklund and Täljedal, 1981;
Finkel and Holbrook, 2000; Veal, Day and Morgan, 2007; Handy and Loscalzo, 2012;
Fridovich, 2013), that can convert H2O2 to water.
1.3.3.1.2.1 Glutathione
GSH is a tripeptide (cysteine-glutamate-glycine) synthesised in the cytosol by the
enzymes glutamate-cysteine ligase and GSH synthetase (C. C. Winterbourn and
Metodiewa, 1994; Wu et al., 2004; Valko et al., 2007). GSH is present in the cytoplasm
(1–11 mM), nuclei (3–15 mM), and mitochondria (5–11 mM) (Birben et al., 2012). Once
synthesised, it is transported into the mitochondrial matrix against a concentration
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gradient through two inner mitochondrial membrane antiport carrier proteins: the
dicarboxylate carrier protein and the 2-oxoglutarate carrier protein (Shen et al., 2005).
GSH represents the major thiol intracellular protector against nitrosative and oxidative
stress (Gumieniczek and Wilk, 2009; Kurutas, 2016; Borys et al., 2019). Its antioxidant
capacity depends on the cysteine thiol group (-SH), where the sulphur can easily lose one
electron (Shen et al., 2005). Thanks to this property, GSH in the reduced form can act as
a cofactor for different detoxifying enzymes, including GPx and glutaredoxin (Wirth,
1998; Dursun et al., 2005; Espinoza et al., 2008). GSH can directly scavenge hydroxyl
radical and singlet oxygen (Wirth, 1998) and can also reduce the tocopherol radical of
Vitamin E directly, or indirectly, via reduction of semi-dehydro-ascorbate to ascorbate
(Vitamin C) (Grankvist, Marklund and Täljedal, 1981; C. C. Winterbourn and Metodiewa,
1994; Pastore et al., 2003; Borys et al., 2019). In addition to its antioxidant activity, GSH
can regulate the NO cycle and it is an important cofactor in metabolic reactions, such as
DNA synthesis and repair, protein synthesis and enzyme activation. GSH also participates
to the amino acid transport through the membrane, and it is involved in the regulation of
apoptosis and necrosis, as well as cell differentiation (Valko et al., 2007; Gumieniczek
and Wilk, 2009; Herrero-Mendez et al., 2009; Handy and Loscalzo, 2012).
GSH is present in two different states: the reduced form and the oxidised form, also called
glutathione disulphide or GSSG (C. C. Winterbourn and Metodiewa, 1994; Shen et al.,
2005). The intracellular ratio of the two forms GSH/GSSG is an important indicator of
the cellular oxidative condition (C. C. Winterbourn and Metodiewa, 1994; Pastore et al.,
2003; Shen et al., 2005; Zitka et al., 2012); a shift in the GSH/GSSG ratio towards GSSG
is an indicator of oxidative stress (Nogueira, Zeni and Rocha, 2004). A decrease in GSH
can be associated with ageing and with the onset of many pathologic disorders, including
AIDS, rheumatoid arthritis, alcoholic and non-alcoholic (fatty) liver disease, CVD,
respiratory distress syndrome and Parkinson’s disease. Moreover, a decrease in total
intracellular GSH has been observed in both forms of diabetes mellitus (Robertson et al.,
2003; Vander Jagt and Hunsaker, 2003; Wu et al., 2004; Biswas et al., 2005; Espinoza et
al., 2008; Treweeke et al., 2012).
1.3.3.1.2.2 Glutathione peroxidase
GPx catalyses the reduction of peroxides hydrogen into water and of organic
hydroperoxides into their respective alcohol (Ighodaro and Akinloye, 2018), following
the reaction:
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ROOH + 2GSH → GSSG + H2O + ROH
GPx contains selenium on the active site which, after reacting with peroxide, can be
oxidised in seleninic acid. The GPx active site is then reduced by two GSH molecules,
leading to the formation of GSSG. Successively, which is ultimately reduced by GSH
(Wirth, 1998; Chen et al., 2003; Espinoza et al., 2008; Lubos, Loscalzo and Handy, 2011).
1.3.3.1.2.3 Superoxide dismutase
SOD catalyses the conversion of O2•- to oxygen and H2O2, following the reaction:
O2•- + O2− + 2H+ → H2O2 + O2
The H2O2 produced by this reaction is then reduced by catalase or GPx (Wirth, 1998;
Lubos, Loscalzo and Handy, 2011). SOD is formed by two (Cu-Zn SOD) and four
subunits (Mn-SOD) each containing a haem group with a transition metal in its active
site, that is used to dismutase O2•- anions to oxygen and water, through their oxidation and
reduction. SOD is present intracellularly, as cytosolic Cu, Zn-SOD, mitochondrial MnSOD, and extracellularly (extracellular SOD, with copper and zinc) (Scandalios, 1993;
Fridovich, 1997, 2013; Harrison et al., 2003; Fukai and Ushio-Fukai, 2011; Flynn and
Melovn, 2013).
1.3.3.1.2.4 Catalase
Catalase acts as the first line of defence against H2O2, catalysing its conversion to water
and oxygen, with a high rate of reaction (~107 M/sec) (Michiels et al., 1994; Robertson
et al., 2003).
H2O2 → 2H2O + O2
1.3.3.1.2.5 Peroxiredoxins
Peroxiredoxins (Prxs) are cysteine-containing enzymes that exist in six different isoforms
(Ray, Huang and Tsuji, 2012; Rhee et al., 2012; Eter and Al-Masri, 2015). Peroxiredoxins
acts as antioxidant defences against peroxides, including H2O2, lipid hydroperoxides, and
ONOO-, using thioredoxin (Trx) as an electron donor, in a reaction that depends on the
electron transfer from NADPH to thioredoxin reductase (TrxR), thioredoxin (Trx) and
Prx (Ray, Huang and Tsuji, 2012; Rhee et al., 2012; Eter and Al-Masri, 2015; Arkat et al.,
2016).
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1.3.3.1.2.6 Thioredoxin
Thioredoxin (Trx) is a thiol antioxidant molecule containing two -SH groups in the
reduced form that are then converted to disulphide in the oxidised form. The functional
Trx is represented by its reduced form, therefore the activity of Trx reductase is very
important in the fulfilment of Trx functions. These include the regulation of oxidative and
nitrosative stress (Benhar, Forrester and Stamler, 2009). Together with the Snitrosoglutathione reductase system, the Trx/Trx reductase system is essential for the
regulation of protein S-nitrosylation. The reaction of denitrosylation of the substrate
protein results in the release of nitroxyl (HNO) and on the oxidation of Trx, reduced by
Trx reductase and NADPH (Yamawaki, Lehoux and Berk, 2003; Handy and Loscalzo,
2012; Lee, Kim and Lee, 2012). Trx is present in the intracellular environment in two
isoforms: cytosolic Trx1 can be translocated into the nucleus or into the extracellular
environment; and the mitochondrial isoform, Trx2 (Lee, Kim and Lee, 2012). The
secretion of Trx is a marker for oxidative and nitrosative stress: elevated levels of plasma
Trx have been found in cancer, ischaemic reperfusion injury and atherosclerosis (Jikimoto
et al., 2002; Yamawaki, Haendeler and Berk, 2003).
1.3.3.1.2.7 α-Lipoic acid (1,2-dithione-3-pentanoic acid)
α-Lipoic acid (1,2-dithione-3-pentanoic acid) (LA) is a thiol antioxidant present in both
lipid and aqueous phase. Once absorbed, LA is metabolised to di-hydrolipoic acid
(DHLA) by NADH or NADPH. DHLA has greater antioxidant capacity, being able for
example to regenerate the reduced form of vitamin C and E (Biewenga, Haenen and Bast,
1997).
The antioxidant capability of LA and DHLA is due to their capacity to chelate transition
metals, such as iron and copper, protecting against oxidative and nitrosative stress derived
by intra-lysosomal Fenton reactions. Additionally, LA is a good protection system against
lipid peroxides (LPO) and dienes that form from the reaction of free radicals with
polyunsaturated fatty acids (PUFAs). Importantly, LA can promote the induction of
enzymes involved in the increase of GSH levels, including GSH synthetase (Packer, Witt
and Tritschler, 1995; Biewenga, Haenen and Bast, 1997; Packer, Kraemer and Rimbach,
2001; Moini, Packer and Saris, 2002).
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1.3.3.2 Advanced glycation end-products
Persistent hyperglycaemia is related to greater non-enzymatic glycation of proteins and
lipids, with the formation of advanced glycation end-products (AGEs). The formation of
AGEs occurs via the Maillard reaction, non-enzymatic glycation during which the
aldehyde or ketone groups of reducing sugars bind the free amino groups of proteins,
forming a labile Schiff’s base. This undergoes rearrangement to a more stable product
(Amadori’s product) containing a free carbonyl group that can be degraded into different
highly reactive compounds (3-deoxy-glucosone, glyoxal, and methyl-glyoxal) (Takeuchi
et al., 2001; Wautier and Guillausseau, 2001; Rosca, 2005; Thornalley, 2005). These
compounds rearrange their chemical structure further, generating irreversible AGEs.
There are many species of AGEs, including HbA1c (Colagiuri, 2011; World Health
Organization, 2011; Eckhardt et al., 2012; Anjana et al., 2015), 2-(2-furoyl)-4(5)-furanyl1H-imidazole (FFI), 1-alkyl-2-formyl-3,4-diglycosyl pyrroles (AFGPs), N-q-carboxymethyl-lysine (CML), pyrraline and pentosidine (Vlassara, Bucala and Striker, 1994).
While the formation of AGEs is a physiological process, the amount generated is
accelerated by chronic hyperglycaemia (Uribarri and Tuttle, 2006). High concentrations
of AGEs and the glycoxidation product, CML, have been reported in patients with T2DM
and coronary artery disease (Kilhovd et al., 1999). Intracellular and extracellular
accumulation of AGEs in macrophages and smooth muscle cells was found to be
proportional to the instability of the atherosclerotic lesions (Sims et al., 1996).
Intracellular glucose is diverted into the polyol pathway under hyperglycaemic
conditions, where it is reduced to sorbitol by the NADPH-dependent enzyme, aldose
reductase (Lorenzi, 2007; Mapanga and Essop, 2016; Yan, 2018). The consequent
oxidation of sorbitol by NAD+ raises the cytosolic NADH/NAD+ ratio, which is an
inhibitory signal for GAPDH activity. This results in the accumulation of triose
phosphate, which is a precursor of AGEs. Moreover, the utilisation of NADPH by aldose
reductase lower the reducing equivalent required for the restoration of the important
antioxidant tripeptide, GSH. In conditions where GSH is low (contributing to oxidative
stress), the glyoxalase system fails in the clearance of methylglyoxal and its accumulation
contributes to the total increase in AGEs levels in a vicious circle (Rosca et al., 2005;
Choi et al., 2008). The increase in ROS production also contributes to AGEs formation
in diabetes; ROS can cause a decrease in the activity of the enzyme, GAPDH, through
ADP-ribosylation by PPAR-γ, allowing the accumulation of triose phosphates
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glyceraldehyde-3-P and dihydroxyacetone, that are converted into methylglyoxal (Evans
et al., 1994; Romieu et al., 2004).
AGEs can interact with and change the activity of intracellular proteins, as well as
extracellular matrix components, causing cross-linking between these molecules that in
turn reduces the elasticity of artery walls and increase the permeability of vessels
(Huijberts et al., 1993). AGEs accumulation can contribute to the oxidation of LDLs to
form oxLDLs (Wautier and Guillausseau, 2001; Basta, Schmidt and De Caterina, 2004),
but can also interact with AGEs receptors (RAGEs) on cell surfaces, as well as binding
non-AGE-related pro-inflammatory molecules (S100/calgranulins and amphoterins)
(Basta, Schmidt and De Caterina, 2004). RAGEs are members of the immunoglobulin
superfamily and have the important function in regulating AGEs endocytosis (Mackic et
al., 1998). RAGEs have been found in different tissues and contribute to the
mechanism(s) by which AGEs mediate vascular, neural, cardiac and renal dysfunction in
patients with diabetes. By contrast to many other receptors, the expression of RAGEs is
upregulated by the presence of the AGEs ligands via a positive feedback mechanism
(Wautier and Guillausseau, 2001; Cipollone et al., 2003).
AGE-RAGE interaction can activate the NOX system, inducing the production of ROS
and depleting cellular antioxidant defences, including GSH and vitamin C, contributing
to oxidative stress. ROS can, in turn, activate the pleiotropic transcription factor, NF- κB
and p21RAS, with the activation of immune response genes (TNF-α and TNF-β, IL-1,
IL-6 and IL-8, interferon-γ (IFN-γ), TGF-β, and cell adhesion molecules (Siebenlist,
Franzoso and Brown, 1994; Basta, Schmidt and De Caterina, 2004). In the context of
atherosclerosis, the AGE-RAGE interaction is critical for activating the conversion of
monocytes into macrophages, and for their chemotaxis (Cipollone et al., 2003; Fredrikson
et al., 2003; Basta, Schmidt and De Caterina, 2004; Rahman et al., 2007). In patients with
diabetes, the RAGE overexpression in macrophages associated with atherosclerotic
plaques can contribute to the induction of metalloproteinases and the consequent
destabilization of the plaque, through the enhanced expression of mediators of
inflammation like COX-2/PGE2 synthase-1 (Cipollone et al., 2003).
Several receptor-independent and receptor-mediated mechanisms have been proposed to
explain the influence of AGEs on the progression of cardiovascular complications, and to
trigger the inflammatory process, with all its consequences. Receptor-mediated processes
culminate in AGEs altering the function of the extracellular matrix on vessel intima
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through the modification of type IV collagen structure and laminin in the intima (Sell and
Monnier, 1989). AGEs can also directly oxidise circulating LDLs and apolipoprotein B
(Apo-B), affecting their clearance and making them susceptible to further oxidative
modifications (Giardino, Edelstein and Brownlee, 1994).
AGEs are also responsible for proliferation of VSMCs, and for an increase in endothelial
permeability, due to changes in EC morphology and the destruction of extracellular
matrix structure (Wautier et al., 1996). It is also recognised that AGEs have a role in the
change of expression of anticoagulant molecules to pro-coagulant ones on the EC surface
(Wautier and Guillausseau, 2001). AGEs can alter vasodilatation through direct
inactivation of NO and can induce the expression of vasoconstrictor molecules like ET-1
in ECs (Quehenberger et al., 2000). The interaction of AGEs with RAGEs gives rise to
inflammatory signals and triggers the activation of the immune response. The main effect
of these products is the establishment and the progression of atherosclerosis, leading to
cardiovascular complications (Vlassara, Bucala and Striker, 1994; Cipollone et al., 2003;
Basta, Schmidt and De Caterina, 2004; Stirban, Gawlowski and Roden, 2014)
1.3.3.3 Mechanisms of hyperglycaemia-derived endothelial dysfunction
1.3.3.3.1 Oxidative stress-derived endothelial dysfunction
The condition of oxidative stress could be a direct or indirect effect of hyperglycaemia
(Wautier and Guillausseau, 2001; Joseph L Evans et al., 2003a; Vander Jagt and
Hunsaker, 2003; Rosca et al., 2005; Monnier et al., 2006; Ren et al., 2010; Avogaro et
al., 2011; Loader et al., 2017; Volpe et al., 2018) and many studies have shown that both
constant and intermittent hyperglycaemia increases apoptosis and oxidative stress in ECs
(Quagliaro et al., 2003, 2005; Piconi et al., 2004; Sheu et al., 2005; Yokoi et al., 2006;
Popov, 2010; Lunt et al., 2011; Schisano et al., 2011; Liu et al., 2014; Sada et al., 2016).
An increase in oxidative stress is one of the main consequences of the hyperglycaemic
state that characterises diabetes and the pre-diabetic state (IGT, IFG) (Maejima et al.,
2001; VanderJagt et al., 2001; Joseph L Evans et al., 2003a; Karbach et al., 2012; Ye,
2013; Muriach et al., 2014). Oxidative stress is thought to lead to the onset of secondary
pathologies associated with the diabetic condition, such as nephropathy, neuropathy,
atherosclerosis, and retinopathy (Joseph L Evans et al., 2003b; Li and Shah, 2004;
Halliwell and Gutteridge, 2007; Valko et al., 2007; Tabas, 2010; Ferrara et al., 2011; Ray,
Huang and Tsuji, 2012; Volpe et al., 2018).
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Increased O2•- production and oxidative stress linked to hyperglycaemia can cause
hyperpolarization of the mitochondrial membrane (Quijano et al., 2007) and consequent
mitochondrial dysfunction and apoptosis in ECs, perpetuating the ROS production
(Chiueh, 1999; Hink et al., 2001; Busik, Mohr and Grant, 2008; Popov, 2010; Loader et
al., 2017). High intracellular glucose concentration has also been linked to the condition
of mitochondriopathy, which consists of the accumulation of dysfunctional mitochondria
and the increase in mitochondria fission driven by the recruitment of Rho-associated
protein kinase (ROCK)-1-mediated dynamin-related protein-1 (Drp1)

to the

mitochondria (Shenouda et al., 2011; Pangare and Makino, 2012; Roy et al., 2015).
Mitochondrial fission, in turn, increases mitochondrial ROS production and decreases
ATP production from the ETC (Wang et al., 2012). Moreover, the accumulation of
malfunctional mitochondria causes dysregulation of processes like apoptosis, and
Ca2+ homeostasis, therefore promoting EC dysfunction (Eelen et al., 2018).
Nuclear hyperglycaemia-induced ROS and RNS can damage the DNA and cause the
activation of the DNA repair mechanism enzyme poly(ADP-ribose) polymerase 1
(PARP1) (Du et al., 2003). The consequent NAD+ depletion and GAPDH inhibitory
ribosylation by PARP1 blocks glycolysis, with the accumulation of intermediate
metabolites and excessive glucose that undergo alternative metabolic pathways (PPP,
glucuronate cycle, HBP and glycation pathway), leading to AGEs formation, protein
glycosylation and other consequences mentioned in section 1.3.3.2 of this Chapter
(Takeuchi et al., 2001; Devalaraja-Narashimha and Padanilam, 2009).
In hyperglycaemia, ROS can increase from several sources, including mitochondrial
oxidative phosphorylation, glucose autoxidation, NOX (Hink et al., 2001; Li, 2003;
Yvan-Charvet et al., 2010), dysfunctional NOS (Hink et al., 2001; Valko et al., 2007;
Förstermann and Sessa, 2012; Z.-W. Zhou et al., 2012; Su et al., 2013), lipoxygenase
(Gardner, 1989; Brash, 1999; Yoshida and Kisugi, 2010), cytochrome P450
monooxygenases (Zhang et al., 2002; Halliwell and Gutteridge, 2007) and XO (Butler,
Morris, J. J. F. F. Belch, et al., 2000). Excessive glucose exposure has been directly
related to greater superoxide production in ECs. The formation of ROS during oxidative
phosphorylation is a physiological process (Figure 1-3) (Kwong and Sohal, 1998;
Bergendi et al., 1999; Jastroch et al., 2010; Brand, 2016). However, studies have led to
the hypothesis that the production of superoxide is mainly by Complex II in diabetes (T
Nishikawa et al., 2000). This notion is supported by studies by Yamagishi and colleagues,
indicating a decrease of ROS formation in various cells exposed to a high concentration
72

of glucose after the use of the Complex II inhibitor, 2-thenoyltrifluoroacetone and of an
uncoupler of oxidative phosphorylation (carbonyl cyanide m-chlorophenylhydrazone)
(Yamagishi et al., 2001). Excessive superoxide formation from the mitochondrial ETC
results from the circulating nutrient overload, often found in obesity and T2DM, the
metabolism of which can result in a surplus of reducing equivalents (NAD(P)H and
FADH2), which increases flux through the mitochondrial ETC and results in increased
the chances of more electrons leakage from the ETC. This, in turn, disrupts mitochondrial
function (Ceriello and Motz, 2004; Brownlee, 2005), leading to greater ROS production
(Ceriello, Quatraro and Giugliano, 1992; Vanizor et al., 2001; Whiting et al., 2008; Sweet
et al., 2009).
In hyperglycaemia, NOX-derived ROS have a pivotal role in the onset of vascular and
kidney complications (Forman and Torres, 2002; Li, 2003; Pedruzzi et al., 2004). NOX
protein subunits (p22phox, p67phox, p47phox) and NOX activity are increased in veins
and arteries of diabetic coronary artery bypass patients, and the levels are normalised by
PKC inhibition (Guzik et al., 2002); indeed,

hyperglycaemia can activate ROS

production by NOXs via the activation of PKC (Quagliaro et al., 2003). ROS themselves
are also able to activate endothelial PKC directly (Brownlee, 2005), reinforcing the
mechanism of ROS production. In vitro studies by Li and colleagues (2003) demonstrate
a link between the two pathways of NOX activation at the onset of hypertension in
diabetes patients. In this case, NOXs can be inhibited by the use of AT1 receptor
antagonists in cardiac myocytes and EC from patients with diabetes (Li, 2003). High
concentrations of glucose are also a cause of oxidative stress in cells with no mitochondria
or NOX, like erythrocytes. This can be explained by the phenomenon of glucose autooxidation (Porter, Caldwell and Mills, 1995; Brownlee, 2000; Han, Williams and
Cadenas, 2001; Robertson et al., 2003; Halliwell and Gutteridge, 2007). In vitro
experiments show that glucose can react with H2O2 in the presence of iron and copper
ions to form hydroxyl radical, damaging proteins and other molecules (Scandalios, 1993;
Evans et al., 1994; Joseph L Evans et al., 2003b; Halliwell and Gutteridge, 2007).
β pancreatic cells are particularly sensitive to oxidative stress, due to their low expression
of antioxidant enzymes like CuZn-SOD, Mn-SOD, catalase and GPx (Grankvist,
Marklund and Täljedal, 1981; Malaisse et al., 1982). Exposure of these cells to H2O2
causes the production of cyclin-dependent kinase (CDK) inhibitor p21WAF1/CIP1/Sdi1
and a decrease in insulin mRNA, cytosolic ATP, and calcium flux in cytosol and
mitochondria, reflecting the decrease of insulin production as a consequence of oxidative
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stress (Kaneto et al., 1999). Furthermore, superoxide-mediated overexpression of
uncoupling protein 2 (UCP 2) seems to be involved in the loss of islet cell function,
causing falls in ATP production in the mitochondria, increases superoxide formation and
impaired insulin secretion (Gordon, 1986; Krauss et al., 2003).
Hyperglycaemia impairs cellular antioxidant defences by inhibiting GPx activity
(VanderJagt et al., 2001; Singhai, Goyal and Faizy, 2011). In addition, high glucose
concentrations have been shown to inhibit ROS scavenging actuated by the thioredoxin
system in human aortic smooth muscle cells, on account of increased thioredoxininteracting protein (TiP) that binds and inhibits the thioredoxin cysteine redox-active site
(Zhang et al., 2002).
1.3.3.3.2 Endothelial metabolic alterations associated with hyperglycaemia
As mentioned in section 1.2.1.1.3 of this Chapter, the activation of the polyol pathway,
with the production of sorbitol and fructose, favours AGEs formation (Mapanga and
Essop, 2016; Yan, 2018). Fructose accumulation in HUVECs has been linked to the
acquisition of a prothrombotic phenotype, as well as the overexpression of the aldose
reductase (ALR2) transgene in ECs from diabetic mouse models, a key enzyme of the
polyol pathway (Cheung et al., 2005; Glushakova et al., 2008). In addition, the
accumulation of intracellular sorbitol formed during the polyol pathway by ALR2mediated glucose reduction can induce the movement of water into cells due to
osmolality, leading to osmotic stress (T Nishikawa et al., 2000). Overactivation of the
polyol pathway can lead to NADPH depletion, an essential cofactor for many reactions
implicated in the response to oxidative stress, including the reduction of oxidised
glutathione GSSG to reduced GSH by GSH reductase (Ying, 2008). NADPH also
promotes NO bioavailability: a decrease in NADPH availability on account of
hyperglycaemia-induced activation of the polyol pathway can trigger oxidative stress and
the impairment of the production of the vasodilator NO (Addicks, Bloch and Feelisch,
1994; Schulz et al., 2008; Förstermann, 2010; Yan, 2018; Meza et al., 2019).
The activation of the gluconate cycle has been associated with an increase on renal
diabetic dysfunction in vivo; inhibitors of the enzyme

L-xylulose

reductase, which

catalyses the NADPH-dependent reduction of L-xylulose into xylitol, could have possible
applications in the treatment of long-term complications of diabetes (Winegrad and
Burden, 1966; Tulsiani and Touster, 1979; Carbone et al., 2005).
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Another way by which hyperglycaemia can impair EC function is by the excessive
intracellular F6P formation, derived by fructose phosphorylation (by hexokinase) or
formed by glucose phosphorylation and isomerisation (by the glycolytic enzyme
phosphohexose isomerase). F6P can enter the HBP, leading to the formation of the protein
O-glycosylating factor UDP-GlcNAc. Excessive glucose and fructose metabolism
through the HBP pathway can result in UDP-GlcNAc overproduction and consequent
aberrant protein glycosylation and alteration in protein function, as insulin receptor
substrate 1 (IRS-1) and eNOS (Bucala, Tracey and Cerami, 1991; Federici et al., 2002).
The glycolysis metabolites, glyceraldehyde 3-phosphate (G3P) and dihydroxyacetone
phosphate (DHAP) are diverted to the formation of AGEs as methylglyoxal, glyoxal and
3-DG in the glyoxalase pathway. Alternatively, G3P and DHAP can increase
diacylglycerol (DAG) synthesis, which activates PKC, leading to eNOS uncoupling and
NOX activation (Vander Jagt and Hunsaker, 2003; Su et al., 2013; Allaman, Belanger and
Magistretti, 2015). In animal models of diabetes, DAG and PKC levels are elevated and
contribute to impaired blood flow regulation, increase vascular permeability and fibrosis
(Inoguchi et al., 1994; Das Evcimen and King, 2007).
From the above describe findings, it can be concluded that the main cause of endothelial
dysfunction triggered by hyperglycaemia is due to an increase on substrate oxidation,
leading to mitochondrial- derived increased superoxide production, and by the
accumulation of glucose metabolic by-products. However, both aspects still need
clarification and are objects of controversies (Fink et al., 2012). In recent years, the study
of cellular bioenergetics, which includes the quantification of cellular oxygen utilisation
and the contribution of glycolysis on the extracellular medium acidification, has been
extensively used to describe many cell types as stem cells, tumour and immune cells
(Rellick et al., 2016). If utilised in ECs, this analysis can give important indication on the
mitochondrial functionality of the cell, which is in turn linked to the regulation of many
processes, such as cellular signalling, cell growth and control of cell cycle (Quintero et
al., 2006), therefore an important factor in the maintenance of the endothelial
functionality.
1.3.3.4 Fructose metabolism and implications for diabetes-related CVD
Fructose (C6H12O6) is a ketonic hexose often found in the diet, together with glucose and
galactose. Its chemical formula is identical to that of glucose, but the two
monosaccharides differ from each other through the presence of a keto group in position
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2 in fructose as opposed to an aldehyde group in position 1 in glucose (Figure 1-9) (Tappy
and Le, 2010).

Figure 1- 9. Illustration of glucose and fructose molecular structure.

Fructose is present in fruits and sweeteners like honey, high-fructose corn syrup (HFCS).
In sucrose, commonly known as table sugar, from sugar beet or cane, fructose and glucose
are linked through an α1-4 glycoside bond into a disaccharide (Bray, Nielsen and Popkin,
2004; Bray, 2010; Saygin et al., 2016; Ruiza G Ang and Yu, 2018). Fructose was initially
thought to be an advisable sugar for patients with diabetes, due to its low glycemic index
(GI=23, versus GI=100 for glucose) (Segal, Gollub and Johnson, 2007; Tappy and Le,
2010; Cozma et al., 2012; Sievenpiper et al., 2012; Sievenpiper, de Souza, et al., 2014).
In the last few decades, however, the consumption of fructose has increased notably,
coinciding with a growth of incidence of obesity, T2DM and metabolic syndrome (Yusuf
et al., 2001; Wild et al., 2004; Nakagawa et al., 2005). This has led to considerable
interest in fructose, especially in the context of metabolic disorders. Recent
epidemiological studies have found that fructose can accelerate the onset of IR (Zammit
et al., 2001; Teff et al., 2009; Tran, Yuen and McNeill, 2009; Tappy and Le, 2010; Jia et
al., 2014; Ruiza G Ang and Yu, 2018), dyslipidaemia, lipotoxicity, oxidative stress,
hepatic de novo lipogenesis (DNL) and elevated uric acid levels in the blood - important
characteristics of the metabolic syndrome (Reaven, 1988b).
The negative effects of excessive fructose intake are mainly due to its relatively
unregulated metabolism. While glucose metabolism is controlled by the rate-limiting
enzyme PFK1, with negative feedback control exerted by elevated levels of citrate and
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ATP in the cytosol (indicating a positive energy status of the cell), fructose metabolism
is not subject to this energetic control (Reaven, 1988a; Hallfrisch, 1990; Tappy and Le,
2010; Basaranoglu et al., 2013; Kolderup and Svihus, 2015).
Fructose is absorbed by enterocytes through GLUT5 transporters prior to subsequent
release into the blood through GLUT2 transporters located in the basolateral pole of
enterocytes (Corpe, Burant and Hoekstra, 1999; Tappy and Le, 2010; Jones, Butler and
Brooks, 2011). In the enterocyte, fructose can be converted partially into lactate or
glucose (Bjorkman, Crump and Phillips, 1984). Human fructose absorption capacity is
limited and varies among individuals on account of age and health status (Dyer et al.,
2002; Gibson et al., 2006), and with dietary factors (Jones, Butler and Brooks, 2011),
accounting for between 5 and 50 g of fructose after a single oral dose administered
(Madsen, Linnet and Rumessen, 2006). The contemporary ingestion of glucose and
fructose increases fructose absorption (Corpe, Burant and Hoekstra, 1999).
Absorbed fructose is transported to the liver by the portal system and only a small amount
remains in the systemic circulation: the blood fructose concentration estimated can vary
between 0.1 and 1 mM, after 18-100 g oral ingestion and absorption, and this can last for
up to 2 hours (Glushakova et al., 2008; Laughlin, 2014). Despite the presence of the
fructose transporter GLUT5 in the membrane of adipocytes, muscles cells brain and renal
cells (Litherland et al., 2004; Douard and Ferraris, 2008), these cells only partially
contribute to its blood clearance and metabolism, which mainly occurs in the liver (Tappy
and Lê, 2012).
Fructose is mainly taken up and metabolised in hepatic cells via facilitated diffusion
through GLUT2 carriers, whereupon it is rapidly phosphorylated by fructokinase to
fructose-1-phosphate (F1P) (Hallfrisch, 1990; Samuel, 2011) using intracellular ATP as
a donor of phosphate groups. This process is not controlled by substrate concentration
and might cause a decrease of ATP levels, with greater activation of AMP deaminase and
an increase in the formation of uric acid by the enzyme XO (Moorhouse and Kark, 1957;
Smith, Rovamo and Raivio, 1977; Hallfrisch, 1990; Nakagawa et al., 2006; Tran, Yuen
and McNeill, 2009; Madero et al., 2011; Johnson et al., 2013; Jia et al., 2014). In
enterocytes, F1P also enhances the activity of glucokinase, that phosphorylates glucose
to G6P (Van Schaftingen, Detheux and Veiga da Cunha, 1994).
Fructose metabolism in liver cells promotes a dyslipidaemic profile, highlighted by an
increase in fasting and postprandial blood TG concentrations. Hepatic fructose
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metabolism causes a greater production of triose phosphates, intermediates in the DNL
and the synthesis of TG and VLDL (Messerli et al., 1980), therefore increasing circulating
LDL and oxLDL concentrations, which constitute a risk to cardiovascular health on
account of their contribution to atherogenesis (Schwartz et al., 1992; Russell Ross, 1999;
Young and Mceneny, 2001; Skålén et al., 2002; Hu et al., 2003; Raj and Rajan, 2017).
DHAP and glyceraldehyde are then formed by the enzyme aldolase B from F1P, which
enter to the glycolytic pathway (upon glyceraldehyde phosphorylation into
glyceraldehyde 3-phosphate) (Hallfrisch, 1990; Mayes, 1993; Koo et al., 2008).
It has been estimated that after fasting, fructose in the liver can be either oxidised (43%),
enter DNL (Parks et al., 2008), enter gluconeogenesis (50%) or be converted to lactate,
depending on the metabolic conditions (Delarue et al., 1993; Sun and Empie, 2012). The
metabolic fate of fructose also depends on the contemporary ingestion of other nutrients,
such as glucose. When glucose is ingested with fructose, its oxidation is reduced and
gluconeogenesis also decreases in favour of DNL, which is also stimulated by a greater
insulin release (Teff et al., 2009; Boden et al., 2013; Theytaz et al., 2014). This pathway
is the one that causes most concern about fructose metabolism and the onset of NAFLD
(Tappy and Lê, 2012; Basaranoglu et al., 2013; Chiu et al., 2014) and dyslipidaemia, by
creating metabolic intermediates that fuel DNL and by enhancing gene expression and
activation of lipogenic enzymes (Hirahatake et al., 2011; Crescenzo et al., 2013). Palmitic
acid, formed by DNL, together with other fatty acids, are included in the VLDLs,
ultimately leading to an increase in plasma LDL levels, a risk factor for atherosclerosis
(Aarsland and Wolfe, 1998; Connor, 1999). Two intermediates of fructose metabolism
can participate in DNL: DHAP, which is in equilibrium with glycerol-3-phosphate, that
takes part in TG and phospholipid synthesis; and pyruvate, which is converted into acetylCoA. When this molecule saturates the TCA metabolic capacity, it is diverted into DNL
(Aarsland and Wolfe, 1998; Tappy and Le, 2010; Sun and Empie, 2012; Basaranoglu et
al., 2013; Crescenzo et al., 2013; Kolderup and Svihus, 2015; Ruiza G Ang and Yu, 2018).
Finally, another way fructose might contribute to DNL and dyslipidaemia, is by enhancing
the expression of enzymes involved in the lysogenetic process, like SREBP1 (Matsuzaka
et al., 2004) and carbohydrate-responsive element-binding protein (ChREBP), that in turn
promote hepatic fatty acid synthase and the acetyl-CoA carboxylase (Koo et al., 2008). It
has also been documented that there is an increased activation of the glucose 6 phosphate
dehydrogenase, a key enzyme of the hexose monophosphate (or PPP). Intermediates of
the hexose monophosphate pathway can further activate ChREBP (Denechaud et al.,
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2008). Moreover, a recent finding from Dushay et al. showed that fructose, rather than
glucose, is responsible for an increase in fibroblast growth factor 21 (FGF21), which is
associated with metabolic disorders, impairing glucose and lipid metabolism (Dushay et
al., 2015).
Another possible way by which excessive fructose intake might contribute to the
worsening of the metabolic syndrome and atherosclerosis is by causing an increase in uric
acid production. (Hallfrisch, 1990; Sánchez-Lozada et al., 2002; Tran, Yuen and McNeill,
2009; Jia et al., 2014; Saygin et al., 2016). It has been estimated that the minimum
fructose amount necessary to drive an increase in uric acid concentration in humans is
0.5 g fructose/kg body weight (Perheentupa and Raivio, 1967). Hyperuricaemia can, in
turn, cause IR and endothelial dysfunction, reducing the bioavailability of the important
anti-atherosclerotic mediator, NO, by inhibiting eNOS (Vuorinen-Markkola and YkiJärvinen, 1994; Maxwell and Bruinsma, 2001; Sánchez-Lozada et al., 2002; Khosla et
al., 2005a; Yoo et al., 2005; Nakagawa et al., 2006; Taylor and Curhan, 2008; Ogbera and
Azenabor, 2010; Jia et al., 2014; Petimani, Mahalaxmi, Adake, 2016), resulting in a
reduced vasodilatory response of aortic arterial rings to ACh (Khosla et al., 2005b).
Hyperuricaemia can also be related to the onset of the formation of kidney stones and
gout (Choi and Curhan, 2008; Taylor and Curhan, 2008). Fructose is not only responsible
for an increase in uric acid production, but also decreased renal clearance of uric acid:
hyperuricaemia can contribute to endothelial dysfunction and renal vasoconstriction
(Messerli et al., 1980; Khosla et al., 2005b; Nakagawa et al., 2006; Ogbera and Azenabor,
2010; Petimani, Mahalaxmi, Adake, 2016), and fructose metabolism results in lactate
production, which is a competitive inhibitor for renal urate excretion (Hallfrisch, 1990).
Furthermore, hyperinsulinaemia can itself impair urate excretion (Facchini et al., 1991).
Many studies also demonstrate that insulin functionality and uric acid concentration are
related: uric acid inhibits insulin action on cells and, at the same time, high insulin serum
levels stimulate the renal reabsorption of uric acid (Facchini et al., 1991; Tsunoda et al.,
2002; Petimani, Mahalaxmi, Adake, 2016). The means by which urate induces IR can be
explained by the fact that insulin activates the enzyme eNOS to synthesise NO, increasing
blood flow in the tissues that are highly responsive to insulin, like skeletal muscle
(Steinberg et al., 1994, 1996). Besides, the lower glycaemic index of fructose compared
to glucose means that insulin and leptin production are less stimulated after its ingestion,
the latter on account of a reduction in insulin-mediated NO release (Nakagawa et al.,
2005).
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Fructose can also indirectly impair the cellular response to insulin. This is caused by the
accumulation of intracellular “ectopic lipids” in non-adipose cells, like muscle cells,
hepatocytes, and pancreatic cells, linked to tissue-specific IR (Unger, 2003). Intracellular
accumulation of ectopic lipids can, in turn, generate toxic lipid-derived metabolites that
cause higher phosphorylation of insulin receptor substrate-1 (IRS-1), that reduce insulin
signalling (Shulman, 2000).
Despite many are the effects related to high fructose ingestion described in the literature,
the evidence regarding the deleterious effect of fructose ingestion in increasing hepatic
fat and in worsening the metabolic human state, in comparison with other sugars, are still
contradictory. For example, a meta-analysis conducted by Chiu et al. (2014) concluded
that fructose ingestion alone does not increase lipid content in liver, but that the outcome
is due to the total sugar content and excessive caloric intake overall (Chiu et al., 2014).
Most of the mechanistic intervention studies performed so far in human and animal
models administered unrealistic high consumption of this sugar, often lacking appropriate
controls. Moreover, fructose is often administered in isolation from other nutrients, and
other sugars, like glucose (White, 2013), therefore the experimental conditions do not
reflect accurately the population food consumption.
Although the systemic effects of high fructose ingestion and hyperglycaemia have been
studied in terms of their detrimental effects on endothelial function, little is known about
the effects of direct exposure of ECs to fructose, particularly in combination with glucose.
Both sugars are often present in blood, particularly in the postprandial state, and both
could contribute to the onset of EC dysfunction, an important component of diabetic
vasculopathy.

1.4 Aims and hypothesis
In order to clarify the relationship between the hyperglycaemic state typical of diabetes
and endothelial dysfunction, this study set out to investigate the effects of high
concentrations of glucose and fructose on EC bioenergetics and function. The main
hypothesis was that EC exposure to glucose, fructose and insulin might trigger changes
in cellular bioenergetics and modulates ECs function.
The first part of this study aimed to establish the appropriate experimental model
conditions, which considered the effects of the long term incubation and growth of
endothelial-derived cells in culture medium containing 25 mM “high glucose” (HG)
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versus 5.5 mM “normal glucose” (NG) on cell viability, growth rate, glucose-uptake rate,
oxidative stress, metabolism, and cell function. Further treatment of HG (HGPC) and NG
(NGPC) pre-conditioned cells with both of these glucose concentrations, as well as a
12.5mM “intermediate glucose” (IG) concentration, allowed investigation of the
reversibility of the effects brought about by HG preconditioning.
With the concept of “metabolic memory” in mind, the first hypothesis was that exposure
of cells to constant high glucose during their growth phase would drive reversible or
partially reversible changes in cellular metabolic, oxidative state (Chapter 4) and
functionality, leading to a prothrombotic and vasoconstricting cell phenotype (Chapter
5).
The second part of the study considered only NGPC as a model for this in vitro study, with
NG preconditioning resembling the physiological fasting glycaemia. The aim was to test
the effect of concomitant glucose and fructose exposure on NGPC cells, with sugar
exposure following a “constant” (Chapter 6) and an “intermittent” (Chapter 7) protocol.
The intermittent exposure protocol was designed with the intention to mimic the sugar
oscillations that characterised the postprandial state.
It was hypothesised that fructose could increase cellular metabolic activity, not only by
been metabolised but also by increasing glycolytic flux and ATP depletion, as already
established in other cell types (Hallfrisch, 1990; Kolderup and Svihus, 2015). Due to the
increased metabolic activity and the possible ETC overload of reducing equivalents, it
was hypothesised that fructose would drive an increase in superoxide and ROS-RNS
production, compared to glucose only. A decrease in NO production linked with redox
and metabolic disruptions was also hypothesised in the presence of fructose.
Because of the lack of studies showing the effect of insulin exposure directly on the
endothelium, the final aim of this study was to investigate the concomitant effects of
insulin and glucose and fructose exposure on ECs (Chapter 6). It was hypothesised that
the exposure of the cells to insulin would result in an increase in glucose and fructose
metabolism, and an increase in NO production. Furthermore, it was hypothesised an
inhibitory effect on insulin action in hyperglycaemic conditions.
The third part of this study investigated the effect of postprandial carbohydrates
oscillations, comparing the effect of glucose only with a combination of glucose and
fructose (Chapter 7). It was hypothesised that oscillating hyperglycaemia could reduce
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NO production without affecting cellular metabolism and redox cellular environment.
However, it was also hypothesised that fructose and glucose oscillations could rapidly
increase cellular bioenergetics and oxidants production and impair NO production.
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CHAPTER 2: MATERIALS AND
METHODS
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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).

2.2 Methods
2.2.1 Cell culture
The human-derived endothelial cells EA.hy926 (ATCC® CRL-2922™) were purchased
from American Type Culture Collection (ATCC). EA.hy926 cells were cultured in T75
flasks, at 37°C and 5% CO2, in ATCC-formulated Dulbecco's Modified Eagle's MediumDMEM- (HyClone™) containing either 5.5 or 25 mM of glucose, defined in this study as
“normal glucose” (NG) and “high glucose” media (HG) respectively. Both media were
supplemented with 1 mM sodium pyruvate (100 mM Sigma), 2 mM L-glutamine (100X)
(Gibco) and 5% penicillin/streptomycin (10,000 Units/mL penicillin, 10 mg/mL
streptomycin (Gibco), and 10% foetal bovine serum (FBS) (Gibco).
The medium was changed every 3 days during the cell growth phase and the cells were
passaged at 90% confluence, determined by a visual assessment made using light
microscopy (Leica Microsystems™, Fisher Scientific, Loughborough, UK). During the
visual assessment, the following parameters were evaluated: cell confluence, cell
morphology, medium appearance and the presence of floating cells, which were assumed
to be dead.
2.2.2 Cell treatment with glucose and fructose
EA.hy926 cells were exposed to both glucose and fructose. Glucose exposure was carried
out during the growing phase (described as glucose pre-conditioning; PC), when cells
were cultured under two separate conditions, using complete HG or complete NG DMEM
medium (subsequently designated as HGPC and NGPC cells respectively) and also during
the test phase. The test glucose treatment consisted of exposure of EA.hy926 cells to three
test glucose concentrations: 5.5 mM, 12.5 mM (“intermediate glucose”; IG), and 25 mM
for a total incubation time of 48 hours. The test glucose exposure was carried out in two
different settings: the first settingwas called “constant" glucose exposure, where the
medium containing the test glucose treatment (NG, IG or HG) was replaced every 24
hours to maintain a steady glucose concentration. The second setting was called
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“intermittent” glucose exposure, where the concentration of glucose in the culture
medium was oscillated between the test glucose treatment and NG exposure a total of
three times over 24 hours. More specific details of the intermittent glucose exposure
experiments are given in Chapter 7.
In other experiments, EA.hy926 cells were exposed to a combination of glucose and
fructose during the test glucose phase, the total carbohydrate load of which corresponded
to the three test glucose concentrations of 5.5, 12.5 and 25 mM, and where a proportion
of the carbohydrate load substituted with fructose (either 0.1 mM or 1 mM). Finally, the
test glucose exposure was combined with an addition of 500 pM insulin to the medium,
prepared from an insulin stock solution derived from bovine pancreas containing
10 mg/mL insulin in 25 mM HEPES (See Chapter 6).
2.2.3 MTT assay
The In Vitro Toxicology Assay Kit (MTT-based) was used to determine cell viability or
mitochondria number in NGPC and HGPC cells. The MTT assay is based on the enzymatic
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) to
insoluble formazan, producing a purple colour. The reduction of MTT requires
NAD(P)H-dependent oxidoreductases (Bernas and Dobrucki, 2002; van Meerloo,
Kaspers and Cloos, 2011; Stockert et al., 2012).
HGPC and NGPC cells were seeded in triplicate in a 96 well flat-bottomed plate. The cells
were incubated at 37°C with 5% CO2 in a humidified atmosphere for 96 hours and the
medium changed daily.
On the day of the assay, the 15 mg MTT powder preparation was dissolved in 3 mL of
PBS and mixed under sterile conditions. Aliquots of this solution were stored at -20° C
in Eppendorf® tubes for use in multiple experiments. The volume of MTT solution added
to each well was 10% of the total volume in the well (10 µL in a volume of 100 µL); the
cells were incubated with the MTT for 3 hours at 37°C. After the incubation, 100 µL of
MTT solubilization solution was added to each well, gently mixed for 20 minutes, and
the absorbance read on a Thermo Scientific Varioskan Flash plate reader (Thermo Fisher
Scientific) at λ=570 nm.
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2.2.4 Lactate dehydrogenase assay
The In Vitro Toxicology Assay Kit (Lactate Dehydrogenase-based) assay was used to
determine the percentage of cell death for both HGPC and NGPC cells. The lactate
dehydrogenase (LDH) assay is based on the reduction of NAD+ to NADH by the enzyme
LDH. The NADH produced by this reaction is then utilized in the conversion of a
tetrazolium dye, the coloured product of which is then measured spectrophotometrically
on a plate reader. The absorbance detected is therefore directly proportional to LDH
released from the cytoplasm which equates to the proportion of cells that have lost
membrane integrity (undergone necrosis). The % cell death is calculated as the ratio of
the detected LDH released in the medium and the total LDH value, obtained by
completely lysing untreated cells.
The assay was performed according to the manufacturer’s instructions. Briefly, 25 mL of
1xLDH Assay Cofactor Preparation was prepared by adding tissue culture grade water to
the bottle of lyophilized cofactors provided. After the first-time preparation, 1 mL
aliquots of 1xLDH Assay Cofactor Preparation were made and stored at –20°C.
HGPC and NGPC cells were seeded in triplicate in a 96 well plate. The cells were incubated
at 37°C with 5% CO2 in a humidified atmosphere for 96 hours and the medium changed
daily. The cells were removed from the incubator and 60 µL of HG or NG DMEM was
added to each well to restore the estimated volume of medium evaporated after incubation
from the initial volume of 100 µL and then 30 µL of LDH Assay Lysis Solution was also
added to each well. After incubating for 45 minutes at 37°C, 5% CO2 in a humidified
atmosphere, the plates were centrifuged at 250 g for 4 minutes to pellet debris and 50 µL
of the supernatant was transferred from each well to a clean 96 well plate for enzymatic
analysis.
The LDH Assay Mixture was prepared at the time of use by mixing equal volumes of
LDH Assay Substrate Solution, LDH Assay Dye Solution, and 1xLDH Assay Cofactor
Preparation. The LDH Assay Mixture was added to each sample in a volume equal to
twice the volume of medium removed for testing (100 µL). The plate was placed in the
dark and incubated at room temperature for 20 minutes. The absorbance was measured
with the plate reader at a wavelength of λ=490 nm and the background absorbance (λ
=690 nm) of the 96 well plates was subtracted from the primary wavelength measurement
(λ =490 nm).
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2.2.5 Cell protein estimation
The Bradford assay (Coomassie-Bradford-Protein Assay Kit, Thermo-Scientific) was
used to determine the amount of protein at different cell densities for HGPC and NGPC
cells, as an indicator of cell number. HGPC and NGPC cells were seeded in triplicate in a
96 well plate. The cells were incubated at 37°C in a 5% CO2 humidified atmosphere for
96 hours and the medium was changed daily.
Before starting the protein assay, a set of protein standards was prepared by diluting the
contents of one albumin standard (Pierce Bovine Serum Albumin Standard Ampules, 2
mg/mL, ThermoFisher Scientific) ampule with deionized water. The protein standards
were aliquoted and stored at -20°C for use in further assays. The concentrations of BSA
used in the calibration curve were 125µg/mL, 250 µg/mL, 500 µg/mL, 750 µg/mL, 1000
µg/mL, 1500 µg/mL (see Standard curve in Figure 2-1).
Following incubation, the medium was removed from the wells, the cells were washed
once with 100 µL of PBS prior to addition of 40 µL of trypsin to trigger detachment of
the adherent cells from the well surface. After 2 minutes of incubation at 37°C and 5%
CO2, 40 µL of complete DMEM medium (HG or NG) was added in order to dilute out
the trypsin. The cell suspension from each of the three wells for each sample was pooled
and centrifuged for 5 minutes at 500 g at room temperature. The supernatant was
removed, the pellet resuspended in 1 mL of PBS and centrifuged a second time for 5
minutes at 500 g at room temperature. The supernatant was again removed, the cells lysed
by the addition of 150 µL of deionized water and 5 µL of each sample or standard pipetted
into a 96 well plate. Finally, 250 µL of Coomassie Blue reagent was added to each well,
followed by incubation for 30 minutes at room temperature, in the dark on a plate shaker.
The absorbance was measured using the plate reader at λ=595 nm wavelength. The
absorbance values obtained by the measurement of the range of BSA concentrations
(from 0 to 1500 μg/ml) was used to construct a standard curve, as explained in Figure 21.
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Figure 2- 1. Bradford assay standard curve obtained from BSA standard between 0 and 1500 μg/mL. The
average absorbance (λ = 595 nm) values for each standard was blank corrected and plotted as a function of
BSA standard concentrations (μg/mL). The protein concentration for each sample was calculated by
interpolation with the standard curve, using the equation obtained. The calculations were performed by
using the Software Microsoft Excel (Microsoft Office 365). The chart shown is representative of a typical
assay.

2.2.6 Evaluation of cell growth
The purpose of evaluating the growth of HGPC and NGPC cells was to determine any
differences that existed between their respective growth rates. To produce these growth
curves, 90% confluent HGPC and NGPC cells were passaged from T75 flasks and seeded
in several T25 flasks at a density of 1.9 x 105 cells per flask in 5 mL of HG or NG medium
for HGPC and NGPC cells, respectively. The initial cell seeding density of 19.4 x 105 was
calculated from preliminary studies as the density at which cells reached 80% confluence
within six days.
The cell counts started after 24 hours incubation and were carried out daily for a total
incubation time of six days. At each time point, cells from one of a number of T25 flasks
were detached using 2 mL of 0.05% trypsin EDTA solution (Gibco, Thermo-Fisher
Scientific) in PBS, neutralized with 8 mL of complete medium and centrifuged at 125 g
for 10 minutes at room temperature. The supernatant was discarded, the pellet
resuspended in 1 mL of the appropriate medium and 10 µL of this suspension was mixed
with an equal volume of trypan blue prior to counting the cells using a hemocytometer
(Mariennfeld, Germany). The cell number was calculated and recorded daily. In order to
ensure reproducibility, this experiment was repeated three times for both HGPC and NGPC
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cultured cells. This analysis was supported by a daily visual assessment of the cells using
light microscopy, at 20x and 4x magnification. The features assessed during the visual
assessment were: cell confluence, cell aspect (i.e. morphology, presence of apoptotic
bodies, length), presence of floating cells in the medium, colour and clarity of the
medium.
2.2.7 Measurement of glucose concentration in culture medium
The measurement of glucose concentration of NGPC, HGPC and test medium was
performed using a ONE TOUCH Verio Flex glucose meter (LifeScan, Scotland), with
related glucose strips. Briefly, this device is commonly used to measure the glucose
concentration in blood from patients with diabetes. It applies a small voltage to drive the
reaction between glucose oxidase and β-D-glucose to form gluconic acid. Glucose
oxidase requires FAD+ as a cofactor that acts as an electron acceptor. It is initially reduced
to FADH2 and then oxidized by molecular oxygen, which is itself reduced to hydrogen
peroxide. Furthermore, FADH2 also reacts with potassium ferricyanide (Fe(CN)63-) to
give ferrocyanide (Fe(CN)64-). The electrode present in the glucose strips used with the
device is made of precious metals (gold and palladium) that drive the oxidation of the
ferrocyanide and the generation of an electric current that is proportional to the glucose
concentration.
HGPC and NGPC cells were seeded into a 96 well plate, at a density of 2 x104 cells/well,
which was identified as being the optimal density to use during the method development
stage of this study (see Chapter 3). The cells were left for 18 hours to adhere to the surface
of the plate and all treatments were carried out for 48 hours as previously described
(section 2.2.2).
The glucose concentration in the medium was measured at the start of each treatment
(time zero). For each measurement, 2 µL of culture medium was pipetted onto a glucose
strip and inserted into the glucose meter; three separate measures were taken for each
treatment at each hour for an initial six hours and every 24 hours thereafter.
2.2.8 Quantification of GLUT1
Glucose enters EC through concentration-dependent facilitated diffusion across the cell
membrane via the glucose transporter GLUT1. GLUT1 in ECs has high affinity and low
capacity for glucose, with a Km value of 1-7 mmol/L, while operating near to its maximal
capacity at physiological glucose concentration (Mann, Yudilevich and Sobrevia, 2003).
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Intracellular GLUT1 concentration was quantified in NGPC and HGPC under normal and
test conditions using the human GLUT1 (Glucose Transporter 1) ELISA Kit (Stratech).
HGPC and NGPC cells were seeded into 6 well plates at 5.4 x105 cells per well. This density
was chosen to ensure consistent cell density between experiments relative to surface area
and was proportionate to the cell density selected for the experiments involving a 96 well
plate (2 x104; see Chapter 3, 3.4.3). The surface area of the wells of a 96 well plate is 0.32
cm2 and for a 6 well plate 9.6 cm2. The cells were left to adhere for approximately 18
hours and then incubated with the test glucose concentrations of 5.5, 12.5 and 25 mM for
48 hours, replacing the medium after 24 hours. Following treatment, the medium was
removed from each well, the cells washed with PBS and, following the addition of a
further 1 mL of PBS, the cells were detached using a cell scraper (VWR), centrifuged at
13300 g for 10 minutes (Heraeus Pico 17 Microcentrifuge, Thermo Fisher) and the pellet
stored at -80°C. GLUT1 was extracted prior to ELISA by lysing the cell pellet in 600 µL
of deionised water and then centrifuging at 1500 g for 10 minutes to harvest the
supernatant.
All reagents in the ELISA kit were prepared according to the manufacturer’s instruction.
Samples were diluted 1 in 10 in the diluent provided; a range of standards (0.16-3 ng/mL)
was also prepared using this diluent (see the standard curve in Figure 2-2). Standards and
samples were added in duplicate (100 µL/well) to the 96 well-precoated microplates and
incubated for 90 minutes at 37°C. Following incubation and washing, biotinylated
detection antibody solution (100 μL/well) was added, incubated for 1 hour at 37°C with
mixing, washed again and incubated for a further 30 min at 37°C with horseradish
peroxidase (HRP)-conjugated antibody solution (100 μL). Following a final wash, 90 µL
of substrate was added to each well, incubated for 15 minutes at 37°C in the dark and the
reaction stopped with 50 μL/well of stop solution. The absorbance was measured after
ten minutes on the plate reader at λ=450 nm. The absorbance value was proportional to
the amount of GLUT1 present in the samples and calculated by interpolating the sample
values from the standard curve, as shown in Figure 2-2. Finally, values were corrected by
the dilution factor to obtain the amount of GLUT1 present in each sample.
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Figure 2- 2. GLUT-1 ELISA assay standard curve, obtained from GLUT1 standard between 0 and 3 ng/mL.
The average absorbance (λ = 450 nm) values for each standard was blank-corrected and plotted as a function
of GLUT1 standard concentrations (ng/mL). The samples were suitably diluted to allow their protein level
to fall within the linear range of the standard curve. The protein concentration for each sample was
calculated by interpolation with the standard curve, using the equation obtained, and multiplied by the
dilution factor. The calculations were performed by using Microsoft Excel software (Microsoft Office 365).
The chart shown is a representative example.

2.2.9 Quantification of intracellular glucose
ECs take up glucose via facilitated diffusion, mainly through the GLUT1 receptor. In the
cytoplasm, glucose is phosphorylated into G6P by the enzyme hexokinase and
metabolised. Intracellular, unphosphorylated glucose was quantified in an effort to
explain the relationship between glucose depletion from the medium, the glucose
concentration gradient across the cell membrane, GLUT1 expression and glucose
metabolic utilization.
The intracellular glucose content was quantified using the Picoprobe Glucose Assay kit
(ab169559, Abcam), which is based on the oxidation of glucose and subsequent reaction
with a colourless probe. By reacting with oxidised glucose, the probe emits fluorescence,
the intensity of which is directly proportional to the glucose concentration. All kit
reagents and standards were prepared, and the assay performed by following the
manufacturer’s instructions. HGPC and NGPC cells were seeded into 6 well plates at 5.4
x105 cells per well. The cells were left to adhere for approximately 18 hours, and treated
with test glucose concentrations of 5.5, 12.5 and 25 mM glucose for 48 hours, replacing
the medium after 24 hours. Following incubation, the cells were collected as described
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above (section 2.2.7) and assayed in batches. Briefly, on the day of the assay, the cell
pellets were thawed on ice, assay buffer added and vortexed to lyse the cells, centrifuged
at 12000 g for 5 minutes at room temperature and the supernatant used for analysis.
In a black wall and clear bottom 96 well plate, 50 µL of standard and samples were added
to each well, together with 50 µL of the reaction mix. The plate was incubated at 37°C
and 5% CO2 in a humidified atmosphere for 30 minutes in the dark, followed by
fluorescence measurement in the microplate reader at excitation =535 nm and emission
at =587 nm. The glucose content for each sample was calculated by subtracting the
background from all standard and sample readings, and by interpolating the reading
values with the equation generated from the standard curve (Figure 2-3).
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Figure 2- 3. Picoprobe glucose assay standard curve, obtained from standard between 0 and 100 pmol/mL.
The average fluorescence (Ex/Em=535/587 nm) values for each standard was blank corrected and plotted
as a function of the standard concentrations (pmol/mL). The samples were suitably diluted to allow their
protein level to fall within the linear range of the standard curve. The glucose concentration for each sample
was calculated by interpolation with the standard curve, using the equation obtained, and multiplied by the
dilution factor. The calculations were performed by using the Microsoft Excel software (Microsoft Office
365). The chart shown is a representative example.

2.2.10 Metabolic analysis
The cellular bioenergetic phenotype of both NGPC and HGPC cells was determined by
measurement of the oxygen consumption rate (OCR) and of the extracellular acidification
rate (ECAR) using a Seahorse® Bioscience XF96 Extracellular Flux Analyzer (Agilent).
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Specifically, three different assays were used: the mito stress test (MST), the glycolysis
stress test (GST) and the XF ATP rate assay.
2.2.10.1 Mito Stress Test
The MST was used to measure the OCR and the ECAR of both NGPC and HGPC cells in
real-time. Briefly, the assay measures the basal rate OCR and ECAR values and again
after the injection of three inhibitors of the mitochondrial ETC. The first injection,
oligomycin, inhibits Complex V of the ETC, the enzyme responsible for ATP production
from ADP and Pi using the proton gradient across the inner mitochondrial membrane (Tan
et al., 2015). The inhibition of ATP production lowers the OCR value, and the difference
between the basal OCR value and the OCR value obtained after the injection of
oligomycin accounts for the OCR associated with ATP production from the ETC.
Inhibition of the ETC with oligomycin forces the cells to utilise glycolysis for ATP
production and this is also shown by an increase in ECAR following injection (Zhang et
al., 2012; Divakaruni et al., 2014; Pelletier et al., 2014). The second injection is carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), a proton-conductive ionophore
that causes disruption of mitochondrial proton conductance across the membrane,
increasing the proton leak rate and ATP demand (Tan et al., 2015). The OCR value
reaches its maximum value at this stage and is described as the maximal respiration rate.
The maximal respiration rate is an index of the mitochondrial capacity to utilise oxygen.
If this is reduced, it could indicate damage or a lack of functionality of the ETC and on
the capacity of the electrons to run through the ETC complexes for ATP production (Wu
et al., 2006; Brand and Nicholls, 2011; Mookerjee et al., 2015). The third injection is
represented by two compounds, rotenone and antimycin A, which respectively inhibit
Complex I and Complex III of the ETC, inhibiting the electron flow throughout the ETC.
Since mitochondrial respiration is completely inhibited, the remaining oxygen
consumption is called non-mitochondrial oxygen consumption rate (NMOCR). This
parameter is variable with different cell types and the NMOCR is usually ascribed to O2
consumption from oxygenases (lipoxygenases, NADPH oxidase, cytochrome P450)
(Pelletier et al., 2014). Proton leak is calculated by considering oxygen consumption that
is not associated with the production of ATP and therefore due to the leak of protons
across the mitochondrial inner membrane. This is a physiological process, but an increase
in proton leak could be an indicator of ETC or mitochondrial damage (Porter, 2001;
Jastroch et al., 2010; Brand and Nicholls, 2011; Mookerjee, Nicholls and Brand, 2016).
For a visual representation of the assay, see the diagram in Figure 2-4.
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HGPC and NGPC cells were seeded in a Seahorse® XF96 Cell Culture microplate at a
density of 2x104 cells/well (cell density chosen in the model development stage for
experiments to perform in a 96 well plate, see section 3.4.3, Chapter 3). The cells were
left for 1 hour to settle at room temperature and were then left to attach for approximately
18 hours at 37°C and 5% CO2. The cells were treated with the glucose test concentrations
used for previous assays (5.5, 12.5 and 25 mM glucose). Cells were incubated at 37°C
and 5% CO2 for the duration of the treatment. The day prior to the assay, the Seahorse®
XF Analyser (Agilent) was warmed up to 37°C and the Seahorse® sensor cartridge
hydrated with Seahorse® XF calibrant solution (Agilent) at room temperature prior to
incubation overnight in a CO2-free incubator at 37°C.
After 48 hours of treatment with the test glucose concentrations, complete Seahorse®
assay medium was prepared by supplementing Seahorse® XF Base Medium (Agilent)
with 1mM pyruvate, 2 mM L-glutamine and 10 mM glucose. The pH of the final medium
was adjusted to 7.4 with 1M NaOH solution, warmed to 37 °C and filtered through a 0.2
µM syringe filter. The HG and NG DMEM medium in the microplate was aspirated and
replaced with Seahorse® assay medium in two consecutive washes that ensured the
removal of all traces of FBS from the wells. Cells were then incubated at 37°C for 45
minutes in a CO2-free incubator.
MST kit compounds were dissolved in complete Seahorse® assay medium to prepare 100
µM oligomycin, 100 µM FCCP and 50 µM rotenone/antimycin A stock solutions and
further diluted in complete medium to 10 µM oligomycin, 10 µM FCCP and 5 µM as
working solutions. The XF96 assay cartridge was removed from the CO2-free incubator
and the Seahorse® injection ports were loaded with 20 μL oligomycin (for a final
concentration/well of 1 µM), 22 μL FCCP (final concentration/well of 1 µM) and 25 μL
of rotenone/antimycin A (final concentration/well of 0.5 µM). The Seahorse® XF
Analyser was calibrated 30 minutes prior to assay, the microplates containing the cells
inserted into the analyser and the analysis started. Data were acquired starting from the
third measurement of each cycle and analyzed using Seahorse® Wave Software (Agilent).
At the end of the assay, the protein content of each well was quantified to allow for
normalisation of data. Briefly, immediately following the analysis, the medium was
aspirated, the microplate washed twice with PBS, freeze-thawed three times to allow cell
lysis and 50 µL of deionized water added to each well to complete the lysis. The cell
lysate protein content was estimated by Bradford assay (see section 2.2.5).
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Figure 2- 4. Seahorse MST and OCR values after sequential MST compounds (oligomycin, FCCP and
rotenone/antimycin A) injection. Oligomycin inhibits Complex V of the ETC and allows identifying the
OCR related to mitochondrial ATP production. FCCP disrupts the proton gradient across the inner
mitochondrial membrane, making the membrane permeable to protons, and allowing the quantification of
the maximal OCR. Rotenone inhibits Complex I of the ETC and antimycin A inhibits Complex III,
inhibiting mitochondrial respiration and oxygen utilization, allowing the quantification of the NMOCR. X
and Y axis values are for illustrative purposes only.

2.2.10.2 Glycolysis stress test
The GST was performed in order to have a specific investigation of the glycolytic profile
of HGPC and NGPC cells following 48 hours of exposure to the test concentrations of
glucose. The cells were initially incubated in pyruvate- and glucose-free medium and the
ECAR measured. The second measurement follows the injection of glucose and
represents the rate of glycolysis under basal conditions (saturating glucose
concentrations). The second injection was oligomycin which, inhibits Complex V of the
ETC, forcing the cells to increase their glycolytic rate in order to face cellular ATP
demand. The ECAR value is referred to as cellular maximum glycolytic capacity, while
the glycolytic reserve represents the difference between the glycolytic capacity and the
glycolysis rate. The third and final injection was 2-deoxyglucose (2-DG), which inhibits
glycolysis through competitive binding with hexokinase. The subsequent decrease in
ECAR is a confirmation that the ECAR measured so far is due to glycolysis (Figure 2-5).
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HGPC and NGPC cells were seeded into a Seahorse® microplate, at a density of 2x104
cells/well. The cells were left for 1 hour at room temperature to settle and were then left
to attach for approximately 18 hours under at 37°C and 5% CO2. As previously, the cells
were treated with 5.5, 12.5 and 25 mM glucose and then incubated at 37°C and 5% CO 2
for the duration of the treatment. Both the Seahorse® XF Analyser and the sensor cartridge
were prepared as described in section 2.2.9.1. Fresh Seahorse® assay medium was
prepared by supplementing the Seahorse® XF Base Medium with 2 mM L-glutamine
only. The pH of the assay medium was adjusted to 7.4 using 1M NaOH solution and
warmed to 37°C, before filtering through a 0.2 µM syringe filter. The HG and NG
DMEM medium in the microplate was aspirated, the cells washed twice with assay
medium and then incubated in assay medium at 37 °C for 45 minutes in a CO2-free
incubator. The assay reagents (10 mM glucose, 100 µM oligomycin and 500 mM 2deoxyglucose (2-DG) stock solutions) were prepared by dissolving in the assay medium,
then loaded into the sensor cartridge to give final concentrations of 10 mM glucose, 1 µM
oligomycin and 50 mM 2-DG. As previously, The Seahorse® XF analyser was calibrated
30 minutes prior to assay, the microplates containing the cells inserted into the analyser
and the analysis started. Data acquisition was started from the third measurement of each
cycle and analysed using Seahorse® Wave Software). At the end of the assay, the protein
content of each well was quantified to allow for normalisation of data. Briefly,
immediately following the analysis, the medium was aspirated, the microplate washed
twice with PBS, freeze-thawed three times to allow cell lysis and 50 µl of deionized water
added to each well to complete the lysis. The cell lysate protein content was estimated by
Bradford assay (see section 2.2.5).
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Figure 2- 5. Seahorse GST and ECAR values after sequential GST compounds (glucose, oligomycin and
2-DG) injection. Glucose injection increases the ECAR and allows identifying the ECAR associated with
glycolysis. Oligomycin inhibits Complex V of the ETC and allows identifying the maximal ECAR
achievable by glycolysis when OXPHOS is inhibited (glycolytic capacity). 2-DG inhibits glycolysis by
competitive binding with hexokinase, allowing the quantification of the non-glycolytic acidification
(NGA). X and Y axis values are for illustrative purposes only.

2.2.11 ADP/ATP ratio assay
The ApoSENSOR™ ADP/ATP ratio assay kit (Enzo Life Sciences, UK) was used to
determine the ADP/ATP ratio in HGPC and NGPC cells exposed to the test glucose
concentrations for 48 hours. Lower ADP/ATP ratios are associated with cell proliferation
and growth arrest, whilst higher ratios are indicative of apoptosis and necrosis. The assay
was also used to determine the energetic state of the cells after test-glucose exposure. The
assay uses the enzyme luciferase to catalyse the formation of light from ATP and
luciferin, which can be measured using a luminometer plate reader. The ADP level is
measured by its conversion to ATP and subsequently detected using the same reaction.
HGPC and NGPC cells were seeded in a 96 well plate at a density of 2x104 cells/well in
100 µL of medium. The cells were left to adhere for approximately 18 hours at 37°C and
5% CO2 in a humidified atmosphere. Exposure to the test glucose conditions was then
carried out as previously described for 48 hours, with fresh medium given after 24 hours.
Cells were incubated at 37°C and 5% CO2 for the duration of the treatment.
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On the day of the assay, the reagents were reconstituted and the assay followed according
to the manufacturer’s instructions. Briefly, 100 μL of the reaction mix, consisting of 10
μL of ATP monitoring enzyme and 90 μL of nucleotide releasing buffer was pipetted into
the appropriate wells of a white-walled, clear-bottomed 96 well plate (Corning, SigmaAldrich). The plate was left at room temperature in the dark for 2 hours to eliminate low
level ATP contamination. The background luminescence was measured using the
VarioScan plate reader (Data A). The cell samples were prepared by removing the
medium from each well, the wells washed twice with PBS and 50 μL of nucleotide
releasing buffer added into each well; the plate was left at room temperature for 5 minutes,
with shaking. The content of each well containing the cell samples was then transferred
into the appropriate well of the white 96 well plate containing 100 μL of reaction mix.
The sample was read a second (Data B) and third (Data C) time in order to measure ADP
levels in the cells, prior to addition of 1 μL of ADP converting enzyme to each well and
incubation at room temperature for 2 minutes. The samples were then read a final time
(Data D).
The ADP/ATP ratio was calculated as follow:
Data D – Data C/ Data B – Data A
2.2.12 NADH/NAD+ ratio assay
Nicotinamide nucleotides, such as NAD+ and NADP+, and the ratio between oxidized and
reduced forms (NADH and NADPH), are important regulators of the antioxidant and
energetic cellular state. While NAD+ is primarily engaged in regulating energy-producing
catabolic processes, NADP+ is involved in anabolic processes, such as fatty acid and
nucleic acid synthesis, antioxidant defence and free radical generation (Ying, 2008).
The measurement of the NADH/NAD+ ratio was performed using the Amplite™
Fluorimetric NAD+/NADH Ratio Assay Kit (Stratech, UK). The assay uses an NADH
sensor and red fluorescence (λ = 590 nm) to monitor NAD+/NADH in an enzyme cycling
reaction.
HGPC and NGPC cells were seeded in a 96 well plate at a density of 2x104 cells/well, in
100 µL of HG or NG medium respectively and left to adhere for approximately 18 hours
at 37˚C and 5% CO2 in a humidified atmosphere. The cells were then exposed for 48
hours to the test glucose concentrations (NG, IG and HG), with fresh medium given every
24 hours. On the day of the assay, the kit reagents and standards were prepared and the
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assay performed following the manufacturer’s instructions. The test samples were
prepared by removing the medium from each well of the culture plate, washing the cells
twice with PBS and lysing with 100 μL of lysis buffer. One hour prior the assay, a range
of NADH standards (0.03-10 μM) was prepared and 25 μL added in duplicate and 25 μL
of lysed test samples added in triplicate to a black-walled 96 well microplate (ThermoFisher Scientific). This was followed by the addition of 25 μL of NAD+/NADH control
solution to all standard wells and 25 μL of NAD+ extraction solution or NADH extraction
solution to test sample wells. The microplate was incubated at room temperature for 15
minutes, protected from light. Finally, 75 μL of NADH reaction mixture was added to all
wells and the microplate incubated at room temperature for 1 hour in the dark. The
fluorescence intensity was measured using the VarioScan plate reader, with excitation at
λ =540 nm and emission at λ =590 nm. Background fluorescence was subtracted from all
wells and the ratio of NAD+ to NADH extracted from the samples was then calculated.
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Figure 2- 6. NADH/NAD+ ratio assay standard curve, obtained from standard between 0 and 10 μM NADH.
The fluorescence value (Ex/Em=540/590 nm) for each standard was blank-corrected and plotted as a
function of the standard concentrations (μM). The NADH concentration for each sample was calculated by
interpolation with the standard curve, using the equation obtained, and multiplied by the dilution factor.
The calculations were performed by using the Microsoft Excel software (Microsoft Office 365). The chart
shown is a representative example.
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2.2.13 Measurement of mitochondrial membrane potential
Mitochondrial membrane potential (ΔΨM) is the main component of the proton motive
force (Δp) and plays a central role in cellular oxidative energy metabolism, the
elimination of dysfunctional mitochondria, the regulation of antioxidant defence
(NADPH generation at the transhydrogenase), Ca2+ uptake and it is the driving force for
protein and ion transport across the mitochondrial membrane (Brand, 1997; Mookerjee et
al., 2017; Zorova et al., 2018). The regulation of ΔΨM is crucial in many diseases and
ageing (Green, Brand and Murphy, 2004; Nicholls, 2004). It has been estimated that
every 10 mV increase in ΔΨM causes a doubling of the maximal rate of ATP production
by mitochondria (Brand, Chien and Rolfe, 1993; Rolfe, Hulbert and Brand, 1994;
Kawamata et al., 2010), accompanied by an exponential increase in ROS
production (Starkov and Fiskum, 2003; Quijano et al., 2007; Zorova et al., 2018). A
decrease in ΔΨM could be a potential therapy for reducing oxidative damage caused by
hyperglycaemic-driven oxidative stress, which impairs insulin secretion in pancreatic β
cells (Duchen, Smith and Ashcroft, 1993).
ΔΨM was estimated in HGPC and NGPC cells using the JC-10-based mitochondrial
membrane potential assay kit (ab112134, Abcam). JC-10 is a cationic and lipophilic dye
that can cross both the plasma and mitochondrial membranes. JC-10 is present in a
monomeric form, which emits green fluorescence (λ =525 nm) and an aggregated form
with emission of fluorescence in the orange (λ =590 nm) region of the spectrum. In
healthy mitochondria, JC-10 accumulates and aggregates inside the mitochondrial
membrane. However, the loss of the mitochondrial membrane potential characteristic of
apoptosis and necrosis causes extrusion of JC-10 from the mitochondria and the emission
of green fluorescence in the monomeric form.
HGPC and NGPC cells were seeded in a 96 well plate at a density of 2x104 cells/well in
100 µL of HG or NG medium. The cells were left to adhere for approximately 18 hours
at 37˚C and 5% CO2 in a humidified atmosphere. The cells were then exposed for 48
hours to the test glucose concentrations, with fresh medium provided every 24 hours. JC10 dye was prepared according to the manufacturer’s instruction. The positive control
was created by 20 minutes incubation of both HGPC and NGPC cells with 6 µM FCCP, to
induce a decrease in the mitochondrial membrane potential. To start the assay, 50 μL/well
(96-well plate) of JC-10 dye-loading solution was added to the cell microplate, which was
then incubated (37°C, 5% CO2, humidified atmosphere) for 45 minutes (protected from
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light), before the addition of 50 µL of assay buffer into each well and the fluorescence
intensity measured at excitation/emission = 490/525 nm and 540/590 nm for the
monomeric (green) and aggregated forms (orange) respectively, using a VarioScan® plate
reader.
2.2.14 MitoSOX™ Red mitochondrial superoxide assay
Superoxide is produced by the mitochondria during aerobic respiration as a result of the
“leakage” of electrons from the ETC and the consequent incomplete reduction of oxygen
(Cadenas and Davies, 2000; Muller, 2000). In hyperglycaemia, it has been postulated that
excessive glucose metabolism could cause an increase in NADH, leading to the ETC
overload and an increase in mitochondrial superoxide production, initiating a condition
of oxidative stress (Brownlee, 2001).
MitoSOX™ Red mitochondrial superoxide indicator (ThermoFisher Scientific) was used
to determine the superoxide production by HGPC and NGPC cells after 48 hours of
exposure to test glucose. MitoSOX is a fluorogenic red dye that is permeable to live cells
and targeted to the mitochondria, where it is rapidly oxidized by superoxide. The reaction
causes the emission of red fluorescence (λ =580 nm), which can be measured with a
fluorescence plate reader.
HGPC and NGPC cells were seeded in a clear-bottomed, black-walled 96 well microplate
(Thermo-Fisher Scientific) at a density of 2×104 cells/ well and left to adhere for
approximately 18 hours in their respective media at 37°C and 5% CO2 in a humidified
atmosphere. The exposure of cells to the test glucose concentrations was carried out as
previously described for 48 hours, with fresh medium given after 24 hours. On the day of
the assay, 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 and a 5µM working
solution prepared by diluting the stock solution in Hankʼs balanced salt solution
containing calcium and magnesium (HBSS/Ca/Mg, Gibco Thermo-Fisher Scientific).
Twenty minutes before the end of the glucose treatments, a 200 μM solution of pyocyanin
(used as a ROS inducer) was added in triplicate to HGPC and NGPC cells incubated in their
respective media. The medium was then removed from each test and control well, and the
cells washed twice with PBS prior to addition of 100 µL of 5μM MitoSOX™ Red
working solution (EA.hy926 cells treated with 200µM of pyocyanin for 20 minutes) and
incubated for 10 minutes at 37°C, protected from light. The MitoSOX™ Red working
solution was aspirated and each well washed three times in warm assay buffer, before 100
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µL of assay buffer was added to all wells and the fluorescence intensity measured using
the VarioScan plate reader with excitation at λ =510 nm and emission at λ =580 nm. The
fluorescence value for the blank well containing only assay buffer was subtracted from
the fluorescence of each assay well and normalised to protein content using the Bradford
assay.
2.2.15 Total ROS-RNS and superoxide fluorescence assay
Hyperglycaemia is one of the main drivers of endothelial dysfunction in T2DM, leading
to macro- and microvascular complications (Khamaisi et al., 2009). Various studies have
shown that exposure of ECs to hyperglycaemia leads to oxidative stress due to an increase
in ROS production. Therefore, the total ROS and superoxide detection fluorescent assay
kit (Enzo, Life Sciences, UK) was used in this study to estimate ROS-RNS and
superoxide production by HGPC and NGPC after 48 hours exposure to test-glucose
conditions. The kit uses two cell-permeable fluorescent detection reagents to determine
the ROS and superoxide anion production during treatment. Specifically, the green
reagent is oxidized by different reactive species (hydrogen peroxide, peroxynitrite,
hydroxyl radical, nitric oxide, and peroxyl radical) but with low affinity for superoxide,
creating a green fluorescent product upon this reaction. The orange reagent has a specific
affinity for superoxide and the oxidation reaction of the probe with superoxide anion gives
an orange fluorescent product.
HGPC and NGPC cells were seeded in a 96 well plate at a density of 2×104 cells/well, left
to adhere for approximately 18 hours in HG and NG DMEM and then incubated at 37˚C
and 5% CO2 in a humidified atmosphere as described previously (section 2.2.2). All
reagents were prepared following the manufacturer's instructions. Pyocyanin (200 μM
dissolved in media) was used as a ROS inducer in control wells and added to cells in
triplicate 20 minutes before the end of the glucose treatment. The medium was removed
from each well and the cells washed twice with assay wash buffer, prior to 100 µL of
detection mixture being added to each well; assay buffer alone was used for blank wells.
The cells were incubated for 60 minutes at 37°C, protected from light and the fluorescence
measured using the VarioScan plate reader, with excitation at λ=488 nm and λ=550 nm
and emission at λ=520 nm and λ=610 nm (for the green and orange probes respectively).
The fluorescence value for the blank well was subtracted from the fluorescence value of
each assay well and normalised to protein content using the Bradford assay.
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2.2.16 Quantification of GSH and GSSG
Glutathione (GSH), a tripeptide formed from glycine, cysteine, and glutamate, is
considered to be one of the main intracellular defences against free radicals. GSH can
exist intracellularly in a monomeric and reduced form, GSH, or as a disulfide dimer in an
oxidised form (GSSG), with a ratio of 100:1 in healthy cells. The sulphydryl group of
GSH acts as an electron donor in many reactions, including the reduction of hydrogen
peroxide to water and oxygen. GSH is kept at reduced state by the constitutively active
and inducible enzyme, glutathione reductase, which uses NADPH as a cofactor.
Therefore, the GSH/GSSG ratio was measured as an indicator of oxidative stress.
High-performance liquid chromatography (HPLC) is a technique commonly used in
analytical chemistry to separate individual components present in a mixture. Analytes can
interact with both the solid and liquid phases; molecules dissolved in the liquid phase are
pumped at high pressure through a column of solid absorbent particles that have the
potential to interact with them, depending on the chemical characteristics of the analyte
of interest. The strength of the interaction with the solid phase determines the retention
time of the analyte within the column, thus allowing separation of compounds with
different characteristics. The molecules in the solution can be separated following several
different principles: polarity, size and charge. The choice of the solid phase medium and
the solvent for the liquid phase for sample molecules will determine the mechanism used
for analyte separation.
The HPLC system used was the Agilent 1260 Infinity II. The Agilent InfinityLab
Poroshell 120 high-efficiency column, used for compound separation, was also supplied
by Agilent Technologies and the electron capture detector (ECD) used was the Decade
Elite SCC FlexCell™ supplied by Antec. The software used to run the system was
OpenLAB for Infinity II HPLC.
Before the analysis, the mobile phase (100 mM, pH 2.5) was prepared by adding 6.86
mL of 85% w/v phosphoric acid solution (Sigma-Aldrich), 21.15 g of citric acid (Fisher
Scientific) and 500 mg of octane sulphonic acid (OSA) sodium salt (Fisher Scientific) to
1 L of deionised water. Each component was left to dissolve completely before the
addition of the next component. The pH of the mobile phase was then set to 2.5 using
50% w/w NaOH solution in water (Honeywell). After its preparation, the mobile phase
was stored for up to a week at 4 °C. Thiol standards (GSH -Sigma-Aldrich, UK-) and
GSSG -Sigma-Aldrich, UK-) were prepared from a 1 mM stock solutions in deionised
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water and from an intermediate 100 µM stock solution to final concentrations of 10, 20,
40 and 80 µM for both thiols.
For samples, HGPC and NGPC cells were seeded into a 6 well plate, at a density of 5.4
x105 cells per well. The cells were left to adhere for approximately18 hours and then
treated with 5.5, 12.5 and 25 mM glucose for 48 hours, with the medium replaced after
24 hours. Following incubation, the medium was removed from each well, the cells
washed in PBS and the cells detached by gentle scraping with a cell scraper. The content
of each well was then transferred into an Eppendorf® tube, centrifuged at 13300 g for 10
minutes using a microcentrifuge (Heraeus™ Pico™ 17 Microcentrifuge, Thermo Fisher
Scientific), the supernatant removed and the cell pellet was stored at -80°C. For testing,
the pellets were defrosted and lysed to release GSH and GSSG. Briefly, 300 µL of
deionised water was added to each cell pellet, followed by vortexing for approximately
45 seconds and centrifugation at 13300 g for 10 minutes. The supernatant was used for
HPLC analysis.
2.2.16.1 HPLC method
Prior to HPLC analysis, the temperature of the column was set at a constant 4 °C.
Injections of 3 µL of standards or samples were analysed (draw speed = 100 µL/min,
ejection speed = 100 µL/min, wait time after draw = 1.2 seconds), the flow rate was set
at a constant 500 µL/min and the column temperature was set to 45 °C for all runs. The
ECD settings used for this method were: voltage = -0.005 V, range = 2 µA, EC = +1.8 V,
filter= 10 Hz, temperature = 45 °C. The duration of each run was 15 minutes. This method
was saved using OpenLAB software and used for all subsequent runs.
The GSH and GSSG content was evaluated as the area under the curve for each peak, and
this value was interpolated to the standard curve generated with GSH and GSSG
standards, respectively (Figure 2-7). The values were analysed in triplicate for each
sample and corrected for protein estimation using the Bradford method (see section 2.2.5)
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Figure 2- 7. Example of an HPLC chromatogram (A), showing the peaks obtained with the GSH and GSSG
standards injections. The peak area for each standard, obtained with the OpenLab Software, was blankcorrected and represented in two separate standard curves, respectively for GSH standards (B) and GSSG
standards (C). The equations obtained by plotting the standard values for GSH (B) and GSSG (C) in relation
to their concentration (μM) were used to estimate the GSH and GSSG concentration in the samples. The
calculations were performed by using the Software Microsoft Excel (Microsoft Office 365). The charts
shown are representative examples.

2.2.17 SOD activity assay
SOD isozymes are metalloenzymes that catalyse the dismutation of the superoxide anion
to molecular oxygen and hydrogen peroxide as part of the cellular antioxidant defence
mechanism, through the following the reaction:
2 O2•- + 2H++ SOD→ H2O2+ O2
This reaction is very fast (with a rate constant of 2 x 109 M-1 sec-1) (Boyer et al., 1970)
and is, therefore, able to rapidly dismutate endogenous superoxide production, which
would otherwise be harmful. There are three types of SOD that differ in terms of their
metal ion content and cellular localisation: cytosolic copper/zinc (Cu/Zn) SOD,
mitochondrial manganese (Mn) and iron (Fe) SOD, and extracellular SOD (Scandalios,
1993; Fukai and Ushio-Fukai, 2011; Fridovich, 2013; Sheng et al., 2014). When SOD
activity or concentration is depleted or superoxide increased, superoxide can accumulate
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and react with NO with a rate constant of 6.7 x 109 M-1 sec-1 to form harmful peroxynitrite
(Li and Shah, 2004; Fukai and Ushio-Fukai, 2011; Dikalov and Harrison, 2014; Borys et
al., 2019). Impairment of SOD function is implicated in diseases like Alzheimer,
Parkinson, amyotrophic lateral sclerosis (ALS) and Huntington’s disease (Liu, 1996;
Maier and Chan, 2002). The increased levels of SOD seen in diabetes patients may be a
result of a protective and adaptive mechanism against the oxidative stress developing in
the tissue (Thomas et al., 2014).
The Superoxide Dismutase Assay kit (Cayman) was used for the detection of total SOD
activity in HGPC and NGPC cells exposed for 48 hours to the three test-glucose conditions.
The assay utilises a tetrazolium salt for the detection of superoxide anion, generated by
xanthine oxidase and hypoxanthine. Results are expressed in terms of units (U/mL): a
SOD unit is the amount of enzyme necessary to dismute 50% of the superoxide produced.
HGPC and NGPC were seeded into a 6 well plate at a density of 5.4x105 cells per well. The
cells were incubated for 18 hours at 37°C and 5% CO2 and treated with the three test
glucose conditions previously described, for 48 hours. Following treatment, the medium
was aspirated from the well and the cells washed with 1 mL of PBS. Following the
addition of 500 µL of cold lysis buffer (20 mM HEPES buffer, pH 7.2, containing 1 mM
EGTA, 210 mM mannitol and 70 mM sucrose) was then added to each well and the cells
scraped with a cell scraper. The cells were then transferred into Eppendorf® tubes,
vortexed, sonicated for one minute and finally centrifuged at 1500 g for five minutes at
4°C. The supernatant was placed on ice and used for the assay. Each sample was collected
and analysed in triplicate.
The SOD assay kit reagents were prepared by following the manufacturer’s instructions.
The SOD standards were prepared by diluting the SOD stock solution to 0.005, 0.010,
0.020, 0.030, 0.040,0.050 U/mL (Figure 2-8). For the assay, 200 µL of radical detector
and 10 µL of each standard, sample or blank was added to the appropriate wells of a
black-walled and clear bottomed 96 well microplate (Thermo-Fisher Scientific). The
reaction was started by the addition of 20 µL of xanthine oxidase and the plate covered
and gently shaken for 30 minutes at room temperature. The absorbance was measured
using the VarioScan plate reader at λ =450 nm. After calculating the average absorbance
for each sample and standard and subtracting the background absorbance, the linearised
rate (LR) was calculated. Together with the standard curve interpolation, LR allowed the
calculation of SOD activity, by using the following equation:
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SOD (U/mL)= {[(sample LR – y-intercept)/slope) x (0.23/0.01 mL)]x sample dilution
factor}

SOD assay standard curve
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R² = 0.9952
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Figure 2- 8. Standard curve for the SOD activity assay (from 0 to 0.05 U/mL). The standard curve was
obtained by plotting the linearised rate (LR) for each standard as a function of SOD activity (U/mL). LR
was obtained by dividing the standard 0 by itself and by all the other standards and samples. SOD activity
in the samples was calculated using the equation obtained from the linear regression of the standard curve,
substituting LR for each sample (see equation in the text above). The calculations were performed by using
the Microsoft Excel software (Microsoft Office 365). The chart shown is a representative example.

2.2.18 Nitrite assay
Healthy ECs produce nitric oxide (NO), a key protective agent which is found reduced in
atherogenesis (Kawashima and Yokoyama, 2004; Madonna and De Caterina, 2009;
Förstermann, 2010). Nitrite accumulation in the medium is a commonly measured
surrogate marker for NO production, commonly. Hence, in this study, the concentration
of nitrite in assay culture medium was measured to investigate EC function in response
to different treatments. This was achieved using a NO analyser (NOA; Sievers 280i).
Briefly, HGPC and NGPC cells were seeded in triplicate in a 96 well plate at a density of
2×104 cells/well, left to adhere in the appropriate medium and then treated as described
previously (section2.2.2). Control cells were treated with either 100 µM of the eNOSinhibitor NG-Nitro-L-arginine methyl ester (L-NAME) (Sigma-Aldrich) for 24 hours as a
negative control, or with 1 µM of the Ca2+ ionophore A23187 (Sigma-Aldrich) for 1
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minute, as a positive control. Following treatment, the medium from each triplicate was
collected into Eppendorf® tubes and rapidly frozen and stored at -80°C. For analysis, the
samples were thawed on ice and diluted 1 in 4 in deionized water.
For sample analysis, the NOA was cooled to -12°C, and the cell pressure, oxygen and
nitrogen levels adjusted following the manufacturer’s instructions. For nitrite estimation,
a sodium nitrite standard curve (50-500 nM) was prepared from a 100 mM sodium nitrite
(Fisher Scientific) stock solution in deionised water. Standards and samples were thawed
on ice and 100 µL of each sequentially injected into the NOA chamber, containing 4.5
mL of acetic acid glacial (Fisher Scientific), 100 µL of antifoam B emulsion (diluted 1 in
15 in deionised water) and 0.5 mL of 25 mg/mL sodium iodide solution (Fisher
Scientific). The data were acquired using Liquid Software and the concentration of the
nitrite in the medium was measured as the area under the curve of each peak. The
calibration curve (Figure 2-9) was used to convert the output (Volts) into nitrite
concentration (nM) for each sample, which was then corrected for the dilution factor.
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Figure 2- 9. Example of a standard curve for the nitrite assay. The average blank corrected peak area for
each standard, obtained with the Liquid Software, was plotted in a standard curve as a function of nitrite
concentration (nM). The equation obtained by plotting the standard values was used to estimate the nitrite
concentration in the samples, prior to multiplication for the sample dilution factor. The calculations were
performed by using Microsoft Excel software (Microsoft Office 365).
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2.2.19 Quantification of endothelin-1
Endothelins (ETs) are peptides containing 21 amino acids produced by ECs, which are
present in three distinct isoforms: ET-1, ET-2, and ET-3. Of these, ET-1 is the most
abundant (Yanagisawa et al., 1988; Motte, McEntee and Naeije, 2006) and binds to two
different receptors, endothelin A (ETA) and endothelin B (ETB), both of which belong to
the G protein-coupled receptor family (Romero and Reckelhoff, 1999; Marasciulo,
Montagnani and Potenza, 2006; Masaki and Sawamura, 2006; Motte, McEntee and
Naeije, 2006; Kowalczyk et al., 2015). ET-1 is an important mediator of vascular tone
and inflammation. Basal ET-1 levels are between 1 and 3 pg/mL but can increase in
many circumstances such as atherosclerosis, cancer, lung disease, and atrial hypertension
(Liu et al., 1990; Bauer, Hartz and Miller, 2007; Bohm and Pernow, 2007).
ET-1 production from HGPC and NGPC cells in response to pre-conditioning and testglucose exposure was quantified using the ET-1 in vitro ELISA (ab133030; EnzymeLinked Immunosorbent Assay) kit (Abcam).
Briefly, HGPC and NGPC cells were seeded in triplicate in a 96 well plate at a density of
2×104 cells/well and treated as described previously (section 2.2.2). At the end of the
treatment, the culture medium from each triplicate was collected into Eppendorf® tubes
and stored at -80°C. All kit reagents and standards (0.78-100 pg/mL) were prepared
according to the manufacture’s instructions. Briefly, samples were defrosted on ice before
a 1 in 5 dilution and then 100 μL of standards and samples added in duplicate to the
ELISA microplate, which was incubated for 1 hour at room temperature. The plate was
then washed and 100 µL of ET-1 antibody added into each well, incubated for 30 minutes
at room temperature, washed again and then 100 μL of the TMB substrate solution added
prior to a final 30 minutes incubation at room temperature to allow for colour
development. The reaction was stopped and the absorbance was measured on the plate
reader at λ =450 nm wavelength. The absorbance value was proportional to the amount
of ET-1 present in the samples, calculated by interpolating the reading samples values
with the standard curve plotted (Figure 2-10). Values were then multiplied by the dilution
factor (5) to obtain the amount of ET-1 present in each sample.
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ET-1 ELISA standard curve
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Figure 2- 10. Standard curve for the ET-1 ELISA assay, obtained by plotting each averaged and blank
corrected standard as a function of the ET-1 concentration (pg/mL). The equation obtained by plotting the
standard values was used to estimate the ET-1 concentration in the samples, prior multiplication for the
sample dilution factor. The calculations were performed by using Microsoft Excel software (Microsoft
Office 365).

2.2.20 Measurement of fibrinolytic factors
Tissue plasminogen activator (t-PA) is a 68 kDa protein synthesised and secreted by ECs
that catalyses the conversion of inactive plasminogen into the active serine protease
plasmin, which is responsible for the initiation of the fibrinolytic process. In the blood, tPA is inactivated by binding with plasminogen activator inhibitor 1 (PAI-1). The plasma
t-PA concentration is lower than 10 ng/mL and it depends on many factors such as age,
exercise and stress. A decrease in t-PA production or activity is associated with decreased
fibrinolysis and a consequent increase in thrombotic risk (Oates et al., 1988; Ridker et
al., 1994; Wannamethee et al., 2008; Hernestål-Boman et al., 2012). PAI-1 is a 50 kDa
serine-protease inhibitor (serpin), synthesised and secreted by ECs and hepatocytes.
Increases in PAI-1 have been associated with many pathological conditions such as
obesity, inflammation, metabolic syndrome, sarcopenia, atherosclerosis and Werner
syndrome (Cesari, Pahor and Incalzi, 2010).
2.2.20.1 Quantification of t-PA
The Zymutest t-PA Antigen ELISA kit (Ref RK011A) was used to quantify t-PA
production by HGPC and NGPC cells in response to test-glucose exposure and preconditioning.
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Briefly, HGPC and NGPC cells were seeded in triplicate in a 96 well plate at a density of
2×104 cells/well and treated as described previously (section 2.2.2). At the end of the
treatment, the culture medium from each triplicate was collected into an Eppendorf® and
stored at -80°C.
All kit reagents and standards were prepared by following the manufacturer’s
instructions, all incubations were at room temperature and all samples were thawed on
ice. The sample diluent (100 µL/well) and 100 µL/well of standard, controls, blank and
samples were added in duplicate to the appropriate well and incubated for one hour,
washed and 200 µL of peroxidase-coupled anti-t-PA antibody added to each well. After
one hour incubation, the plate was washed and 200 μL of TMB substrate solution added
to each well, before a final five-minute incubation for colour development. The reaction
was stopped and the absorbance measured after ten minutes using the plate reader at
λ=450 nm wavelength. The absorbance value was proportional to the amount of t-PA
present in the samples and determined by interpolating the test sample absorbance values
with the plotted standard curve (Figure 2-11).
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Figure 2- 11. Standard curve for the t-PA ELISA assay. The standard curve was obtained by plotting each
averaged and blank-corrected standard as function of the t-PA antigen concentration (ng/mL). The equation
obtained by plotting the standard values was used to estimate the t-PA concentration in the samples, prior
to multiplication for the sample dilution factor. The calculations were performed by using Microsoft Excel
software (Microsoft Office 365).
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2.2.20.2 Quantification of PAI-1
The Zymutest PAI-1 Antigen ELISA kit (Ref RK011A) was used to quantify PAI-1
production by HGPC and NGPC cells in response to test-glucose exposure and preconditioning.
Briefly, HGPC and NGPC cells were seeded in triplicate in a 96 well plate at a density of
2×104 cells/well and treated as described previously (section 2.2.2). At the end of the
treatment, the culture medium from each triplicate was collected into an Eppendorf® and
stored at -80°C.
All kit reagents and standards were prepared by following the manufacturer’s
instructions, all incubations were at room temperature and all samples were thawed on
ice. To each assay well of the ELISA plate, 100 µL of sample diluent and 100 µL of
standard, controls, blank or sample was added in duplicate and incubated for one hour.
After washing, 200 µl of peroxidase-coupled anti-PAI-1 antibody was added to each well,
incubated for one hour, the plate washed again and 200 μL of TMB substrate solution
added to each well, before a final five-minute incubation for colour development. The
reaction was stopped and the absorbance measured after ten minutes using the plate reader
at λ =450 nm. The measured absorbance value was proportional to the amount of PAI-1
present in the samples and calculated by interpolating the test sample absorbance values
with the plotted standard curve (Figure 2-12). Values were then multiplied by the dilution
factor (2) to obtain the amount of PAI-1 present on each sample.
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Figure 2- 12. Standard curve for the PAI-1 ELISA assay. The standard curve was obtained by plotting each
averaged and blank-corrected standard as a function of the PAI-1 antigen concentration (ng/mL). The
equation obtained by plotting the standard values was used to estimate the PAI-1 concentration in the
samples, prior to multiplication for the sample dilution factor. The calculations were performed by using
Microsoft Excel software (Microsoft Office 365).
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CHAPTER 3: DEVELOPMENT OF A
RELEVANT ENDOTHELIAL CELL
MODEL FOR HYPOTHESIS
TESTING ASSOCIATED WITH
GLUCOSE EXPOSURE
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3.1 Introduction
The onset of CVD is one of the main long-term consequences of diabetes. Many factors
contribute to the manifestation of CVD in diabetes, including inflammation, oxidative
stress, dyslipidaemia and loss of endothelial function (Henry N Ginsberg, 2000;
Santhanam et al., 2008; Cade, 2008; American Diabetes Association, 2011; Avogaro et
al., 2011; Kolluru, Bir and Kevil, 2012; Elms et al., 2013; Kaur, 2014; O’Neill and
O’Driscoll, 2015; Buysschaert et al., 2015; Mapanga and Essop, 2016; Martí, 2016). The
endothelium has important functions in regulating vascular physiology by forming a
semi-permeable barrier between the blood and the underlying tissues, as well as
modulating vessel tone, vascular smooth muscle cell proliferation and migration, platelet
activity and inflammation (Ross R, 1993; Esper et al., 2006; Félétou, 2011b). Loss of
endothelial function plays an important role in diabetes-associated cardiovascular
complications (Rahman et al., 2007; Vanhoutte, 2009; Avogaro et al., 2011; Félétou,
2011b; Petrie, Guzik and Touyz, 2018). Among the mechanisms triggering endothelial
cell (EC) dysfunction, oxidative stress arising from hyperglycaemic exposure has
received much attention (Laakso, 1999; Harrison et al., 2003; Esper et al., 2006; Ren et
al., 2010; Avogaro et al., 2011; Mapanga and Essop, 2016; Petrie, Guzik and Touyz,
2018). However, there is still uncertainty regarding the mechanism underlying endothelial
dysfunction in diabetes. The wide variety of approaches taken in these studies, including
different exposure times and glucose concentrations, likely contribute to the inconsistent
results obtained. Often, cells are exposed to unrealistically high glucose concentrations
(Du et al., 2000; Hoshiyama et al., 2004; Quijano et al., 2007; Crabtree et al., 2008; Fink
et al., 2012; Westerweel et al., 2013). In other cases, exposure to hyperglycaemic
conditions does not take into account the glucose concentration used during the cell
growth phase prior to the hyperglycaemic test. Often the medium recommended for EC
growth contains a glucose concentration that exceeds the normal human physiological
value of 3.5-5.5 mM (Güemes, Rahman and Hussain, 2016). Despite ensuring a fast cell
growth rate and good viability, an artificially high glucose concentration might alter
cellular metabolism and the redox environment as part of an adaptive response to the
elevated glucose concentration. These factors might affect the outcomes of testing and
unintentionally generate misleading information about the real effects of hyperglycaemic
exposure.
For example, the medium recommended for the cell line used in this study, EA.hy926,
contains 25 mM glucose, so testing with a physiologically relevant hyperglycaemic
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glucose concentration (e.g. 25 mM, HG) would be unlikely to alter cell metabolism or
behaviour, since the cells are already grown at that glucose concentration. Similarly, using
moderate (12.5 mM, IG) and “normal” (5.5 mM, NG) glucose concentrations would
expose the cells to hypoglycaemia relative to their accustomed state. Consequently, there
is a need to develop an in vitro cell model system in which cells are grown under both the
recommended (hyperglycaemic) conditions and, conversely, under physiologically
normoglycaemic conditions to understand the importance of glucose on cell phenotype
during the growth phase.
In this study, the use of a concentration of glucose in culture medium that is widely
regarded to approximate “normal” conditions (5.5 mM) was optimised and developed in
order to establish an in vitro model that enabled subsequent measurement of the effects
of elevated glucose concentrations (12.5 and 25 mM) on the EA.hy926 endothelial cell
line. Additionally, due to the lack of studies that consider the effects of long-term
exposure of ECs to both hyperglycaemic and normoglycaemic conditions, this model was
designed to identify metabolic changes driven by chronic exposure to different glucose
concentrations. Though the cell model system described in this chapter may not directly
mimic the in vivo situation, not least because it is an immortalised cell line, it had the
potential to provide useful information on the long term and acute effects of changes in
glucose exposure on cell metabolism, function and redox state. Furthermore, the
versatility of the cell model enabled it to be adapted to determine how cell metabolism
was affected by fluctuations in glucose concentration, by glucose in combination with
fructose and by the presence of insulin under these conditions; each of these conditions
are described in Chapters 6 and 7.

3.2 Experimental model design
The aim of this preliminary stage of the project was to investigate the effects of artificially
high concentrations of glucose (hyperglycaemia) on the metabolism of ECs. At the outset,
it was important to determine the normal characteristics of the cells in culture and to
develop standardised culture conditions for further investigations. To this end, the
endothelial cell line EA.hy926 was used and, through a series of experiments, two
different sets of culture conditions were optimised to mimic both normoglycaemic and
hyperglycaemic conditions. Both sets of culture conditions were characterised and
optimised for cell seeding density, cell growth rate and cell survival.
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EA.hy926 cell line was originally generated by the fusion of human umbilical vein ECs
(HUVECs) with a human lung carcinoma cell line, A549 (Edgell, McDonald and
Graham, 1983; Karbach et al., 2012). EA.hy926 cells have cytoplasmic distribution of
Weibel-Palade bodies and other tissue-specific organelles characteristic of differentiated
ECs, and were specifically chosen for this study due to their expression of factors
characteristic of normal human ECs (Jaffe et al., 1973; Edgell, McDonald and Graham,
1983; Edgell et al., 1990; Karbach et al., 2012). These factors, such as the production of
mediators of blood vessel tone (ET-1 and NO) and mediators of fibrinolytic activity (tPA and PAI-1), were important in helping to define the effects of glucose exposure on
EC functions. For these reasons, EA.hy926 cells have been used previously in a variety
of studies to facilitate investigations into angiogenesis, thrombosis, blood pressure and
inflammation (Jaffe et al., 1973; Edgell, McDonald and Graham, 1983; Edgell et al.,
1990; Ahn et al., 1995; Bertelsen, Änggård and Carrier, 2001; Bouïs et al., 2001;
Manduteanu et al., 2003; May, Qu and Li, 2003; Kakoki et al., 2006; Liu et al., 2012;
Koziel et al., 2012; Su et al., 2013; Targosz-Korecka et al., 2013; Maamoun et al., 2015;
Li et al., 2016; Qiu et al., 2016; Broniarek, Koziel and Jarmuszkiewicz, 2016; Koziel and
Jarmuszkiewicz, 2017). Due to their clonal nature and stable EC phenotype, EA.hy926
cells were considered to be an effective, standardised experimental model. By contrast,
primary ECs, e.g. HUVECs, generally have a phenotype that persists for up to 10
passages, while EA.hy926 cells are stable for up to 5 months before undergoing the
process of senescence (Lidington et al., 1999). Therefore, by using EA.hy926 cells it was
possible to undertake long-term preconditioning of the cells at different glucose
concentrations (HG or NG), to demonstrate the long-term effects of glucose exposure on
growing cells and to eventually demonstrate the changes in phenotype associated with it.
3.2.1 Materials and Methods
3.2.1.1 Cell line
This study used the endothelial cell line, EA.hy926. The cells were cultured as described
in sections 2.2.1 and 2.2.2 of Chapter 2 to generate two distinct groups of glucose preconditioned EA.hy926 cells: normal glucose (5.5 mM) pre-conditioned cells (NGPC) and
high glucose (25mM) pre-conditioned cells (HGPC), a process described below. The cells
used at this stage of the study were passaged for more than 4 times in their respective
medium.
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3.2.1.2 Cell culture medium and treatment
The recommended medium for EA.hy926 cells is Dulbecco's Modified Eagle's Medium
(DMEM) (HyClone), containing 25 mM glucose. This glucose concentration was
considered to be inappropriate for this study, as it would be equivalent to severe
hyperglycaemia in vivo. Preconditioning the cells with medium containing 5.5 mM
glucose was considered more suitable, because it is closer to the in vivo blood glucose
concentration in a healthy individual. Therefore, in initial experiments, EA.hy926 cells
were separated into two groups and grown under different conditions for many passages
(>4): normal glucose (NG) using 5.5 mM glucose and high glucose (HG) using 25 mM
glucose. This allowed verification that exposure to lower glucose concentrations (NG)
during the growing phase was not compromising the cell viability or growth rate, both
essential parameters of a valid in vitro study model.
The conditions for the EA.hy926 EC model were established for both NGPC and HGPC
cells. The conditions investigated included cell seeding density, treatment media and cell
growth under the two different culture conditions (HG and NG preconditioning). This
was evaluated through the measurement of cell viability, cell morphology and cell
metabolic activity. Only after the baseline conditions were identified for the model during
the development stage, were the subsequent treatment conditions defined. These were
designed to mimic exposure of the endothelium to hyperglycaemia in a diabetic state and
to investigate if switching between normoglycaemia and hyperglycaemia in either
direction affected the energetic state of the cells, as well as their oxidative state and
function. To this end, confluent HGPC and NGPC cells were exposed to three test glucose
concentrations for a total period of 48 hours: 5.5 mM (equivalent to normoglycaemia), 25
mM (equivalent to hyperglycaemia) and 12.5 mM (equivalent to an intermediate diabetic
state with poor insulin control/impaired insulin function; IG). A time period of 48 hours
was selected for tests with each glucose treatment, because this was considered the
minimum time necessary to induce metabolic changes in the cells, but also insufficient
time for the cells to become overcrowded in culture. The diagram in Figure 3-1 elucidates
the experimental glucose exposure regimen and testing conditions utilised for the
experiments described in Chapters 3, 4 and 5.
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Figure 3- 1. Diagram describing glucose exposure regimen and outcome measures.

For the experiments performed using a Seahorse® 96 well plate, the cell incubation time
was approximately 72 hours, including 48 hours of test treatment and 24 hours of
incubation in the cells respective HG and NG medium. The experiments performed using
a standard 96 well plate included a longer cells incubation time, corresponding to
approximately 96 hours. This was justified by the different surface areas of the two plates:
the Seahorse® microplate has a well surface area of 10.5 mm2, approximately three times
smaller than the surface area of a standard 96 well plate (33 mm2). After visual assessment
of cell confluence in the 96 well plate, 96 hours was considered a sufficient time necessary
for the cells to reach a similar confluence to the cells seeded in the Seahorse microplate
after 72 hours, ensuring a comparable level of cell confluence for both the MST and the
MTT, Bradford and LDH assays.
3.2.1.3 Optimisation of cell density
As described in Chapter 2 (section 2.2.10.1), the Seahorse® Mito Stress Test (MST) was
used to determine the oxygen consumption rate (OCR), which is an indicator of oxidative
phosphorylation, and the extracellular acidification rate (ECAR), which is an indicator of
glycolytic processes. The assay was performed using a Seahorse® XF96 metabolic
Analyser (Agilent) that required the cells to be seeded and cultured in a Seahorse® 96
well microplate (Agilent).
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Basal OCR is known to vary under different experimental conditions, depending on cell
type and cell density (Romero et al., 2017). According to the manufacturer’s suggestions,
the OCR results should only considered reliable in EA.hy926 cells when the Basal OCR
value is greater than 40 pM/min. Therefore, since this value is highly dependent on the
number of cells present, the MST was initially performed by seeding the cells at five
increasing densities, to determine the most appropriate density to use for this and other
assays.
The cell densities tested were:
•

5x103 cells/well

•

1x104 cells/well

•

1.5x104 cells/well

•

2x104 cells/well

•

2.5x104 cells/well

In addition, cell viability, cell protein content, and membrane integrity were also
measured at each density, using the MTT, Bradford, and LDH assays (described in
Chapter 2.2.3, 2.2.4, 2.2.5). Using these assays, it was possible to identify the optimal cell
density that gave an OCR value greater than 40 pM/min, while also ensuring that cell
viability and growth were unaffected.
3.2.1.4 Glucose treatment optimisation
EC glucose uptake is regulated by facilitated diffusion through the GLUT1 receptor and
it is therefore dependent on the glucose concentration gradient across the membrane
(Giardino, Edelstein and Brownlee, 1994; Mandarino, Finlayson and Hassell, 1994;
Cornford et al., 1995; Barnes et al., 2002; Natarelli et al., 2015; Li et al., 2016). The
initial aim was to expose EA.hy926 cells to a constant glucose concentration. Therefore,
it was important to establish the rate of glucose uptake by the cells, to determine whether
the medium became significantly depleted of glucose and to consequently identify the
optimal time interval for replacing the medium, to ensure relatively constant glucose
exposure. Furthermore, as an additional aim, it was important to establish whether preconditioned EA.hy926 cells cultured in different media (e.g. NGPC+HG medium and
HGPC+NG medium) might have different rates of glucose uptake due to adaptation to the
pre-conditioning culture conditions (Mandarino, Finlayson and Hassell, 1994; Cornford
et al., 1995; Barnes et al., 2002; Riahi et al., 2010; Li et al., 2016).
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3.2.2 Statistics
All data are expressed as mean ± SD. For each experiment, “n” represents the number of
technical replicates, namely the average value obtained by meaning triplicate/duplicate
repetitions. Data were analysed using parametric and non-parametric tests, as appropriate.
Parametric testing was justified after confirmation of data normality (D’Agostino and
Pearson test) and equal variances. Significant difference between means was accepted at
p<0.05. Statistical tests were performed using GraphPad Prism version 6.00 software
(GraphPad Software, San Diego, CA).

3.3 Results
3.3.1 Assessment of cell morphology
Cell growth for both HGPC and NGPC cells was visually assessed using light microscopy
(Leica DMi8), in conjunction with LAS X operating system and at 30x magnification.
The assessment revealed that, at any given period of incubation, the cells had similar cell
morphology in terms of size and shape. Although there were differences in cell
appearance within a given field (e.g. circular or elongated cells), the differences were
common between both cell groups. It was concluded that the two cell groups did not show
any morphological difference, as demonstrated in Figure 3-2.

Figure 3- 2. Sub-confluent HGPC and NGPC cell morphology. HGPC and NGPC were seeded in T75 flasks in
HG and NG DMEM respectively. The microscopical observation shown in the pictures was carried out
after 4 days of incubation in their respective medium. Prior to the observations with light microscopy, the
medium was replaced with PBS to avoid light interference and to guarantee a clear image. HG PC and NGPC
did not show morphological differences. The scale bar (bottom right of the picture) is equal to 150 μm and
was inserted as a reference for the cell size and the intercellular space.
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3.3.2 Effect of glucose preconditioning on cellular growth rate
The rate of cell growth for both HGPC and NGPC cells was measured by counting
trypsinised cells that had been grown in T25 flasks over six consecutive days of
incubation. The HGPC and NGPC cells were grown in their respective growth media
(Chapter 2, section 2.2.6) and a flask of cells sacrificed for each count. Over the six-day
period, the two cell groups showed a similar growth rate and visual cell confluence
(approximately 30% at day 1 and 80% at day 6), such that the two growth curves overlaid
at most time points (Figure 3-3). This indicated that the rate of growth of the cells was
not affected by either the glucose concentration in the medium or cell pre-conditioning.
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Figure 3- 3. Growth rate of cultured HGPC and NGPC cells. The data represent the cell counts for six days
of incubation at 37°C and 5% CO2 in a humidified atmosphere. Statistical significance was determined by
two-way ANOVA test and Sidak’s multiple comparison test. Values represent mean ± SD, n=3. No
statistical difference was observed with glucose preconditioning and test in the cellular growth rate
(p>0.05).

3.3.3 Determination of the optimal cell density for the Mito Stress Test
Initially, the MST was performed using HGPC cells to identify the minimum cell density
capable of generating a basal OCR of 40 pM/min. To pursue this aim, five different cell
densities were selected and tested, as described above (section 3.2.1.3) The method
applied is described in Chapter 2, section 2.2.10.1 OCR (Figure 3-4 (A)) and ECAR
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(Figure 3-4 (B)) values increased proportionately with increasing cell density, producing
a wide range of values. Cell seeding densities of less than 1.5x104 all had basal OCR
values of less than 40 pM/min and were considered unsuitable. By contrast, each cell
seeding density of 1.5x104 cells/well or greater produced basal OCR values above 40
pM/min (48.9-72.41 pM/min), indicating their suitability for this assay.
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Figure 3- 4. OCR (A) and (B) ECAR of HGPC cells at five different seeding densities. OCR (A) and ECAR
(B) values were measured using the MST to determine the optimal cell seeding density. Each cell density
equal to or greater than 1.5x104 had a Basal OCR greater than 40 pM/min (A). Each point represents the
mean ± SD, n=1 (16 replicates for each cell density).
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To confirm that NGPC cells respond in the same way as HGPC cells, both cell types were
seeded at the same density of 2x104 cells/well and compared using the MST. The results,
illustrated in Figure 3-5, confirm the suitability of this cell seeding density for both HGPC
and NGPC cells in the MST assay. The basal OCR value for HGPC cells (50.7 ± 10.2
pM/min/mg protein) was significantly lower than for NGPC cells (64.5 ± 12.6 pM/min/mg
protein) (Figure 3-5 (B)) (p<0.01), while the basal ECAR did not change significantly
with glucose preconditioning (Figure 3-5 (D)).
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Figure 3- 5. Measurement and comparison of basal OCR and ECAR. MST OCR (A) and ECAR (C) were
measured and compared between HGPC and NGPC cells (basal OCR (B) and basal ECAR (D)). Basal OCR
values (B) obtained for HGPC and NGPC cells confirmed the suitability of the seeding cell density of 2x10 4
cells/well. NGPC cells showed a higher basal OCR, compared to HGPC cells (B), while ECAR remained
unchanged by glucose preconditioning (D). (A) and (C) trace the OCR and ECAR values across the MST
assay where the increases and decreases are a consequence of the injection of test compounds. Statistical
significance was determined by unpaired t-test (NS=not statistically significant,**p<0.01). Values
represent mean ± SD, n=16.

As shown in Figure 3-6, HGPC cells had a ~26.6 % lower Complex V-associated OCR
(p<0.05) (Figure 3-6 (A)). Maximal respiration (Figure 3-6 (B)) was similar for both
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groups, measuring 74.1 ± 30.2 and 64.5 ± 19.9 pM/min/mg protein for NGPC and HGPC
cells respectively. NMOCR (Figure 3-6 (C)) was lower by 34% for HGPC cells (p<0.01),
as well as proton leak (Figure 3-6 (D)) which measured 8.3 ± 2.3 pM/min/mg protein for
HGPC cells and 10.1 ± 2.3 pM/min/mg protein for NGPC cells (p<0.05). Changes in
cellular metabolic phenotype were represented in the energy map (Figure 3-6 (F)). The
map is divided into four squares which, based on OCR and ECAR values, represent 4
different metabolic phenotypes. The “energetic” phenotype (top right) is characterised by
relatively high ECAR and OCR values. By contrast, the cellular phenotype is described
as “quiescent” when these values are relatively low (bottom left of the map). A high OCR
with a relatively low ECAR is characterised as an “aerobic” metabolic phenotype (top
left), while a high ECAR with a low OCR, describes a “glycolytic” phenotype (bottom
right of the diagram). The energy map was used to highlight changes in the cellular
metabolic features, based on the measurement of basal ECAR and OCR. The energy map
allowed the identification of two distinctive metabolic phenotypes for HGPC and NGPC
cells, where the latter were characterised by a more energetic and aerobic metabolic
phenotype, compared to HGPC cells, as shown in the energy map in Figure 3-6 (E).
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Figure 3- 6. Calculation of metabolic parameters obtained with the MST for NGPC and HGPC cells. Complex
V OCR (A), obtained after oligomycin inhibition of Complex V activity; maximal respiration (B), obtained
after FCCP-driven disruption of the proton gradient across the inner mitochondrial membrane, NMOCR
(C), obtained after inhibition of Complex I and Complex III consequent to the injection of
Rotenone/Antimycin A; proton leak (D), derived by subtracting the NMOCR to the Complex V OCR; the
energy map (E), obtained by combining the basal OCR and the basal ECAR. Statistical significance was
determined by unpaired t-test (NS=not statistically significant, *p<0.05, **p<0.01). Values represent mean
± SD, n=14-16 and ± SEM for the energy map (E).

3.3.4 Comparison of cell culture parameters for HG PC and NGPC cells
After establishing that seeding 2x104 cells per well of a 96 well plate was the optimal cell
density for the MST assay, it was essential to further characterise the effect of glucose
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preconditioning in terms of viability, mitochondrial activity and protein content (as a
surrogate indicator of cell number). Seeding the cells at the same five densities described
previously, these parameters were measured using the LDH, Bradford and MTT assays
on cells cultured in 96 well plates, for a total incubation time of approximately 96 hours,
as explained in Chapter 2, sections 2.2.3, 2.2.4, 2.2.5. For these assays, only values
included within the standard curve range were included.
As shown in Figure 3-7, use of the LDH assay as an indicator of cell death revealed that
overall there was low cell death (between 5 and 20% cell death) at each of the cell
densities used and that the percentage of cell death was not significantly different for
HGPC and NGPC cells (Figure 3-7 (A)); similar cell viability between the glucose
preconditioning concentrations was corroborated by cell protein measurements, which
were not significantly different at any of the cell seeding densities (Figure 3-7 (B)).
Despite the similarities in cell viability measures as defined by LDH and cell protein,
there was a stark difference in the pattern of measurement with respect to the MTT assay:
HGPC cells had higher mean MTT values that increased with cell density, while the MTT
value for NGPC cells did not change with increasing cell density (Figure 3-7 (C)).
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Figure 3- 7. Percentage of cell death, calculated with the LDH assay (A), protein concentration, estimated
with the Bradford assay (B) and mitochondrial number/function or cell viability, estimated with the MTT
test (C) for HGPC and NGPC cells at different starting cell density. The tests showed no significant difference
in cell death (A) and protein content (B) due to preconditioning. MTT values increased proportionally with
the cell density for HGPC cells only while remaining unchanged for NGPC cells (C). Statistical significance
was determined by two-way ANOVA and Sidak’s multiple comparison test (NS=not statistically
significant, **p<0.01, ***p<0.001, ****p<0.0001). Values represent mean ± SD, n=11 (A), n=16 (B),
n=29 (C).

3.3.5 Glucose loss from the medium of incubated NG PC and HGPC cells and
intracellular glucose concentration
The glucose content of medium samples (Figure 3-8 (A)) taken from cultured NGPC and
HGPC cells was measured using a glucose meter and related strips (see section 2.2.7). The
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glucose content of the medium was measured after 24 hours exposure to the same three
test glucose conditions (NG, IG and HG), and the glucose loss was calculated as the
difference between the first measurement at “time 0” and a second measurement after 24
hours of incubation. The results illustrated in Figure 3-8 (A) showed greater glucose
depletion from the medium when NGPC cells were exposed to NG (4 ± 0.9 mM) and IG
(4.7 ± 1.2 mM) test glucose, compared to HGPC cells (2.8 ± 1.2 at NG and 3 ± 0.9 mM at
IG), while at 25 mM glucose both HGPC and NGPC cells showed similar glucose depletion
over 24 hours (2.8 ± 1.7 mM for HGPC cells and 3.2 ± 1.2 mM for NGPC cells). Conversely,
glucose loss is unchanged for HGPC cells exposed to the lower glucose test conditions
(NG and IG mM).
The intracellular non-phosphorylated D-Glucose concentration was measured by using
the Picoprobe Glucose Assay kit (ab169559, Abcam), as explained in section 2.2.9
(Chapter 2). The results in Figure 3-8 (B), showed no significant difference in the
intracellular glucose concentration in both HGPC and NGPC cells, and no difference due to
glucose testing (NG, IG and HG).
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Figure 3- 8. Glucose loss from the incubation medium over 24 hours incubation of HG PC and NGPC cells
with NG, IG and HG medium (A) and intracellular non-phosphorylated D-glucose (B). Statistical
significance was determined by two-way ANOVA and Sidak’s multiple comparison test (NS=not
statistically significant, **p<0.01, ***p<0.001). Values represent mean ± SD, n=12-16 (A) and n=8-10 (B)

3.3.6 GLUT1 expression in HG PC and NGPC cells
The intracellular expression of GLUT1 was estimated for both HGPC and NGPC cells after
exposure to test glucose concentrations, in order to understand the differences in glucose
loss from the medium, as illustrated in Figure 3-9. The GLUT1 quantification assay was
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carried out as explained in section 2.2.8, Chapter 2. For this assay, negative values were
excluded.
As shown in Figure 3-9, GLUT1 expression did not significantly change with exposure
to the test glucose for either the HGPC or the NGPC cells (p>0.05).
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Figure 3- 9. Intracellular GLUT1 concentration for HGPC and NGPC cells exposed to test glucose conditions
(NG, IG and HG). Statistical significance was determined by two-way ANOVA (p>0.05). Values represent
mean ± SD, n=16. No statistical significance was observed within the two cell groups (NS=not statistically
significant).

3.4 Discussion
3.4.1 Optimisation of the in vitro cell model
Optimisation of the in vitro model for this study was considered an essential requirement
which also allowed the effects of high glucose preconditioning to be identified. This was
achieved by treating EA.hy926 cells as two separate cell groups, grown and passaged in
NG and HG DMEM, to respectively generate NGPC and HGPC cells. At the early stage of
developing the model, the effect of sodium pyruvate was questioned. Pyruvate represents
an alternative source of carbohydrate for cells, potentially affecting cellular metabolism
(Schurr and Payne, 2007); it is also an antioxidant and a scavenger of hydrogen peroxide
(Babich et al., 2009; Long and Halliwell, 2009). In pilot studies, the effect of using
pyruvate-free NG and HG DMEM was examined using microscopy to establish the
survival of 90% confluent EA.hy926 cells that had been incubated with pyruvate-free
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media for 96 hours. This examination showed that the absence of sodium pyruvate in the
medium was affecting cell survival, particularly for NG cells and consequently, 1 mM
sodium pyruvate was included in both preconditioning and test glucose media in all
experiments.
Visual assessment of NGPC and HGPC cells in the presence of pyruvate did not show any
obvious morphologic differences. However, visual assessment highlighted the presence
of a greater number of floating cells in the NG medium compared to HG medium. Since
the cell number, estimated using the protein content quantification assay and cell
membrane integrity estimated with the LDH assay did not differ between the two cell
groups, a decrease in cell survival using NG medium could be excluded. Instead, it was
speculated that NGPC cells have a greater cell turnover, leaving the total cell number
unchanged. This could be due to a more active metabolic rate, as subsequently shown by
the higher basal OCR in NGPC cells.
3.4.2 Cell density for metabolic assays
Metabolic parameters, such as OCR and ECAR give useful information about the effect
of glucose exposure on EA.hy926 cell metabolism, allowing the quantification of specific
aspects of the aerobic and anaerobic metabolic pathways, and highlighting changes in
mitochondrial function. The calculation of these parameters was performed using the
Seahorse® MST assay, which for this cell model required a basal OCR value greater than
40 pM/min to give reliable results (see section 3.2.1.3). This test, combined with
additional information obtained using viability and metabolic assays, facilitated the
identification of a suitable cell seeding density of 2x104 cells/well. Subsequent MST
experiments using HGPC and NGPC cells at this seeding density confirmed the suitability
of the chosen density for NGPC cells. In addition, these experiments highlighted a
difference in NGPC and HGPC cellular oxygen utilization: NGPC cells showed a greater
basal OCR (Figure 3-5), Complex V OCR, proton leak and NMOCR (Figure 3-6) than
HGPC cells. As a result, the metabolic phenotype for NGPC cells could be described as
more energetic, in reference to the energy map obtained using the OCR and ECAR results
(Figure 3-6 (E)).
The experiments measuring cell viability and metabolic parameters had two aims. The
first aim was to ensure that the cell density required for metabolic analysis was not
affecting cell viability, number, and mitochondrial activity, while the second aim was to
identify any differences between NGPC and HGPC cells with regard to these measures.
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Protein content was unchanged between the five densities and the pretreatment
conditions, confirming that the cell number and viability were unaffected. The greatest
difference between HGPC and NGPC cells was highlighted with the MTT test: MTT
increased proportionately with increasing cell seeding density for HGPC cells, but the
same was not observed for NGPC cells. The MTT assay is based on the enzymatic
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide (MTT) to its
insoluble

formazan.

The

reduction

of

MTT

requires

NAD(P)H-dependent

oxidoreductases and it can reflect cell number, mitochondrial activity or mitochondrial
number (Slater, Sawyer and Sträuli, 1963; Mosmann, 1983; van Meerloo, Kaspers and
Cloos, 2011). Considering that both survival and protein content did not differ between
the five seeded densities in HGPC and NGPC cells, the difference in MTT could likely be
ascribed to mitochondrial activity. Based on previous studies, cells can adapt to greater
glucose availability by increasing their reducing power through increased levels of
NAD(P)H, possibly derived by the diversion of glucose metabolism into the pentose
phosphate pathway (Vistica et al., 1991; Han et al., 2013; Layton, 2015). This is an
interesting observation that serves to highlight the concept that glucose concentration is
a relevant determinant of cellular metabolism and that simply over-supplying glucose in
the cell culture environment is not without consequence. The mechanism that drives this
effect is not clear at this stage but forms a substantial part of subsequent investigations
reported in this thesis. Although the MTT test is commonly used as a cell viability assay,
the results in this study highlighted the concept that MTT results have to be interpreted
in a multifactorial way, considering aspects which are not related solely to cellular
viability, such as mitochondrial number or NAD(P)H-dependent oxidoreductases
activity, which could, in turn, depend on cellular metabolic activity and cofactor
availability.
Based on the data obtained from these assays and on visual estimation of the optimal cell
confluence for future analysis (90%), it was concluded that the presence of 5.5 mM
glucose in the growth medium was not affecting EA.hy926 viability and that 2x104
cells/well was a suitable cell density for future metabolic analysis using the Seahorse®
metabolic analyser.
3.4.3 Defining the test glucose treatments
The primary hypothesis of this study is that long-lasting hyperglycaemic exposure that
characterises the diabetic condition is the main cause of EC changes in terms of
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metabolism, oxidative stress and function, which ultimately drive endothelial
dysfunction, contributing to the onset of CVD. The principal aim of this in vitro study
was, therefore, to expose EA.hy926 ECs to test glucose concentrations that represent
normal (5.5 mM), intermediate (12.5 mM) and high (25 mM) glucose concentrations in
vivo. To pursue this, it was important to measure the rate of loss of glucose from cell
culture media, which is likely to relate directly to the rate of glucose uptake by the cells.
Understanding the fate of glucose when delivered at different concentrations was an
important precursor to later metabolic studies, by helping to define the likely glucose load
in the model. HG preconditioning of cells resulted in a lower depletion of glucose from
medium compared to that for NG preconditioning. Moreover, switching of HGPC cells to
NG and IG test conditions failed to alter the rate of depletion of glucose from the medium.
By contrast, NGPC cells responded to HG treatment in the test phase by lowering their rate
of glucose depletion to that of HGPC cells. Assuming that glucose depletion from the
medium is entirely due to uptake into cells, this result could be viewed as being counter
to that which might be predicted from a diffusion gradient. Lower glucose uptake by cells
exposed to high glucose has been identified in previous studies (Klip et al., 1994; Howard,
1996; Nishizaki and Matsuoka, 1998; Rajah, Olson and Grammas, 2001; Kubota, Kubota
and Kadowaki, 2013) and has been implicated as a potential protective mechanism against
high-concentration glucose exposure (Howard, 1996). This could be due to saturation of
GLUT1 by glucose or lower intracellular retention of glucose (due to reduced
phosphorylation of glucose to G6P by hexokinase) (Cornford et al., 1995; Badr et al.,
2000). Despite being classified as insulin-independent (Ebeling, Koistinen and Koivisto,
1998), recent research shows that GLUT1 expression can be modulated in response to
external factors. For example, by altering its expression at the transcription level, or by
secondary protein modification which in turn regulates its expression in the cellular
membrane (Kaiser et al., 1993; Lutz and Pardridge, 1993; Ishida et al., 1995; Barnes et
al., 2002; Wieman, Wofford and Rathmell, 2007; Huang et al., 2012; Lee and Klip, 2012;
Li et al., 2016). Similarly, a study conducted by Yeh et al (2007) shows that VEGF
enhances GLUT1 expression via the PI3K-Akt pathway in rat brain ECs (Yeh, Lin and
Fu, 2007). Other studies have shown that GLUT1 expression is enhanced by PKCmediated phosphorylation of the endogenous GLUT1 on Serine 226 in primary human
aortic ECs (HAECs) and HUVECs in response to the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA or PMA) and VEGF (Lee et al., 2014). NO has been shown to
play a role in GLUT1 and hexokinase expression in HUVECs (Paik et al., 2005),
increasing glucose uptake and metabolism. Importantly, GLUT1 could be inhibited by
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ATP-dependent phosphorylation (Blodgett et al., 2007; Carruthers et al., 2009), or by the
activation of secondary metabolic pathways such as PI3K-Akt or PKC (Yeh, Lin and Fu,
2007; Lee et al., 2014).
Based on these findings, total intracellular GLUT1 content was quantified in both HGPC
and NGPC cells after exposure to each test glucose concentration. In addition, the
intracellular glucose concentration was measured, which included only the nonphosphorylated D-glucose molecule. Surprisingly, total intracellular GLUT1 and the
intracellular glucose content did not differ between the two preconditioned cell groups.
However, other factors should be considered. Firstly, cellular GLUT1 expression does
not reflect the actual number of GLUT1 receptors present in the cell membrane but also
includes the intracellular GLUT1 pool stored in vesicles and only released in response to
intracellular signals, such as ATP content, and via receptor post-translational
modification. This concept has been previously described; for example, AMPK activation
by hypoxia or reduced intracellular ATP levels can activate GLUT1 transport from the
cytoplasm into the cell membrane, via phosphorylation on Ser95 and Ser225 (Blodgett et
al., 2007). In addition, Baldwin et al. (1993) and Badr et al. (2000) have reported
increased membrane expression of GLUT1 in response to osmotic or metabolic stress,
following a specific mechanism for its translocation from the intracellular pool (Baldwin,
1993; Badr et al., 2000; Barnes et al., 2002). Secondly, the presence of other glucose
transporters in the EA.hy926 cell model can be postulated, since this has been found in
other EC types. These include GLUT3, detected in canine and human microvessels
(Mantych et al., 1992; Gerhart et al., 1995; Knott et al., 1996), GLUT2 detected in
HCAECs, with GLUT6 and GLUT12 detected in HUVECs, saphenous vein, microdermal
vessels and aorta (Kaiser et al., 1993; Mueckler, 1994; Olson and Pessin, 1996; Takata,
1996; Tumova et al., 2016).
In this study, despite total GLUT1 expression being similar in HGPC and NGPC cells, it
may exist at different densities in the cell membranes of the two groups, resulting in
different rates of glucose uptake. However, an alternative mechanism could explain the
differences in the rate of depletion of glucose from the medium observed in this study.
This relates to the mechanism for retention of intracellular glucose, which involves
phosphorylation in position 6, by the enzyme hexokinase. For this reason, intracellular,
unphosphorylated glucose was measured, though this also failed to show any significant
difference in concentration between the two cell groups. Finally, though the glucose
gradient might impact the efflux of unphosphorylated glucose across the cell membrane,
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this is unlikely to be the only mechanism, while conformational changes of the glucose
transporters expressed by this cell type could also influence this phenomenon
(Galochkina et al., 2019). The characterisation of GLUT expression, followed by the
testing of the enzyme hexokinase, could give a better explanation of these results, but
they nevertheless provide an important backdrop to the forthcoming studies to explore
cell function under different glucose conditions.

3.5 Conclusions
The results obtained in this chapter confirm the suitability of DMEM medium containing
5.5 mM (NG) glucose for the growth of EA.hy926 cells in culture. Furthermore, this
glucose concentration did not affect cell viability or cell growth when compared to the
standard DMEM medium containing a high (25 mM) glucose concentration. In addition,
the optimal cell seeding density for metabolic testing was defined as 2x104 cells/well, a
density which produced a consistent basal OCR measurement of >40 pM/min, while at
the same time reaching cell confluence and remaining viable over the incubation period.
Finally, by evaluating the loss of glucose from the medium in culture, the test glucose
concentrations and duration of testing were identified. These were defined as exposure of
EA.hy926 cells to 5.5, 12.5 or 25 mM glucose for 48 hours. It was established that the
medium would be changed every 24 hours during the test glucose period, allowing a
relatively constant glucose exposure over the 48 hour test period. However, it should be
noted that, while considering this treatment as “constant”, the glucose concentration in
the medium showed a modest decline over time, which is unavoidable in a cell culture
setting.
Establishing this cell culture model for testing different glucose concentrations
represented the foundation for all the experiments and assays described in subsequent
chapters, including intermittent glucose exposure, or in conjunction with fructose, as well
as with insulin. Furthermore, the results from the glucose-loss assay, the GLUT1 ELISA,
the MST assay and the MTT assay, allowed the identification of differences in the
phenotype of EA.hy926 cells undergoing long-term incubation with either high or low
glucose concentrations, which was termed preconditioning. It was therefore decided to
investigate further any possible differences produced by HG and NG preconditioning of
EA.hy926 cells. HGPC and NGPC cells were therefore treated as two separate cell groups
and exposed to the same glucose testing processes as if they were two different cell types.
As evident from the data shown so far, HG preconditioning had a material impact on the
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metabolic phenotype and glucose response of the cells. The use of medium containing 25
mM glucose during EA.hy926 cell growth made them refractory to changes in test
glucose exposure and overall less energetically active. This is shown by their lower basal
OCR, proton leak, Complex V OCR and NMOCR, compared to NGPC cells. In addition,
HGPC cells do not modulate their glucose uptake or total GLUT1 production in response
to changes in glucose concentration. Finally, the MTT test values were greater for HGPC
cells, possibly indicating the presence of a greater number of mitochondria in these cells
or greater NAD(P)H oxidoreductase activity.
The results obtained in this chapter indicate that the effect of glucose preconditioning is
tangible and should be a consideration in the practice of cell culture. Specifically, this
work highlights for the first time, the relevance of glucose preconditioning of EA.hy926
ECs in an in vitro cell model system. This cell model was used to investigate different
aspects of cell physiology and biochemistry, including metabolic response, oxidative
stress and cell function in the chapters that follow.
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CHAPTER 4: EFFECT OF GLUCOSE
EXPOSURE ON CULTURED
ENDOTHELIAL CELL
BIOENERGETICS AND REDOX
STATE
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4.1 Introduction
4.1.1 Glucose exposure and metabolic memory
In Chapter 3, cell type, medium preconditioning and treatment protocols were defined for
the in vitro experimental model to be used in subsequent studies. Moreover, glucose
preconditioning in the two cell groups (HGPC vs NGPC cells) showed differences in
glucose depletion from the medium, and NAD(P)H dehydrogenase activity (as indicated
by the MTT assay). These findings highlighted areas of interest with respect to the effects
of glucose preconditioning on metabolism, oxidative stress, and cell function. Chronic
exposure to high glucose during the growth phase of cells could potentially induce cellular
metabolic adaptation or changes in EC function and redox state, a phenomenon
previously described as metabolic memory (Ceriello, Ihnat and Thorpe, 2009; Drzewoski,
Kasznicki and Trojanowski, 2009; Reddy and Natarajan, 2013; Misra and Bloomgarden,
2018).
The first definition of metabolic memory came from a study carried out by Engerman et
al. (1987), which correlated glycaemic control with improvement in diabetic retinopathy
(Engerman and Kern, 1987). From this and later studies (Ceriello, Ihnat and Thorpe,
2009; Ceriello, 2012; Reddy and Natarajan, 2013; Wegner et al., 2014; Roberto et al.,
2017; Misra and Bloomgarden, 2018), metabolic memory was identified in the impact of
prolonged hyperglycaemic exposure on EC or vascular smooth muscle cell function and
as one of the drivers of complications in both type 1 (T1DM) and 2 diabetes (T2DM).
This effect can be reversible or partially reversible, depending on the duration of the
hyperlycaemic exposure. For example, studies by Kowluru et al. (2007) in streptozotocin
(STZ)-induced T1DM rats show that the adverse effects of two months of poor glucose
control (hyperglycaemia) were reversed by restoration of normoglyceamia (or glucose
control) for seven months (Kowluru, Kanwar and Kennedy, 2007). The effects of the
introduction of glucose control consisted of the decrease of retinal oxidised lipids, but not
3-nitrotyrosine levels. However, the adverse consequences of poor glucose control were
not reversible if hyperglycaemia was extended to six months, rather than two (Kowluru,
2003; Kowluru, Chakrabarti and Chen, 2004; Kowluru, Kanwar and Kennedy, 2007).
Similar results have been obtained in clinical trials, such as the Diabetes Control and
Complications Trial/Epidemiology of Diabetes Interventions and Complications
(DCCT/EDIC and the UK Prospective Diabetes Study (UKPDS) (Rury R Holman et al.,
2008; Konishi et al., 2017).
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From the numerous in vitro and in vivo studies performed on glucose metabolic memory,
the main mechanisms by which hyperglycaemia drives long-lasting effects have been
identified. These include oxidative stress, formation of AGEs, epigenetic modifications
and inflammation (Ceriello, Ihnat and Thorpe, 2009; Drzewoski, Kasznicki and
Trojanowski, 2009; Reddy and Natarajan, 2013; Miao et al., 2014; Wegner et al., 2014;
Reddy, Zhang and Natarajan, 2015; Roberto et al., 2017; Misra and Bloomgarden, 2018).
As mentioned in Chapter 1, one of the main consequences of high glucose exposure is
increased superoxide production by the mitochondrial electron transport chain (ETC)
(Takeshi Nishikawa et al., 2000; Du, Miller and Kern, 2003; Memisoğullari et al., 2003;
González et al., 2015). Despite the very short half-life of superoxide, its effects persist on
account of its reaction with proteins, nucleic acids and lipids, with a consequent alteration
of their cellular function (Li and Shah, 2004; Waris and Ahsan, 2006; Halliwell and
Gutteridge, 2007). Mitochondrial DNA is particularly susceptible to superoxide damage,
leading to an increase in the production of ROS driven by dysfunctional mitochondria
(Fukai and Ushio-Fukai, 2011; Brand and Nicholls, 2011; Pun and Murphy, 2012).
Moreover, the long-lasting effects of superoxide can also be identified in the increase in
the production of other ROS, AGEs formation, activation of PKC and increases in
activation of the polyol and hexosamine pathways (Takeshi Nishikawa et al., 2000).
Accordingly, Ihnat et al. (2007) showed that in endothelial and retinal cells of diabetic
rats, oxidative stress persisted after normalisation of the glucose concentration, together
with the presence of other diabetic markers, such as NADPH reduction, 3 nitro-tyrosine
formation, as well as increased expression of Bax, collagen, fibronectin and PKC
activation (Ihnat et al., 2007; Ceriello and Testa, 2009). Even transient hyperglycaemia
has been shown to create lasting epigenetic modifications, causing an increase in Nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-B) p65 subunit gene
expression in aortic ECs, both in vitro and in nondiabetic mice, a factor involved in the
inflammation process. These effects were prevented by reducing mitochondrial
superoxide and superoxide-induced α-oxoaldehyde production (El-Osta et al., 2008).
Increased formation of AGEs in ECs as a consequence of hyperglycaemic exposure,
described in section 1.3.3.2 (Chapter 1) is also linked to metabolic memory: glycation of
mitochondrial ETC complexes increases superoxide production independently of the
level of glucose (Rosca et al., 2005). In addition, AGEs can increase oxidative stress by
reducing NADPH levels, or as a consequence of AGE/RAGE interaction, with
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consequent NF-kB activation in human skin vascular ECs (HMVECs) (Tanaka et al.,
2000).
Hyperglycaemia is able to induce epigenetic modification that persists after cessation of
hyperglycaemic exposure, such as DNA methylation and post-translational histone
modifications (Miao et al., 2004; Brasacchio et al., 2009; Wegner et al., 2014; Reddy,
Zhang and Natarajan, 2015; Al-Haddad et al., 2016; Keating, Plutzky and El-Osta, 2016).
These genetic modifications can, in turn, affect microRNA (miRNA) expression (Iorio,
Piovan and Croce, 2010). miRNAs modulate enzymes expression, therefore affecting
various processes, including glucose metabolism, adipogenesis and intracellular lipid
accumulation. Furthermore, miRNAs regulate RNA transcription of enzymes involved in
DNA methylation and acetylation, thereby creating a vicious cycle that leads to altered
gene expression (Breving and Esquela-Kerscher, 2010; Iorio, Piovan and Croce, 2010).
For this reasons, alterations to miRNAs have recently been identified as a diagnostic tool
in cancer and metabolic disease, including diabetes (Breving and Esquela-Kerscher,
2010; Iorio, Piovan and Croce, 2010; Guay and Regazzi, 2013; Petrie, Guzik and Touyz,
2018; Satake et al., 2018).
4.1.2 Aims and hypotheses
The importance of glucose concentration in the medium in cell culture studies is often
overlooked. When the main aim of a given in vitro investigation is to look at the effects
of glucose exposure, it is reasonable for glucose preconditioning to be considered an
essential prerequisite during the cell growth phase of the study. The literature
underpinning the concept of metabolic memory supports the notion that long-term
glucose exposure could bring changes in cellular metabolism or redox state. This could,
in turn, modify the way the cells respond to changes in glucose concentration and affect
how results should be interpreted.
Based on the results reported in Chapter 3, supported by the concept of metabolic
memory, it was hypothesised that chronic HG and NG preconditioning during cell culture
lead to cellular metabolic adaptations that modify the response of cells to acute changes
in glucose concentration. Furthermore, it was also hypothesised that these changes would
be long-term and not be reversible during acute exposure to changes in glucose
concentration.
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4.2 Experimental approach
4.2.2 Cell culture and experimental procedures
HGPC and NGPC cells were cultured and maintained as described in Chapter 2, section
2.2.1. The cells used at this stage of the study were passaged for more than 4 times in
their respective medium. The test culture conditions are described in Chapter 3, section
3.4.2, while specific experiments were performed as described in Chapter 2.
4.2.3 Statistics
All data are expressed as mean ± SD. For each experiment, “n” represents the number of
technical replicates, namely the average value obtained by meaning triplicate/duplicate
repetitions. Data were analysed using parametric and non-parametric tests, as appropriate.
Parametric testing was justified after confirmation of data normality (D’Agostino and
Pearson test) and equal variances. Significant difference between means was accepted at
p<0.05. Statistical tests were performed using GraphPad Prism version 6.00 software
(GraphPad Software, San Diego, CA).

4.3 Results
4.3.1 Measurement of EA.hy926 cell bioenergetics and metabolism
4.3.1.1 Mito Stress Test
Changes in cellular bioenergetics were estimated using the MST assay (see Chapter 2,
section 2.2.10.1) for NGPC and HGPC cells exposed to NG, IG and HG test glucose
conditions (48 h). For this assay, negative values were excluded.
As described in the diagrams in Figure 2-4 of Chapter 2, the MST bioenergetics
parameters were derived by the following equation:
Basal ECAR (pH/min) = ECAR value measured prior to the injection of the test
compounds;
Basal OCR (pM/min) = OCR measured prior to the injection of the test compounds –
NMOCR;
Complex V OCR (pM/min) = OCR measured after the injection of oligomycin;
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Maximal respiration (pM/min) = OCR measured after the injection of FCCP– NMOCR
NMOCR (pM/min) = OCR measured after the injection of rotenone and antimycin A;
Proton leak (pM/min) = Complex V OCR - NMOCR.
OCR and ECAR values obtained from the MST assay are shown in Figures 4-1 and 4-2.
As shown in Figure 4-1 (A), basal OCR was significantly higher for NGPC cells (64.2 ±
17 pM/min/mg protein), compared to HGPC cells (45.2 ± 6 pM/min/mg protein) when
incubated for 48 hours in their respective growth DMEM medium, containing 5.5 and 25
mM glucose respectively (p=0.005, Student t-test). ECAR (Figure 4-1 (B)) reached a
value of 27.5 ± 8 pM/min/mg protein for HGPC cells and a similar value of 30.3 ± 10
pM/min/mg protein for NG PC cells. The difference between the values measured for both
groups was not statistically significant (Student’s t-test, p>0.05). As well as basal OCR,
Complex V OCR (Figure 4-1 (C)) was significantly lower for HGPC cells (36.4 ± 14
pM/min/mg protein) in comparison with NGPC cells (53.3 ± 6 pM/min/mg protein)
(p=0.0036). Similarly, maximal respiration (Figure 4-1 (D)) was lower in HGPC cells
(69.8 ± 25 pM/min/mg protein) than NGPC cells (163.3 ± 62 pM/min/mg protein;
p=0.0005). NMOCR (Figure 4-1 (E)) was also lower with HG preconditioning (15 ± 5
pM/min/mg protein), compared to NG preconditioning (33.9 ± 5.6 pM/min/mg protein)
(p < 0.0001). There was no significant impact of HG preconditioning on proton leak
(Figure 4.1 (F)), which had a similar value for both cells groups (8.2 ± 2 and 9.1 ± 3
pM/min/mg protein respectively for HGPC and NGPC cells) (p>0.05, Mann-Whitney U
test).
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Figure 4- 1. Effects of glucose preconditioning on EA.hy926 cells. Basal OCR (A), basal ECAR (B),
Complex V OCR (C), maximal respiration (D), NMOCR (E) and proton leak (F) for both HCPC and NGPC
were all measured or derived using the MST assay. Statistical significance was determined by Student’s ttest and Mann-Whitney test (for NMOCR). Values represent mean ± SD, n=9-14 (NS=not statistically
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

Figures 4-2 and 4-3 describe the measurement of the same parameters described above
(Figure 4-1), after exposure of HGPC and NGPC cells with 5.5 (NG), 12.5 (IG) and 25 (HG)
mM of glucose for 48 hours.
The results showed that basal OCR was not affected by test glucose exposure in HGPC or
NGPC cells, measuring 62.8 ± 16.7 pM/min/mg protein (NG), 61.8 ± 14.7 pM/min/mg
protein (IG) and 59.7 ± 27.2 pM/min/mg protein (HG) for NGPC cells, and 45.2 ± 6.2
pM/min/mg protein (HG), 51.7 ± 12 pM/min/mg protein (IG) and 43 ± 26 pM/min/mg
protein (NG) for HGPC cells. As evident, the basal OCR values were lower for HGPC cells
overall, compared to NGPC cells (Figure 4-2 (A)). Basal ECAR measured had a value of
~33 mpH/min/mg protein and was not different for the two cell groups exposed to the
glucose test conditions, compared to their respective control (Figure 4-2 (B)). Similarly,
Complex V OCR (Figure 4-2 (C)) did not change after the acute glucose testing in
comparison to the control conditions (NGPC cells exposed to NG DMEM and HGPC cells
exposed to HG DMEM), although the values measured were greater overall for NGPC
cells than HGPC cells.
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In Figure 4-3 (A), maximal respiration was not modulated by test glucose exposure,
although NGPC cells had higher OCR values (163.3 ± 63 pM/min/mg protein at NG, 139.1
± 42 pM/min/mg protein at IG, 141.5 ± 51.4 pM/min/mg protein at HG) compared to the
values measured for HGPC cells (69.8 ± 25 pM/min/mg protein at HG, 101.4 ± 33
pM/min/mg protein at IG and 89 ± 32 pM/min/mg protein at NG).
Similarly, NGPC cells had greater NMOCR values (33.9 ± 5.6 pM/min/mg protein at NG,
26.5 ± 7.6 pM/min/mg protein at IG, 30 ± 6 pM/min/mg protein at HG), compared to
HGPC cells (14.2 ± 5.2 pM/min/mg protein at HG, 18.8 ± 8.6 pM/min/mg protein at IG
and 18.6 ± 8.7 pM/min/mg protein at NG), and was unchanged by the test glucose
exposure in HGPC cells (Figure 4-3 (B)). In NGPC cells, the Kruskal Wallis test for nonparametric data revealed a significantly lower value for cells exposed to 12.5 mM glucose
(p<0.05). Proton leak (C) was not significantly different between the two groups (p>0.05).
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Figure 4- 2. Effects of acute exposure of HGPC and NGPC cells to test glucose concentrations. Basal OCR
(A), ECAR (B) and Complex V OCR (C) were measured using the MST assay after the cells were cultured
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Figure 4- 3. Effects of test glucose exposure on HGPC and NGPC cells. Maximal respiration (A), NMOCR
(B) and proton leak (C) were derived or measured using the MST assay after the cells were cultured with
HG, IG or NG. Statistical significance was determined by one-way ANOVA (A, C) and Kruskal Wallis
with Dunn’s multiple comparison test (B) with HGPC→HG and NGPC→NG designated controls,
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The energy map (Figure 4-4) is a plot of basal ECAR against basal OCR values and was
used to highlight changes in the cellular metabolic features, based on the measurement of
basal ECAR and OCR. From the positioning in the map, HGPC cells exposed to 25 mM
of glucose for 48 hours could be described as more quiescent and glycolytic, compared
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to NGPC cells exposed to 5.5 mM. Interestingly, the exposure of NGPC cells to higher
glucose concentrations causes a shift along the quiescent/energetic axis, with the NGPC
cells becoming more quiescent and metabolically closer to HGPC cells in the energy map.
Exposure of HGPC cells to lower glucose concentrations caused a transition towards a
more energetic phenotype.
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Figure 4- 4. Energy map for HGPC and NGPC cells exposed to acute 5.5 (NG), 12.5 (IG) or 25 (HG) mM
glucose. The energy map combined basal ECAR and ORC value calculated with the MST. Values represent
mean ± SEM.

4.3.1.2 Glycolysis Stress test
The ECAR for HGPC and NGPC cells was measured using the glycolysis stress test (GST)
as explained in Chapter 2, section 2.2.10.2. For this assay, negative values were excluded
As described in the diagrams in Figure 2-5 of Chapter 2, the GST bioenergetics
parameters were derived by the following equation:
Non-glycolytic acidification (NGA) (mpH/min) = ECAR measured after 3-DG injection;
Glycolysis (mpH/min) = ECAR measured after glucose injection - NGA;
Glycolytic capacity (mpH/min) = ECAR measured after oligomycin injection – NGA.
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The results of the GST as shown in Figure 4-5, revealed no changes in basal ECAR in
NGPC and HGPC cells after 48 hours incubation in their respective preconditioning
medium. ECAR associated with glycolysis had similar values for both groups (32 ± 12
mpH/min/mg protein for NGPC cells and 32.6 ± 13 mpH/min/mg protein for HGPC cells)
(Figure 4-5 (A)). NGA (Figure 4-5 (B)) had a value of 25 ± 8 (NGPC cells) and 27.5 ± 8
mpH/min/mg protein (HGPC cells), indicating that the acidification of the medium was
not due to glycolysis as it was similar in both cell groups. The glycolytic capacity (Figure
4-5 (C)) of the cells was similar for both groups (59 ± 18 and 60 ± 14 mpH/min/mg
protein, respectively for NGPC cells and HGPC cells), as well as the glycolytic reserve
(Figure 4-5 (D)) (28.2 ± 6 and 26.5 ± 12 mpH/min/mg protein respectively for NGPC cells
and HGPC cells). The statistical differences between the values were calculated with a
parametric test (Student’s t-test) that showed no significant differences for glycolysis
(Figure 4-5 (A)), NGA (Figure 4-5 (B)), glycolytic capacity (Figure 4-5 (C)) and
glycolytic reserve (Figure 4-5 (D)) (p>0.05 in all cases).
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with glucose preconditioning and test (NS=not statistically significant)

The parameters described above were also quantified after exposure of HGPC and NGPC
cells with 5.5 (NG), 12.5 (IG) and 25 (HG) mM of glucose for 48 hours. The results
compared the test condition for both cell groups with baseline growth medium exposure
consisting of NG DMEM for NGPC cells and HG DMEM for HGPC cells.
The results in Figure 4-6 show that the ECAR associated with glycolysis (Figure 4-6 (A))
did not change significantly by exposing HGPC to lower glucose concentrations for 48
hours (p>0.05). The same outcome was observed for NGPC cells incubated with IG and
HG medium. The NGA (Figure 4-6 (B)) had similar values for NGPC and HGPC cells
exposed to the test glucose conditions and also showed no statistical difference compared
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to the baseline controls, indicating no difference in medium acidification when glycolysis
was inhibited.
Similarly, glycolytic capacity (Figure 4-6 (C)) didn’t change with 48 hours of test glucose
exposure for either group. Since glycolytic capacity and ECAR associated with glycolysis
were not affected in any of the test glucose conditions in either cell group, the glycolytic
reserve (Figure 4-6 (D)) was also similar under all test glucose conditions (p>0.05).
These parametric results were analysed using one-way ANOVA and Dunnett’s test,
where changes in test glucose concentration were compared to the preconditioning
conditions, respectively (HG DMEM for HGPC cells and NG DMEM for NGPC); there
were no significant differences (p>0.05).
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Figure 4- 6. Effect of test glucose concentrations on glucose-preconditioned cells. Glycolysis (A), nonglycolytic acidification (NGA) (B), glycolytic capacity (C) and glycolytic reserve (D), were derived from
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4.3.1.3 ATP/ADP ratio
The intracellular ATP/ADP ratio was quantified using the ApoSENSOR™ ADP/ ATP
ratio assay kit (Enzo Life Sciences, UK), (Chapter 2, section 2.2.11). For this assay, it
was retained pertinent to represent the data as ATP/ADP ratio, rather than ADP/ATP, as
indicated in the kit’s name, upon calculation of both ADP and ATP levels.
Preconditioning of the cells in HG medium almost doubled the ATP/ADP ratio, compared
to normal glucose preconditioning. This is evident from the results illustrated in Figure
4-7 (A), where the ATP/ADP ratio measured was 2.6 ± 1.7 for HGPC cells and 1.1 ± 0.6
for NGPC cells. The statistical significance was calculated using an unpaired t-test with
Welch’s correction and showed a significant difference (p<0.05).
Furthermore, exposure of the cells to the test glucose conditions for 48 hours didn’t affect
the ATP/ADP ratio in HGPC cells (Figure 4-7 (B)) or NGPC (Figure 4-7 (C)) cells exposed
to IG and NG. The ATP/ADP ratio values remained higher for HGPC cells (Figure 4-7
(B)) compared to the NGPC cell group (Figure 4-7 (C)). The one-way ANOVA and
Dunnett’s multiple comparison tests showed no statistical significance between test
conditions for both groups (p>0.05).
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Figure 4- 7. Effect of glucose preconditioning (A) and test glucose exposure on ATP/ADP intracellular
ratio for HGPC (B) and NGPC (C) cells. Statistical significance was determined by Student t-test with
Welch’s correction for HGPC and NGPC cells (A), and one-way ANOVA (B, C) with HGPC→HG and
NGPC→NG designated controls, respectively for HGPC and NGPC cells. Values represent mean ± SD, n=1214 (*p<0.05). No statistical difference was observed between test glucose treatments in the same
preconditioned group (NS=not statistically significant).
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4.3.1.4 NADH/NAD+ ratio
The NADH/NAD+ ratio (Figure 4-8) was quantified using the Amplite™ Fluorimetric
NAD+/NADH Ratio Assay Kit (Stratech, UK), as described in Chapter 2, section 2.2.12.
For this assay, it was retained pertinent to represent the data as NADH/NAD+ ratio, rather
than NAD+/NADH ratio, as indicated in the kit’s name, upon calculation of both NADH
and NAD+ levels.
The NADH/ NAD+ ratio was higher with HG preconditioning (Figure 4-8 (A)), reaching
a mean value of 0.6 ± 0.09 while the NADH/NAD+ value measured for NGPC cells was
0.4 ± 0.08. The statistical analysis (Student t-test) showed a significant difference
(p<0.05).
Exposure of the cells to the test glucose conditions for 48 hours did not affect the NADH/
NAD+ ratio in HGPC cells (Figure 4-8 (B)) or NGPC cells (Figure 4-8 (C)). However, the
NADH/ NAD+ ratios were higher for HGPC cells, compared to NGPC cells, under all
conditions. One-way ANOVA and Dunnett’s multiple comparison tests showed no
statistical significance between test conditions for both groups (p>0.05).
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4.3.1.5 Mitochondrial membrane potential
The mitochondrial membrane potential was measured with JC-10, as described in section
2.2.13, Chapter 2. In this experiment, the positive control was generated by the HGPC and
NGPC cells incubation with 6 μM FCCP for 20 minutes, to induce a decrease in
mitochondrial membrane potential. The y-axis represents the ratio between the
fluorescence at 525/590 nm, where 525 nm represents the emission for the green probe
(monomeric), indicative of less polarised mitochondria, and the orange fluorescence
generated when JC-10 is retained in the mitochondria in its polymeric form. Therefore, a
higher ratio represents a lower mitochondrial membrane potential.
As shown in Figure 4-9 (A), FCCP lowered the mitochondrial membrane potential in
NGPC cells (fluorescence ratio 525/590 nm = 9.7 ± 0.3) to a greater extent than in HGPC
cells (fluorescence ratio 525/590 nm = 8.8 ± 0.3). Statistical analysis using Student’s ttest showed that this difference was significant at p<0.0001.
By contrast, HG preconditioning did not affect the mitochondrial membrane potential
(fluorescence ratio 525/590 nm = 0.4 ± 0.2), compared to NG preconditioning
(fluorescence ratio 525/590 nm = 0.3 ± 0.2) (Figure 4-9 (B)) (Mann-Whitney test; p=0.3).
Acute exposure (48 hours) of HGPC cells to test glucose conditions (IG and NG) did not
change the fluorescence ratio. Similarly, the ratio calculated for NGPC cells was not
changed by exposure of the cells to test glucose conditions (Kruskal-Wallis and Dunn’s
multiple comparison tests; p>0.05).
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Figure 4- 9. Measurement of the JC-10 fluorescence ratio (525/590 nm), as an indicator of changes to the
mitochondrial membrane potential. The positive control used was obtained by incubation of both HG PC and
NGPC cells with 6 µM FCCP for 20 minutes (A). (B) is the fluorescence ratio measured after 48 hours
exposure of HGPC cells to 25 mM glucose (HG) and of NGPC cells to 5.5 mM glucose (NG). (C) shows the
fluorescence ratio for HGPC cells exposed to IG and NG for 48 hours; (D) shows the fluorescence ratio for
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(A), Mann-Whitney test (B), one-way ANOVA (C), Kruskal Wallis test (D). Values represent mean ±SD,
n=9 (NS=not statistically significant, ****p<0.0001).

4.4.2 Cellular oxidative state
4.4.2.1 ROS-RNS and superoxide production
Total ROS-RNS (hydrogen peroxide, peroxynitrite, hydroxyl radical, nitric oxide, and
peroxyl radical) and superoxide production were quantified using the total ROS and
superoxide detection fluorescent assay (Enzo, Life Sciences, UK), as described in Chapter
2, section 2.2.15.
For the positive control, NGPC and HGPC cells were treated with 200 µM pyocyanin for
20 minutes, in order to induce ROS-RNS and superoxide production (Figure 4-10 (A)).
A comparison of HGPC and NGPC cells treated with pyocyanin did not show any
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significant difference in total ROS-RNS production (unpaired Student’s t-test, p>0.05)
(Figure 4-10 (A)).
HGPC cells incubated in HG medium for 48 hours had a lower ROS-RNS level (0.4 ± 0.09
AU/mg protein) in comparison to NGPC cells exposed to NG medium for the same time
period (0.5 ± 0.08 AU/mg protein). This difference was significant using an unpaired
Student t-test (p=0.009) (Figure 4-10 (B)).
HGPC cells exposed to IG and NG for 48 hours did not show any significant change in
total ROS-RNS production compared to HGPC cells exposed to HG for the same time
period (Figure 4-10 (C)). Similarly, the total ROS-RNS production in NGPC cells exposed
to the same conditions did not show any significant change in total ROS-RNS production
(Figure 4-10 (D)). Interestingly, the values were and remained higher overall compared
to HGPC cells, measuring 0.38 ± 0.09 AU/mg protein, 0.36 ± 0.09 AU/mg protein and
0.39 ± 0.09 AU/mg protein for HGPC cells exposed to HG, IG and HG, and 0.49 ± 0.08
AU/mg protein, 0.46± 0.1 AU/mg protein and 0.47 ± 0.06 AU/mg protein for NGPC cells
exposed to NG, IG and HG conditions (p>0.05).
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Figure 4- 10. Effect of glucose preconditioning and test glucose exposure on total ROS-RNS production.
The positive control used was obtained by incubation of both HGPC and NGPC cells with 200 µM pyocyanin
for 20 minutes (A). (B) total ROS-RNS detected for HGPC and NGPC cells incubated for 48 hours in HG
and NG medium respectively. The effects of acute test glucose exposure (NG, IG and HG) on total ROSRNS production are shown for HGPC cells (C) and NGPC cells (D). Statistical significance was determined
by Student’s t-test for HG and NG preconditioning, and one-way ANOVA. Values represent mean ±SD,
n=10 (NS=not statistically significant, **p<0.01).

Total superoxide production by both HGPC and NGPC cells under baseline and test
conditions were measured and these results are shown in Figure 4-11. Incubation of the
cells with 200 µM pyocyanin led to significantly lower superoxide production with HGPC
cells compared to NGPC cells (Figure 4-11 (A)). The superoxide values detected were
similar (0.05 ± 0.009 AU/mg protein and 0.07 ± 0.01 AU/mg protein respectively for
HGPC and NGPC cells), but significantly different as determined by the Student t-test
(p=0.03).
The levels of superoxide detected for HGPC and NGPC cells incubated for 48 hours under
normal conditions (B) were not significantly different (HGPC=0.023 ± 0.007 AU/mg
protein and NGPC=0.027 ± 0.008 AU/mg protein) using Student’s t-test (p>0.05).
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HGPC cells exposed to IG and NG for 48 hours did not show any significant change in
total superoxide production compared to HGPC cells exposed to HG for the same time
period, with all treatments producing a value of 0.023 ± 0.007 AU/mg protein (Figure 411 (C)). A similar level of superoxide production was detected for NGPC cells exposed to
test glucose for 48 hours (Figure 4-11 (D)) and again was not significantly different to
NGPC cells cultured in each test condition (~0.03 ± 0.008 AU/mg protein) using one-way
ANOVA (p>0.05).
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Figure 4- 11. Effect of glucose preconditioning and test glucose exposure on superoxide production. The
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4.4.2.2 Mitochondrial superoxide production
Mitochondrial superoxide production was measured using the MitoSOX™ Red
mitochondrial superoxide indicator (ThermoFisher Scientific), as explained in section
2.2.14, Chapter 2.
As a positive control for this experiment, NGPC and HGPC cells were exposed to 200 µM
of pyocyanin for 20 minutes, in order to stimulate mitochondrial superoxide production.
As illustrated in Figure 4-12, the amount of mitochondrial superoxide detected after
incubation with pyocyanin was similar for both HGPC (0.09 ± 0.04 AU/mg protein) and
NGPC (0.08 ± 0.03 AU/mg protein) cells (Figure 4-12 (A)). This small difference was not
statistically significant (Student’s t-test, p>0.05). Similar amounts of fluorescent signal
for mitochondrial superoxide was detected for untreated HGPC (0.08 ± 0.03 AU/mg
protein) and NGPC (0.09 ± 0.04 AU/mg protein) cells incubated for 48 hours (Figure 4-12
(B)), again without statistical significance (Student’s t-test, p>0.05).
Over a 48 hour incubation period, HGPC cells exposed to test glucose conditions did not
show any significant change in mitochondrial superoxide production compared to HGPC
cells exposed to HG for the same time (Figure 4-12 (C)), and no statistical significance
was present using the Kruskal-Wallis test for non-parametric data (p>0.05).
Similarly, the mitochondrial superoxide detected for NGPC cells exposed to test
conditions was not significantly different to NGPC cells incubated in NG medium (Figure
4-12 (D)). A one-way ANOVA test confirmed no differences (p>0.05).
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Figure 4- 12. Effect of glucose preconditioning and test glucose exposure on mitochondrial superoxide
production. (A) Positive control using 200 µM pyocyanin for 20 minutes, to induce mitochondrial
superoxide production; (B) mitochondrial superoxide from untreated HG PC and NGPC cells cultured for 48
hours; (C) the effect of acute test glucose exposure (48 h, NG, IG and HG) on HG PC cells. Statistical
significance was measured with Student t-test (A, B) and one-way ANOVA (C, D). Values represent mean
± SD, n=8-14 (NS=not statistically significant).

4.4.2.3 GSH and GSSG quantification
GSH and GSSG were quantified using the HPLC method described in chapter 2, section
2.2.16. For this assay, only values included within the standard curve range were
included.
Intracellular GSSG was lower than the minimum threshold detectable by the method
used, therefore it could not be quantified.
GSH levels (protein corrected) were not significantly different (values between 6.5 ± 2
and 7 ± 3 μM/mg protein; p>0.05) for untreated HGPC and NGPC cells after 48 hours
incubation (Figure 4-13 (A)). Following 48 hours exposure to test glucose concentrations,
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the amount of GSH detected from HGPC cells was similar for each treatment (7 ± 2 μM/mg
protein at HG, 8.7 ± 2.9 μM/mg protein at IG and 7.5 ± 2.1 μM/mg protein at NG) (Figure
4-13 (B)), as was the case for treated NGPC cells (6.5 ± 2 μM/mg protein at NG, 6.2 ± 2.9
μM/mg protein at IG and 6.5 ± 2.8 μM/mg protein at HG). In both cases, the small
differences were not significant.
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Figure 4- 13. Quantification of intracellular GSH. (A) GSH measured in untreated NGPC and HGPC cells
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4.4.2.4 SOD quantification
Intracellular SOD, including mitochondrial (Mn-SOD) and cytoplasmatic SOD (Cu/Zn
SOD) were measured using the Superoxide Dismutase Assay Kit (Cayman), as explained
in Chapter 2, section 2.2.17. The assay used in this study measured the total intracellular
SOD activity, which was quantified in units (1 unit is defined as the amount of enzyme
capable of dismutating 50% of the superoxide generated by the addition of xanthine
oxidase and hypoxanthine).
As shown in Figure 4-14 (A), SOD activity was significantly lower for untreated HGPC
cells (0.8 ± 0.2 U/mL) incubated for 48 hours when compared to NGPC (1.3 ± 0.9 U/mL;
p<0.0001, unpaired t-test with Welch’s correction). The SOD activity of HGPC cells
exposed to test glucose concentrations was not different for any of the treatments used.
Any differences were not statistically significant (one-way ANOVA; p>0.05). The SOD

161

activity values for each treatment with NGPC cells were also not different (one-way
ANOVA; p>0.05).
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Figure 4- 14. Effect of glucose preconditioning and test glucose exposure on SOD level (including MnSOD
and Cu/Zn SOD), calculated using the Superoxide Dismutase Assay Kit (Cayman). (A) SOD activity
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4.5 Discussion
4.5.1 Cell bioenergetics and metabolism
Using the cell model developed in Chapter 3, the experiments described in this chapter
highlighted important changes driven by variations in glucose exposure, in both
preconditioning glucose treatments, to metabolic and energetic profiles, as well as the
cellular redox state. The following table (Table 4-1) summarises the results obtained by
this study, in different aspects of cellular bioenergetics and oxidative state. As evident
from the table, most of the changes were due to chronic high glucose exposure (glucose
preconditioning). Moreover, the majority of changes brought by high glucose
preconditioning were not reversed by acute exposure to lower glucose conditions.
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HG

Reversibility

Reversibility

preconditioning

NG/HG

HG/NG

MTT

↑****

NS

NS

GLUT1

NS

NS

NS

Glucose loss

↓****

↓HG*

NS

NS

NS

Basal OCR

↓**

NS

NS

ECAR

NS

NS

NS

Complex V OXR

↓***

NS

NS

↓*

NS

NS

NMOCR

↓****

NS

NS

Proton leak

↓

NS

NS

ATP/ADP

↑**

NS

NS

NADH/NAD+

↑*

NS

NS

MMP

NS

NS

NS

Total ROS-RNS

↓*

NS

NS

NS

NS

NS

[GSH]

NS

NS

NS

SOD activity

↓****

NS

NS

Test glucose

Intracellular
D-glucose

Maximal
respiration

Superoxide and
mitochondrial
superoxide

Table 4- 1. Effect of glucose preconditioning and test glucose exposure at NG, IG and HG condition on
cells bioenergetics and redox state. NS=non-significant change; ↑=statistically significant increase;
↓=statistically significant decrease (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

The first aspect analysed was cellular bioenergetics. EA.hy926 cells, chronically exposed
to a high concentration of glucose (HGPC) were metabolically quiescent, glycolytic and
refractory to changes mediated by variations in glucose concentration. By contrast, NGPC
cells showed a more energetic and aerobic metabolism and greater metabolic flexibility
compared to HGPC cells; in these cell group, acute hyperglycaemic exposure (48 h; IG
and HG) modulated the cell metabolic phenotype towards that of HGPC cells. This concept
is shown in the energy map, obtained by combining basal ECAR and OCR values (Figure
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4-4). The difference in metabolic phenotype produced by glucose preconditioning
manifests in a shift along the glycolytic/aerobic axis. Due to the fact that the positioning
on the map is dependent on a combination of basal OCR and ECAR, a more quiescent
phenotype could correspond to a lowering of both OCR and ECAR, and the increase in
both values causes a shift in the opposite direction for HGPC and NGPC cells. In this
specific case, the basal ECAR is not affected by high glucose exposure, but the basal
OCR is lower for HGPC cells, causing more glycolytic positioning in the energy map
(Figure 4-4), compared to NGPC cells. Interestingly, the acute (48 hours) exposure of
NGPC cells to high glucose causes a shift along the energetic/quiescent axis towards the
quiescent side, and the opposite can be observed for HGPC cells exposed to IG and NG.
However, changes in glucose exposure did not change the positioning of the cells along
the aerobic/glycolytic axis.
In addition to the basal OCR, other parameters were decreased by glucose
preconditioning, most notably the NMOCR, which was reduced by ~77.5% in HGPC cells.
This value is obtained after complete inhibition of the ETC with rotenone/antimycin A
and it can be attributed to O2–consuming enzymes, such as desaturases and detoxification
enzymes, whose activity can increase in the presence of stressors like ROS and RNS
(Brash, 1999; Halliwell and Gutteridge, 2007; Félétou, 2011b; Brand and Nicholls, 2011).
In this specific case, NGPC cells showed both a greater ROS-RNS production and a greater
NMOCR value compared to HGPC cells, although more information is needed to confirm
the relationship between these values. For example, the measurement of DNA damage by
oxidative stress, including 8 hydroxy-2’-deoxyguanosine (8-OHdG) (Valavanidis,
Vlachogianni and Fiotakis, 2009), or activity of oxygen-consuming enzymes such as
xanthine oxidase or cyclo-oxygenase, could be linked to the increased NMOCR in NGPC
cells. A deeper exploration of the expression of oxygenase enzymes would help to
confirm any link between cellular oxidative state and NMOCR.
In addition to the ECAR value calculated using the MST assay, the GST confirmed that
the ECAR associated with glycolysis (ECAR in the presence of 10 mM glucose), NGA
induced by 2-deoxyglucose (50 mM), the glycolytic capacity calculated after oligomycin
injection (1 µM) and the glycolytic reserve (the difference between the glycolytic capacity
and the NGA) were not affected by changes in glucose exposure (Figure 4-5 and 4-6).
However, HG preconditioning reduced the ability of the cells to increase their oxygen
consumption upon stimulation with FCCP (maximal respiration), which disrupts the
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proton gradient across the inner mitochondrial membrane (Figure 4-3 (A)). This value,
reduced by approximately 80%, reflects the mitochondrial metabolic capacity to consume
oxygen in the case of high energy demand (Brand and Nicholls, 2011). Greater maximal
OCR is, therefore, an index of enhanced mitochondrial efficiency. In addition, greater
maximal OCR can reflect the presence of more mitochondria or more ETC complexes,
both mechanisms potentially resulting from the adaptation to the extracellular glucose
concentration in the growth phase. Since the acute change in glucose exposure could not
modulate the maximal respiration, it could be hypothesised that there was a long-lasting
effect due to HG exposure, which could not be resolved by acute NG exposure. Although
a decrease in maximal respiration, together with an increase in proton leak and a decrease
in mitochondrial membrane potential has previously been ascribed to mitochondrial
damage (Quijano et al., 2007; Brand and Nicholls, 2011; Perry et al., 2013; Cheng et al.,
2017), in this particular case the decrease in maximal respiration is not accompanied by
changes in mitochondrial membrane potential (Figure 4-19) and proton leak (Figure 4-3
(D)). Therefore, the possibility of ETC damage can be excluded. A decrease in maximal
respiration could be explained with a decreased ability of the ETC complexes to transport
electrons or a change in their activation (for example as a result of post-translational
modifications), by a lower ETC complexes expression or lower cell mitochondrial
number.
Post-translational modifications (PTMs) can be associated with cytoplasmic and
mitochondrial proteins; the presence and nature of specific PTMs are known to regulate
the maintenance of cellular metabolism or energy status. Aberrant PTMs have also been
implicated in cellular dysfunction and many pathological states, such as diabetes (X L Du
et al., 2001; Shrikhande et al., 2010; Ajjan et al., 2013; Misra and Bloomgarden, 2018),
autoimmune disease (Zavala-Cerna et al., 2014), neurological diseases (Ercan-Herbst et
al., 2019), cancer (Bode and Dong, 2004) amongst others. One of the most relevant PTM
in diabetes regards the glycation reactions due to AGEs accumulation, discussed in
section 1.3.3.2 of Chapter 1.
PTMs can have activating or inhibitory effects, depending on the protein involved (Stram
and Payne, 2016). For example, the enzyme pyruvate dehydrogenase (PDH) was found
to be modulated by phosphorylation and dephosphorylation by specific kinases and
phosphatases in response to cellular energy status (Teague et al., 1979). Most of the
phosphorylation reactions are performed by Src-kinases in tyrosine residues (Tibaldi et
al., 2008; Hebert-Chatelain, 2013; Hofer and Wenz, 2014). It has been shown that
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mitochondrial ATP production is also regulated by reversible phosphorylation at different
points of the ETC, with varying effects that depend on the site of modification
(Castellanos and Lanning, 2019): Complex I (Papa et al., 1996, 2001; Hebert-Chatelain,
2013), Complex III (Augereau et al., 2005; He and Lemasters, 2005) and Complex IV
phosphorylation catalysed by various kinases, such as PKA (Acin-Perez et al., 2011), Srckinase (Miyazaki et al., 2003; Augereau et al., 2005), EGFR (Boerner et al., 2004; Ding
et al., 2012), or by ERBb2, which has been shown to decrease mitochondrial oxidative
phosphorylation and to increase glycolysis (Boerner et al., 2004). Finally, Complex V
phosphorylation by Src kinases results in its inhibition (Augereau et al., 2005).
Other potentially relevant PTMs include S-oxidation (sulfenylation and sulfinylation), Snitrosylation, and S-glutathionylation, whereby ROS or RNS reacts with protein thiols
with the effect of regulating cellular metabolism and regulation of ROS production (Chen
and Zweier, 2014). For example, NO competes with oxygen binding in Complex IV of
the ETC, downregulating mitochondrial respiration and ROS production (Brown, 2001;
Sarti et al., 2003; Paulsen and Carroll, 2013), while S-nitrosylation of Complex V has an
inhibitory effect on mitochondrial ATP production (Chang et al., 2014).
Reversible binding of O-linked beta-N-acetylglucosamine (O-GlcNAc) to Ser/Thr
hydroxyl groups (O-GlcNAcylation) plays a fundamental role in pathological states,
including glucotoxicity and insulin resistance induced by hyperglycaemia, both aspects
characterising T2DM (Copeland, Bullen and Hart, 2008; Slawson, Copeland and Hart,
2010). In T1DM and T2DM, prolonged exposure to high glucose and fatty acids has been
shown to trigger an increase in O-GlcNAcylation (Hu et al., 2009), leading to impaired
mitochondrial respiration, a decrease in mitochondrial calcium content and ATP
production (Hu et al., 2009; Tan et al., 2014). The O-GlcNAcylation reactions are
regulated by the enzymes O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). Both
isoforms have been found in mitochondria (Love et al., 2003), where these enzymes are
involved in the regulation of metabolism and the apoptotic process (Gawlowski et al.,
2012; Cao et al., 2013).
The lysine acetylation or deacetylation are also recurrent PTM in T2DM. These
modifications are performed by the NAD+-dependent enzymes sirtuins (SIRT), such as
SIRT3 (Schwer et al., 2002; Anderson and Hirschey, 2012) in response to the energy
status, with the aim of regulating ATP production (Stram and Payne, 2016). It is important
to note that lysine deacylation (succinylation, glutarylation, malonylation) catalysed by
166

SIRT5 can downregulate SOD (Lin et al., 2013) and Complex II of the ETC (Nakagawa
et al., 2009; Park et al., 2013), and ADP-ribosylation or poly(ADP-ribosylation),
mediated by the enzymes PARPs. These cleave NAD+ into nicotinamide and ADP-ribose,
which is then transferred into amino acid chains. Among PARPs, PARP-1 has been found
to inhibit the oxidative phosphorylation and the glycolytic enzyme hexokinase, resulting
in energy depletion (Andrabi et al., 2014). In addition, overactivation of PARP can result
in NAD+ depletion (Sims, Berger and Berger, 1981), leading to GAPDH inhibition.
Using these examples of PTM, it can be postulated that HG preconditioning could result
in cellular metabolic adaptation to changes in glucose exposure, resulting in a decrease in
cellular respiratory activity, represented by a decrease in basal OCR, NMOCR and
maximal respiration. One possible mechanism could be increased phosphorylation of OGlcNAcylation, due to a hyperglycaemia-induced increase glucose metabolization in
HBP (X L Du et al., 2001; Akimoto et al., 2005; Copeland, Bullen and Hart, 2008). This
could be investigated by using mass spectrometry and immunoprecipitation techniques to
identify these modifications (Beltrao et al., 2012), which would be an interesting subject
for future studies.
As described in Chapter 1, section 1.2.1, the process of oxidative phosphorylation
includes the passage of electrons from NADH, formed during glycolysis and TCA, to
Complex I of the ETC NADH-ubiquinone oxidoreductase. From this complex, electrons
are then transferred to ubiquinone or coenzyme Q10, Complex III (Coenzyme Qcytochrome c oxidoreductase), cytochrome c and Complex IV (cytochrome c oxidase),
which reduces oxygen to water (Turrens, 1997; Zorova et al., 2018). The availability of
electron donors (NADH and FADH2) is an important factor in the oxygen consumption
(reduction) level effected by the ETC. Since HG preconditioning resulted in an increased
cellular NADH/NAD+ ratio (Figure 4-8), the depression of OCR upon FCCP treatment in
HG cells was not likely to be due to lower NADH levels. Instead, since both the
NADH/NAD+ ratio and the ATP/ADP ratio were increased by HG preconditioning, the
decreased maximal respiration could be the result of a lowering of ETC activity, further
supporting the hypothesis of PTM of the ETC complexes, altered expression of their
subunits or simply by inhibition of the upstream metabolic pathways (glucose
phosphorylation, glycolysis and TCA) by higher ATP/ADP and NADH/NAD+ ratios.
Since neither total nor mitochondrial superoxide production was decreased by HG
exposure, it can be hypothesised that the above-mentioned modification could act as a
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cellular protective mechanism against the excessive mitochondrial membrane
hyperpolarisation and electron leak, which results in oxygen reduction to superoxide.
The ATP/ADP and the NADH/NAD+ ratios are important indicators of the bioenergetic
state of cells. A high NADH/NAD+ ratio is implicated in the reductive and oxidative stress
arising in diabetes, obesity, and metabolic syndrome (Ghyczy and Boros, 2001; Lipinski,
2002; Tilton, 2002; Valadi et al., 2004; J. Wu et al., 2016; Yan, 2018). In contrast to the
MST and GST, these parameters were not calculated in real-time, but their quantification
represented a snapshot of the energetic profile of the cells. Both ratios were found to be
greater for HGPC cells and their values were not modulated by acute test glucose exposure
(Figures 4-7, 4-8). In agreement with the concept of metabolic memory, this result further
confirmed that chronic high glucose exposure can drive long-lasting changes in the
phenotype of ECs, which are not reversible in the short term (acute test-glucose
exposure). Again, these long-lasting changes could be explained by a modification in
cellular enzymatic expression or activation, particularly those enzymes involved in the
main glucose metabolic pathways (glycolysis, TCA and oxidative phosphorylation). An
increase in NADH could result from increased activity in glycolysis, TCA and polyol
pathways, the latter increased in hyperglycaemic conditions (Lorenzi, 2007; Yan, 2014;
J. Wu et al., 2016).
In this study, the increased ATP/ADP and high NADH/NAD+ ratios that characterised
HGPC cells could exert negative feedback on glycolysis, TCA and OXPHOS. The
inhibition regards key regulatory enzymes of these pathways, such as the glycolytic
enzyme PFK1 (inhibited by ATP, citrate and activated by AMP) and the pyruvate
dehydrogenase complex (inhibited by NADH, ATP, acetyl CoA and activated by
pyruvate). In the TCA cycle, both isocitrate dehydrogenase and α-ketoglutarate
dehydrogenase are inhibited by both ATP and NADH (Barron, Gu and Parrillo, 1998;
Boyle, 2005; Maldonado and Lemasters, 2014). Additionally, a decrease in cytoplasmatic
NAD+ could inhibit the glycolytic enzyme glyceraldehyde-3 phosphate-dehydrogenase
(GAPDH) and it has been documented that the NADH/NAD+ ratio must be kept low
(between 0.01 and 0.05) for glycolysis to proceed (J. Wu et al., 2016; Yan, 2018).
The diagram in Figure 4-15 summarises the causal effect to the NADH/NAD+ increase.
As mentioned above and in Chapter 1, sections 1.3.3.2 and 1.3.3.3.1, inhibition of
GAPDH leads to the accumulation of the upstream glycolytic substrates, G6P, F6P and
triose phosphates, which can undergo alternative metabolism through different pathways.
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Accumulation of triose phosphates, for example, leads to an increase in diacylglycerol
(DAG), an activator of PKC, and an increase in the formation of methylglyoxal (MG),
promoting intracellular AGEs production (Thornalley, 1990; Degenhardt, Thorpe and
Baynes, 1998). As mentioned in Chapter 1 (section 1.3.3.2), AGEs can lead to a
modification in protein structure and function, for example through direct interaction with
proteins (such as extracellular matrix proteins) or via AGE/RAGE activation, which leads
to ROS production in mesangial cells and macrophages, and NF-kB activation (T
Nishikawa et al., 2000). PKC activation has been found to impair cell function, inhibiting
eNOS and increasing the production of the vasoconstrictor endothelin-1 (ET-1) (Naruse
et al., 2006; Khamaisi et al., 2009). Additionally, the hyperglycaemia-induced activation
of PKC increases the activity of the cytosolic phospholipase A2 activity (PLA2) which, in
turn, increases the production of prostaglandin E2α (PGE2α) and arachidonate (AA),
inhibitors of the Na+/K+ ATPase (Xia, Kramer and King, 1995). A high NADH/NAD+
ratio also reduces the activity of sirtuins, enzymes responsible for protein deacetylation
and activation (J. Wu et al., 2016). Lower sirtuin activation can lead to protein hyperacetylation and consequently decreased functionality, leading to less efficient glucose
metabolism, perpetuating a vicious circle (Ying, 2008; Stein and Imai, 2012; Pektaş, Sadi
and Akar, 2015; J. Wu et al., 2016). An increase in the NADH/NAD+ has been
additionally attributed to a loss of NAD+, as a consequence of oxidative stress
(Williamson et al., 1993). As mentioned above, NAD+ can be depleted by enzymes such
as PARP, involved in DNA repair, as a cellular defence against the hyperglycaemicdriven ROS increases (Du et al., 2003).
Taken together, the results from the experiments in this chapter revealed a greater
utilisation of the ETC and aerobic metabolism for cells exposed to NG conditions
compared to cells exposed to HG conditions, as well as greater metabolic flexibility. The
partial repression of the oxygen utilisation by the ETC, highlighted by the decrease in
maximal respiration, could be a reflection of the Crabtree effect, which is well described
in the literature (Dobrina and Rossi, 1983; Krützfeldt, 1990; Koziel et al., 2012; Hammad
et al., 2016). This effect consists of the preferential utilisation of a glycolytic metabolism
over oxidative phosphorylation and relatively low consumption of oxygen in the presence
of glucose, and it is a distinctive metabolic feature previously described for ECs (Dobrina
and Rossi, 1983; Krützfeldt, 1990; Koziel et al., 2012; Eelen et al., 2015; Mookerjee et
al., 2017; Rohlenova et al., 2018). Importantly, the decrease in maximal respiration
resulting from HG preconditioning could be detrimental when ECs are exposed to HG
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concomitant with additional metabolic substrates like fatty acids, a condition common in
diabetes and metabolic syndrome, where dyslipidaemia and hyperglycaemia are present
together (Rader, 2007; Cade, 2008; Huang, 2009; Shulman, 2014).

Figure 4-15. Relationship between the NADH/NAD+ ratio, cellular redox state, metabolism and
functionality in T2DM.
Abbreviations: phosphofructokinase 1 (PFK1), pyruvate dehydrogenase (PDH), glyceraldehyde 3
phosphate dehydrogenase (GAPDH), nicotinamide adenine dinucleotide reduced and oxidised (NADH,
NAD+), methyl-glyoxal (MG), advanced-glycation end product (AGE), nuclear factor kappa-light-chainenhancer of activated B cells (Nf-κB), diacylglycerol (DAG), protein kinase C (PKC), protein phosphatase
2A ( PP2A), poly(ADP-ribose) polymerase 1 (PARP) prostaglandin E2 (PGE2), arachidonic acid (AA),
nitric oxide (NO), endothelin 1 (ET-1)

4.5.2 Redox cellular state
The cellular redox state of cells is highly connected to cell metabolism and nutrient
availability. This is supported by abundant literature that associates EC hyperglycaemic
exposure with increased oxidative stress and consequent loss of endothelial function
(Cosentino et al., 1997; Kowluru, 2003; Ceriello and Motz, 2004; Pitocco et al., 2010).
In particular, the most common theory links excessive glucose metabolism with NADH
overload to the mitochondrial ETC, with a consequent increase in electron leak and an
increased reduction of oxygen into superoxide. Chronic high superoxide production can,
in turn, lead to the decrease of the cellular antioxidant defence which, together with the
increase in superoxide and ROS production, leads to oxidative stress. In addition to this
pathway, hyperglycaemia has been shown to activate ROS production via NADPH
oxidase activation (Dymkowska et al., 2014), COX-2 upregulation (Cosentino et al.,
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2003; Sheu et al., 2005; Madonna et al., 2016), eNOS uncoupling (Brownlee, 2001; X L
Du et al., 2001; El-Remessy et al., 2003; Thum et al., 2007; Dhananjayan et al., 2016;
Meza et al., 2019), AGE/RAGE interaction (Wautier et al., 1996; Leurs and Lindholm,
2013; Ott et al., 2014) and by reducing the expression of the antioxidant enzymes, catalase
and SOD (Fridovich, 1997; DeRubertis et al., 2004; Weidig, McMaster and Bayraktutan,
2004).
Unlike published findings, measurement of total ROS, RNS production and superoxide
(including total and mitochondrial superoxide) in this study did not change when cells
were exposed to acute test glucose concentrations, though interestingly NGPC cells had
an overall greater ROS-RNS content, compared to HGPC. The decrease in NMOCR as a
consequence of high glucose preconditioning could reflect the lower ROS-RNS level
identified in HGPC cells. In fact, NMOCR could relate to the activity of oxygenconsuming enzyme such as NOX, XO and COX, which can increase ROS production
(Sheu et al., 2005; Dranka, Hill and Darley-Usmar, 2010; Hill et al., 2012; Chacko et al.,
2014). The decrease in both NMOCR after high glucose preconditioning could, in turn,
be a reflection of the overall reduction of metabolic activity in this cell group, which could
imply a downregulation of the cellular enzymatic activity, including peroxidases and
oxidases. In addition, the glucose concentration measured after 24 hours exposure of
NGPC cells to NG conditions was found to be approximately 1.5 mM (Chapter 3, Figure
3-7), while this value was higher for HGPC cells exposed to the same glucose
concentration (~2.5 mM). It can be postulated that the state of hypoglycaemia to which
NGPC cells are exposed could be a cell stressor, causing activation of oxidases and
peroxidases, and this could cause the higher NMOCR and total ROS-RNS concentration.
As with many other methods used for the quantification of oxidative species, the assay
used in this study presented some limitations (Griendling et al., 2016). More specifically,
it should be noted that the use of pyocyanin as an inducer of ROS-RNS, superoxide and
mitochondrial superoxide formation did not always lead to an increase in these ROS,
compared to the test conditions (Figure 4-10 (A) and 4-12 (A)); the same observation has
been made of other ROS-inducing substances, such as rotenone (Heinz et al., 2017),
paraquat (Fukushima et al., 2002), menadione (McCormick et al., 2000) and hydrogen
peroxide. This was established by performing pilot experiments where ROS-RNS,
superoxide and mitochondrial superoxide were measured after incubating cells with the
above mentioned ROS-inducing substances, at different concentrations and incubation
times (data not shown). Treatment of cells with the pyocyanin provided by the
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manufactures of the assay kits used to measure total ROS-RNS and superoxide led to a
significant increase of total superoxide (Figure 4-11 (A)), but the same was not observed
for mitochondrial superoxide and total ROS-RNS, measured with MitoSox and with the
green fluorescent probe provided by the total ROS-RNS and superoxide assay kit,
respectively. The explanation for this could be because of the difficulty in quantifying
total ROS and superoxide, due to their relatively short half-life, or it may be a
characteristic response of EA.hy926 cells to these substances, due to their greater
antioxidant defence, in comparison with primary human cells.
It is plausible that the probes used in the total ROS and superoxide detection fluorescent
assay were 2’,7’-dichlorodihydrofluorescein-diacetate (DCFH2-DA) (green probe) and
dihydroethidium (DHE, orange probe), respectively for total ROS-RNS and superoxide;
this was not revealed by the kit manufacturer. The mitochondrial form of DHE (MitoSox)
was also used in this study. DCFH2-DA enters the cells via passive diffusion and is
hydrolysed by esterases into 2’7 dichlorodihydrofluorescein (DCFH2). DCFH2 undergoes
two-electron oxidation upon reaction with ROS or RNS, giving rise to the formation of
fluorescent DCF. DCF can be then detected with the use of fluorescence-based
techniques, such as flow cytometry, confocal microscopy and spectrophotometry. DHE
reacts with superoxide, forming two fluorescent products, ethidium, formed by nonspecific

redox

reactions,

and

2-hydroxy-ethidium

(2-OH-E+)

(Zielonka

and

Kalyanaraman, 2010), formed by the reaction with superoxide.
Despite their extensive use in the literature (Hempel et al., 1999; Tampo et al., 2003;
Kotamraju et al., 2004; Zmijewski et al., 2005; Lee et al., 2009; Karlsson et al., 2010)
and, like other methods used to measure oxidative species, both probes have their
limitations, which should be considered in the interpretation of the results. DHE products
have overlapping fluorescent spectra and this assay would ideally be followed by the
separation of 2-OH-E+ from ethidium using an HLPC method for full elucidation of the
results (Zielonka and Kalyanaraman, 2010; Dikalov and Harrison, 2014). The limitations
of DCFH include its reaction with one electron oxidising species (leading to DCF
formation), DCF reaction with oxygen (producing superoxide and hydrogen peroxide)
and the DCFH oxidation mediated by transition metals, haem peroxidase and cytochrome
c (Zielonka and Kalyanaraman, 2010; Kalyanaraman et al., 2012). In addition, both
fluorescent probes are sensitive to pH changes, which cause reversible fluorescencequenching protonation of the chromophore when the pKa is close to physiological pH
(Wang et al., 2013).
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Considering these limitations, it was important to quantify the cellular antioxidant
capacity, by looking at SOD activity and GSH cellular concentration in order to have a
clear understanding of any change in cellular redox state arising after glucose exposure.
As explained in Chapter 1, section 1.3.3.1.2.3, SOD catalyses the dismutation of
superoxide into hydrogen peroxide and molecular oxygen and it takes part in the first line
of intervention against ROS production (Bergendi et al., 1999; Weydert and Cullen, 2010;
Fukai and Ushio-Fukai, 2011; Sheng et al., 2014). As shown in Figure 4-13 of this
Chapter, SOD activity was higher in NGPC cells and did not change with exposure to test
glucose treatments. The irreversible nature of HGPC-induced SOD reduction is in line
with the other changes brought by HG preconditioning identified in this study.
In addition, a decrease in SOD activity as a consequence of hyperglycaemia has been
previously reported in many in vitro and in vivo studies (Kowluru, Kern and Engerman,
1997; Li et al., 1999; Kowluru, Atasi and Ho, 2006; Madi et al., 2016). For example, a
50% SOD reduction has been estimated in individuals with T2DM (Bandeira et al., 2012;
Madi et al., 2016). Furthermore, incubation of rat retinal cells in high glucose and retinal
cells from diabetic rats showed increased superoxide and decreased SOD levels (Li et al.,
1999; Du, Miller and Kern, 2003; Kowluru and Abbas, 2003; Kowluru, Atasi and Ho,
2006). Additionally, use of the drug aminoguanidine, an inhibitor of the AGEs-derived
protein modifications (Sell, Nelson and Monnier, 2001), and antioxidants have been
shown to prevent retinopathy in diabetic rats, acting through increased SOD activity in
the retina, therefore preventing hyperglycaemia-induced increase in superoxide level (Du,
Miller and Kern, 2003; Kowluru, Atasi and Ho, 2006). Greater SOD activity not only
reduces oxidative stress but also decreases the mitochondrial release of cytochrome C,
regulating apoptosis in neurons and kidney cells in diabetic mice (Craven et al., 2001;
Sugawara et al., 2002; DeRubertis et al., 2004).
Previous research indicates that the reduction of SOD activity in HGPC cells could be
explained by the inactivation of this enzyme by glycation, oxidative damage or reduced
gene expression, as a consequence of prolonged hyperglycaemic exposure (Gunawardena
et al., 2019). Since SOD is implicated in superoxide scavenging leading to the production
of hydrogen peroxide, the decrease in SOD activity (~47%) identified in this study could
also explain the decrease in total ROS-RNS (~25%) induced by HG preconditioning.
Another important intracellular antioxidant marker is GSH. GSH provides reducing
equivalents for glutathione peroxidase (GPx), for the reduction of hydrogen peroxide into
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water and lipid hydroperoxides into alcohol. During this reaction, GSH becomes oxidised
(GSSG) and is readily recycled into GSH by glutathione reductase, which uses NADPH
as a cofactor. Under oxidative stress conditions, the GSSG level increases at the expense
of GSH (Wu et al., 2004; Shen et al., 2005; Zitka et al., 2012; Aquilano, Baldelli and
Ciriolo, 2014).
Several studies have shown a fall in GSH concentration in erythrocytes of patients with
T2DM as a consequence of oxidative stress or decreased GSH synthesis (Memisoğullari
et al., 2003; Whiting et al., 2008; R. V. Sekhar et al., 2011; Darmaun et al., 2012;
Lutchmansingh et al., 2018). A decrease in GSH synthesis could depend on the
dysfunction of enzymes involved in this process or on the lack of substrate availability
(GSH precursors). For example, T2DM has been associated with reduced expression of
glutamine-cysteine ligase, GSH synthase and gamma-glutamyl transpeptidase (GGT)
(Lagman et al., 2015). Moreover, supplementation of cysteine and glycine in uncontrolled
T2DM partially restored GSH synthesis in erythrocytes (R. V Sekhar et al., 2011) and
platelets (Treweeke et al., 2012). In a diabetic context, glycaemia is not directly correlated
to the decrease in GSH availability (Darmaun et al., 2012; Lutchmansingh et al., 2018).
Other mechanisms have been implicated instead, such as high circulating non-esterified
fatty acids, inflammation and oxidative stress, already present in cardiovascular diseases
(Venketaraman et al., 2005; Lagman et al., 2015). In line with previous studies showing
no direct correlation with hyperglycaemia and decreased GSH in patients with T2DM
(Darmaun et al., 2012), exposure to the high concentration glucose test condition in this
study did not affect GSH concentration.
Like the changes identified in cellular metabolism and bioenergetics, the effects induced
by chronic HG exposure were not reversed following 48 hours exposure of HGPC cells to
lower glucose concentrations (IG and NG). In the same way, the exposure of
normoglycaemia-habituated cells to higher glucose concentrations had no effect.

4.6 Conclusions
HG preconditioning, but not acute high-glucose exposure, induced changes in the
metabolic profile of EA.hy926 ECs and partially affected their cellular redox state,
resulting in lower cellular respiration.
The changes in cellular bioenergetics allowed the establishment of distinctive phenotypes
for HGPC cells and NGPC cells, where HGPC cells were more glycolytic and quiescent.
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Surprisingly, high glucose preconditioning did not cause an increase in superoxide, total
ROS-RNS or mitochondrial superoxide. However, HGPC cells had lower SOD levels,
suggesting at least a different adaptive response to superoxide under the different
conditions. The greater SOD activity observed in NGPC cells could partially explain the
higher ROS levels observed in this cell group. Importantly, the HG-driven
preconditioning effect on EA.hy926 cells was not reversible, as shown by the refractory
nature of these cells when exposed to acute test glucose conditions.
Although the exact mechanism that drives these remains unresolved, these findings
support the concept of metabolic memory in which there are long-lasting effects due to
differences in glucose exposure (Ceriello, Ihnat and Thorpe, 2009; Drzewoski, Kasznicki
and Trojanowski, 2009; Ceriello, 2012; Reddy and Natarajan, 2013; Wegner et al., 2014;
de Zeeuw, Wong and Carmeliet, 2015; Reddy, Zhang and Natarajan, 2015; Roberto et
al., 2017; Misra and Bloomgarden, 2018; Wang et al., 2018) Furthermore, the results
highlight the important role of glucose preconditioning in routine, in vitro experiments.
Taken together, since EC function appears to be linked to oxidative stress and cellular
metabolism, the following chapter investigates these aspects and determines a potential
effect of high glucose preconditioning on key mediators of vessel tone and the
thrombolytic process.
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CHAPTER 5: EFFECT OF GLUCOSE
EXPOSURE ON CULTURED
ENDOTHELIAL CELL FUNCTION
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5.1 Introduction
ECs play an essential role in the maintenance of blood vessel function through the release
of vasoactive factors, and mediators of platelet and leukocyte adhesion, as described in
section 1.1 of Chapter 1.
As described in section 1.3.2.1, Chapter 1, the loss of endothelial function develops over
several stages, ultimately leading to a proinflammatory, vasoconstrictor and prothrombotic state (Sena, Pereira and Seiça, 2013). Initially, NO production is reduced,
leading to immediate impairment of vasodilation. At this stage, a decrease in NO can be
compensated by the production of prostacyclin (PGI2) (Shi and Vanhoutte, 2017) while
in a later stage, the production of vasoconstrictive molecules become prominent (Katz
and Tadi, 2019).
Endothelial dysfunction induced by hyperglycaemia (Rahman et al., 2007) is one of the
main initiators of cardiovascular complications in diabetes (Dhananjayan et al., 2016).
Hyperglycaemia has been implicated in the reduction of NO bioavailability. This results
from the reduction of eNOS expression or function (Fleming and Busse, 2003; Salt et al.,
2003), in turn depending on PTMs, eNOS cofactor and substrate availability (e.g.
tetrahydrobiopterin -BH4-, L-arginine, NADPH) (Griscavage, Hobbs and Ignarro, 1995;
Cai, Khoo and Channon, 2005; Förstermann and Sessa, 2012; Okamura et al., 2014).
eNOS functionality could also be impaired by the increase in ROS production (from
COXs, lipoxygenases, uncoupled eNOS, NOXs, carbonyl proteins) (Dursun et al., 2005;
Shi and Vanhoutte, 2009; Wong, Zhang and Huang, 2014) and increased levels of the
endogenous eNOS inhibitor asymmetric dimethylarginine (AMDA) (Bouras et al., 2013).
Finally, NO can be scavenged directly via interaction with ROS or glucose (El-Remessy
et al., 2003; Pacher, Beckman and Liaudet, 2007; Julius et al., 2009; Förstermann, 2010;
Brodsky et al., 2017).
In a later stage of endothelial dysfunction, the ability of ECs to generate NO progressively
decreases and the production of endothelium‐derived vasoconstrictive factors become
prominent, leading to vasoconstriction (Shi and Vanhoutte, 2009; Vanhoutte, 2009;
Wong and Vanhoutte, 2010). In T2DM, the hyperglycaemic-derived ROS formation
increases expression, which is, in turn, an important source of free radicals (Shi and
Vanhoutte, 2009) as well as vasoconstrictor prostanoids (TxA2, endoperoxides, and other
prostaglandins) (Figure 1-1, Chapter 1). Both hyperglycaemia and hyperinsulinaemia
have been implicated in the increase in plasma ET-1 concentration (Yamauchi et al.,
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1990; Nakamura et al., 1991; Harris et al., 2005), responsible for the worsening of
diabetic complications, such as microalbuminuria, elevated HbA1c and retinopathy
(Collier et al., 1992; Kawamura et al., 1992; Haak et al., 1993). ET-1 is known mainly as
a vasoconstricting agent, but its role also extends to the stimulation of cell proliferation
and local inflammation (Ergul, 2011; Kowalczyk et al., 2015). The effects of ET-1 depend
on the distribution and activation of two different G protein-coupled receptors subtypes,
ETA and ETB. (Sanchez et al., 2002). The overactivation of the ETA receptor is considered
to be deleterious for vascular health in T2DM, leading to vasoconstriction and increased
cell proliferation (Takahashi et al., 1990; Collier et al., 1992).
ETA receptor activation in VSMCs can directly act on nonselective plasma membrane
Ca2+ channels, causing Ca2+ intake from the extracellular space. At the same time, ETA
receptor activation results in phospholipase C (PLC)-mediated inositol 1,4,5trisphosphate (IP3) and diacylglycerol (DAG) formation from phosphatidylinositol 4.5bisphosphate (PIP2). IP3 induces Ca2+ efflux from the sarcoplasmic reticulum
(intracellular store), concurring with the increase in intracellular Ca2+ and to the
consequent vasoconstriction. DAG activates PKC, which is responsible for the mitogenic
function of ET-1, and for further activating vasoconstriction, by calponin
phosphorylation. In addition, PKC activates Ras/Raf/MEK/MAPK pathway, leading to
caldesmon phosphorylation, which also contributes to increasing VSMCs contraction
(Hynynen and Khalil, 2006; Lima et al., 2010; Kowalczyk et al., 2015). ETB exists in two
isoforms, ETB1, mainly expressed in ECs, and ETB2, expressed in VSMCs. The activation
of EC-membrane bound ETB1 receptors mediates increases in NO and PGI2 via the
phospholipase C (PLC)/inositol 1,4,5-trisphosphate IP3-dependent increase in Ca2+,
following PI3K/Akt eNOS activation. ETB1 activation in ECs is responsible for a decrease
in ET-1 production following a negative feedback mechanism.
EC dysfunction also affects the regulation of the fibrinolytic process, which is responsible
for the degradation of fibrin as a result of the interaction between plasminogen,
plasminogen activators and inhibitors. Plasminogen binding to fibrin initiates the
fibrinolytic cascade (Urano, Castellino and Suzuki, 2018). Tissue plasminogen activator
(t-PA) and urokinase plasminogen activator (u-PA), both synthesised by ECs, convert
plasminogen to plasmin, which is responsible for the cleavage of extracellular matrix
proteins and the degradation of fibrin. While t-PA is mainly involved in the intravascular
fibrinolysis, u-PA in the extracellular matrix is also involved in receptor-mediated
intracellular signalling and plays a minor role in the activation of plasminogen, compared
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to t-PA (Blasi and Carmeliet, 2002; Fay, Garg and Sunkar, 2007; Kruithof, 2008). ECs
produce t-PA in response to various stimuli such as shear stress, histamine, thrombin and
bradykinin (Katz and Tadi, 2019). t-PA is initially produced as a single-chain protein,
with a lower affinity for plasminogen. Once plasmin is formed by plasminogen, it
increases t-PA affinity for plasminogen by cleaving it into a two-chain form, following a
positive feedback mechanism. A similar activation mechanism characterises u-PA
(Urano, Castellino and Suzuki, 2018).
Both t-PA and u-PA are regulated by another serine-protease, plasminogen activator
inhibitor (PAI) or serpin E1, which exist in three isoforms: PAI-1, PAI-2 or placental
PAI, and PAI-3, also known as protein C inhibitor, which is synthesised in the liver
(Kruithof et al., 1986; Heeb et al., 1987; España, Berrettini and Griffin, 1989). PAI-1 is
released by VSMCs, cardiomyocytes, hepatocytes, monocytes/macrophages and
megakaryocytes, as well as ECs (Zorio et al., 2008). Once produced, PAI-1 is stored in
platelets, deposited into the subendothelial matrix or circulates in the blood where it can
be present in an active form (free PAI-1) or complexed with t-PA or vitronectin (Myrup
et al., 2004; Cesari, Pahor and Incalzi, 2010).
The acquisition of a vascular prothrombotic environment (Schwartz et al., 1992; Ouvia
et al., 2001; Zorio et al., 2008; Kearney et al., 2017) is a key factor for the increase in
CVD in diabetes, characterised by changes in expression or function of plasma proteins
involved in the coagulation process, which may predispose diabetes patients to a higher
risk of thrombosis. The increased risk of thrombosis in diabetes is reported to be due to
an increase in the concentration of fibrinogen, thrombin and thrombin activatable
fibrinolysis inhibitor (TAFI) (which inhibits plasminogen binding to fibrin) (Brouwers et
al., 2003; Meltzer et al., 2010; Fraser, Booth and Mutch, 2011)) (Motley et al., 2007;
Tripodi et al., 2011; Konieczynska et al., 2013). Circulating PAI-1 concentration is also
increased (Nordt et al., 1998; Schneider and Sobel, 2012; Yarmolinsky et al., 2016),
preventing fibrinolysis and favouring a pro-thrombotic state with increased
atherothrombotic risk (Kruithof, 2008). In particular, it has been shown that increased
expression of PAI-1 in atheroma can promote plaque rupture, followed by a 10-fold
increase of circulating PAI-1 released by the injured plaque and platelets. Many factors
contribute to the increase in PAI-1 plasma concentration in T2DM, such as an increased
concentration of cytokines (TNF-α and TNF-β) and hormones, including insulin,
glucocorticoids, adrenaline and angiotensin II, as well a high concentration of
metabolites, such as triglycerides, free fatty acids, and glucose (Michel and Quertermous,
179

1989; Loskutoff, 1991; Samad, Yamamoto and Loskutoff, 1996; Nordt et al., 1998;
Brown et al., 2000).
5.1.1 Aims and hypothesis
Published work outlines a clear link between hyperglycaemia and endothelial
dysfunction. However, the precise mechanism by which endothelial dysfunction arises
from high glucose exposure is still unknown and more investigation is needed to clarify
this aspect. While oxidative stress, glycation reactions and inflammation have been
related to endothelial impairment, the link between excessive glucose exposure and EC
function needs to be further explored.
Since preconditioning of cells with high glucose concentrations modulated cellular
metabolism, without affecting cellular oxidant production (Chapter 4), the aim of this part
of the study was to investigate whether long-term cell exposure to high glucose has an
impact on key factors that define EC function. These include NO production, ET-1, PAI1 and t-PA expression.
It was hypothesised that high glucose exposure impairs NO production, increases ET-1
and PAI-1 production, and decrease t-PA production, leading to a prothrombotic and
vasoconstricting cell phenotype.

5.2 Experimental approach
5.2.1 In vitro model design
The in vitro model for glucose treatment of EA.hy926 cells was designed as described in
Chapter 3 (section 3.4). Briefly, under these standardised conditions, the cells were
preconditioned in HG and NG medium, then treated and compared as two separate
groups. In each experiment, glucose testing lasted 48 hours for both groups, with fresh
medium replaced every 24 hours. The glucose test concentrations were: 5.5 mM
(normoglycaemia or NG-control for NGPC cells), 12.5 mM (intermediate glycaemia-IG)
and 25 mM (hyperglycaemia-HG, control for HGPC cells).
5.2.2 Cell culture and experimental protocol
EA.hy926 cells were cultured and maintained as described in Chapter 2, section 2.2.1.
The cells used at this stage of the study were passaged for more than 4 times in their
respective medium.
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All other experiments were performed as described in Chapter 2, sections 2.2.18 (nitrite
quantification), 2.2.19 (ET-1 quantification) and 2.2.20 (t-PA and PAI-1 quantification).
5.2.3 Statistics
All data are expressed as mean ± SD. For each experiment, “n” represents the number of
technical replicates, namely the average value obtained by meaning triplicate/duplicate
repetitions. Data were analysed using parametric and non-parametric tests, as appropriate.
Parametric testing was justified after confirmation of data normality (D’Agostino and
Pearson test) and equal variances. Significant difference between means was accepted at
p<0.05. Statistical tests were performed using GraphPad Prism version 6.00 software
(GraphPad Software, San Diego, CA).

5.3 Results
5.3.1 Measurement of accumulated nitrite
The concentration of nitrite accumulated in cell culture supernatants was used as a
surrogate measure of NO generation. For this assay, only the values included within the
standard curve range were included.
L-NAME (100 μM) and A23187 (1μM) were used as negative and positive controls, to
respectively inhibit (via eNOS inhibition) and increase (via increase of the intracellular
Ca2+ concentration) NO production. Figure 5-1 (Figure 5-1 (A)) shows that treatment with
a supra-maximal concentration of L-NAME gave a similar basal (non-enzyme-derived)
nitrite level in the medium for both cell groups, where the estimated nitrite concentration
was 174.6 ± 68.3 nM for HGPC cells and 139.6 ± 82.1 nM for NGPC cells. The treatment
of the two cell groups with A23187 led to an increase in nitrite, which reached 3040.1 ±
388 nM and 2911.2 ± 514 nM for HGPC and NGPC cells respectively. Parametric statistical
analysis (two-way ANOVA) revealed that the nitrite values calculated for HGPC and
capacity, cofactors and substrate availability under A23187 stimulation was not
modulated by glucose preconditioning.
HG preconditioning and the consequent incubation of HGPC cells with 25 mM glucose
for 48 hours showed that nitrite levels were significantly lower (~64%; p<0.0001)
compared to the nitrite measured for NGPC cells incubated with 5.5 mM glucose (Figure
5-1 (B)). Using the standardised experimental conditions, exposure of HGPC cells to IG
led to a nitrite level (~285.5 ± 115 nM) similar to that for HG culture (335.5 ± 216 nM),
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while incubation with NG led to a statistically significant increase (~869.5 ± 323 nM;
p<0.0001) in accumulated nitrite (Figure 5-1 (C)). Interestingly, exposure of NGPC cells
to both IG and HG (Figure 5-1 (D)) produced a net decrease in nitrite levels compared to
NG exposure, from ~938.5 ± 357 nM to ~326 nM ± 146 and ~211 ± 120 nM for IG and
HG respectively; these changes were statistically significant (p<0.0001).
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Figure 5- 1. Effect of glucose preconditioning and test glucose exposure on nitrite accumulation in the cell
culture medium. (A) The positive control was obtained by full activation of eNOS, through incubation of
HGPC and NGPC cells with 1 μM A23187 for ~1 minute. The negative control was obtained by full inhibition
of eNOS, through incubation of HGPC and NGPC cells with 100 μM L-NAME for 24 hours. (B) Medium
nitrite measured for HGPC and NGPC cells incubated for 48 hours in medium containing 25 and 5.5 mM of
glucose respectively. (C) Nitrite concentration for HGPC or (D) NGPC cells incubated with NG, IG or HG
medium. Statistical significance was determined by two-way ANOVA (A), Student t-test (B) and KruskalWallis with Holm-Sidaks multiple comparison test, with HGPC/HG and NGPC/NG designated as controls
for HGPC and NGPC cells respectively (C, D). Values represent mean ± SD, n=4-5 (A) and n=15 (B, C, D)
(NS=not statistically significant, ***p<0.001, ****p< 0.0001).
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5.3.2 Endothelin-1 production
Figure 5-2 shows the results of the ET-1 quantification in the incubation medium (section
2.2.19, Chapter 2). For this assay, only values included within the standard curve range
were included.
ET-1 was measured and compared for HGPC and NGPC cells incubated for 48 hours in
HG and NG medium respectively. HGPC cells cultured in HG medium had a significantly
lower ET-1 concentration (~30%) compared to NGPC cells cultured under NG conditions
(p<0.001) (Figure 5-2 (A)). The ET-1 concentration for HGPC cells exposed to IG and
NG conditions (Figure 5-2 (B) did not change significantly (one-way ANOVA) (Figure
5-2 (C)), while NGPC cells exposure to IG (201.7 ± 28 pg/mL) and HG (204.2 ± 31 pg/mL)
conditions produced a decrease in ET-1 concentration (p<0.05, Kruskal-Wallis and
Holm-Sidak’s multiple comparison test).
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Figure 5-2. Effect of glucose preconditioning and acute test glucose exposure on ET-1 concentration in
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NGPC/NG designated as controls, for HGPC (B) and NGPC cells (C) respectively. Values represent mean ±
SD, n=10 (NS=not statistically significant, *p<0.05, ***p< 0.001).

5.3.3 t-PA antigen production
The presence of t-PA antigen, including free (active) and complexed (inactive) t-PA was
quantified in the cell culture medium of both NGPC and HGPC cells. For this assay, only
values included within the standard curve range were included.
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As shown in Figure 5-3 (A), the t-PA antigen concentration was lower for HGPC cells
incubated for 48 hours in HG medium (1.8 ± 0.4 ng/mL), compared to NGPC cells exposed
to NG medium for the same time (2.5 ± 0.2 ng/mL), a difference that was found to be
significant (p<0.01). t-PA concentration was increased by acute exposure of HGPC cells
to NG conditions, from 1.8 ± 0.4 ng/mL (HG) to 2.6 ± 0.5 ng/mL (NG) (p<0.05), while
the the small change seen for the IG condition (from 1.8 ±0.4 ng/mL to 2.1 ± 0.6 ng/mL)
was not significant (Figure 5-3 (B)). The t-PA concentration for NGPC cells were not
significantly differenty at the three test conditions (p>0.05).
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5.3.4 PAI-1 antigen production
The presence of PAI-1 antigen, including free (active) and complexed (inactive) PAI-1
was quantified in the cell culture medium of both NGPC and HGPC cells. only values
included within the standard curve range were included.
As shown in Figure 5-4 (A), the PAI-1 antigen concentration was significantly lower for
HGPC cells incubated for 48 hours to HG medium (680 ± 143 ng/mL), compared to NGPC
cells exposed to NG medium for the same time (840 ± 139 ng/mL). PAI-1 concentration
was increased in HGPC cells following acute exposure to IG conditions, leading to a value
of 1187 ± 357 ng/mL (p<0.05), though this change was not present after incubation with
HG, the PAI-1 concentration for HG (677 ± 143 ng/mL) and NG (656 ± 199 ng/mL) being
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similar (Figure 5-4 (B)). The PAI-1 values for NGPC cells exposed to NG, IG and HG
were not found to be significantly different (p>0.05) (Figure 5-4 (C)).
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Figure 5- 4. Effect of glucose preconditioning and acute test glucose exposure on extracellular PAI-1
content. (A) PAI-1 concentration in the medium for HGPC and NGPC cells after 48 hours incubation in
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Statistical significance was determined by Mann-Whitney test (A), Kruskal-Wallis and Dunn’s multiple
comparison test, with HGPC/HG designated as controls HGPC cells (B), and one-way ANOVA (C). Values
represent mean ± SD, n=7 (NS+not statistically significant, * p<0.05).

5.4 Discussion
EA.hy926 cells were chosen for this study for their ability to produce important mediators
of EC function, such as NO, ET-1, t-PA and PAI-1.
As a result of the rapid oxidation of NO into nitrite and nitrate, NO has a very short halflife (Nelson and Cox, 2011). For this reason, in this study nitrite content in the collected
cell culture medium was measured as a surrogate for NO production. While the majority
of changes in cellular metabolism and redox state were occurring with chronic exposure
of cells to high glucose, the functional aspect of EA.hy926 cells was modulated more
dynamically in respect to changes in extracellular glucose concentration. The changes in
the concentration of nitrite in the medium in response to glucose treatment and
preconditioning represent an example of this. Exposure of NGPC cells to IG and HG for
48 hours caused a substantial reduction in nitrite accumulation in the medium, and the
HGPC cell nitrite level was approximately 64% lower compared to NGPC cells when both
cells were incubated in their respective media (HG and NG DMEM). Interestingly, the
nitrite level for HGPC cells was increased by ~160% following acute exposure to
normoglycaemic condition, while exposure of NGPC cells to acute hyperglycaemia led to
a ~77% lowering of the nitrite concentration. This result identified an impairment of
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endothelial function driven by acute hyperglycaemia, an effect which could have the
potential to increase atherosclerotic risk and drive cardiovascular complications (Aydin
et al., 2001; Masaki and Sawamura, 2006; Cade, 2008; Wu and Meininger, 2009b). These
data are in line with several findings that show lower NO production in diabetes patients
(Hink et al., 2001; Izumi et al., 2006; Vanhoutte, 2009; Tessari et al., 2010; Dellamea et
al., 2014; Assmann et al., 2016). EC dysfunction and the consequent decrease in NO
bioavailability leads to oxidative stress, an increase in smooth muscle cell proliferation,
increased inflammation, impairment of vasodilation and expression of adhesion
molecules (Quyyumi et al., 1995; Bohl and West, 2000; Clapp et al., 2004; Mainous et
al., 2014).
It is still not clear how hyperglycaemia impairs NO production, but many hypotheses
have been postulated. Increased oxidative stress could cause eNOS uncoupling,
increasing superoxide production from eNOS and increasing peroxynitrite formation
(Beckman and Crow, 1993; Romero and Reckelhoff, 1999; El-Remessy et al., 2003; Cai,
Khoo and Channon, 2005; Ghafourifar and Cadenas, 2005; Förstermann, 2010;
Förstermann and Sessa, 2012; Z.-W. Zhou et al., 2012; Su et al., 2013). Several studies
linked NO production with endothelial glucose metabolism. For example, studies in
bovine aortic ECs and aortic cells from diabetic animals showed a 67% decrease in eNOS
activity caused by hyperglycaemia via PTMs and inhibition, resulting in a two-fold
increase in O-linked N-acetylglucosamine modification of eNOS and a reciprocal
decrease in O-linked phosphorylation of Ser1177 (Xue Liang Du et al., 2001). Other
studies focused on the importance of BH4 availability and oxidative state as a causal effect
in the eNOS decreased activity in diabetes (Cai et al., 2005; Cai, Khoo and Channon,
2005; Z.-W. Zhou et al., 2012).
However, the use of the Ca2+-ionophore, calcimycin (A23187) (Sheng, Wang and Braun,
2005) demonstrated that maximal eNOS-mediated NO production was unchanged by
glucose preconditioning (Figure 5-1), therefore indicating that maximal eNOS activity
was not permanently affected by chronic glucose exposure in HGPC cells. Contrarily with
the above-mentioned findings, it can be concluded that eNOS function and the availability
of this enzyme’s cofactors and substrates (including include BH4, Ca2+, L-arginine and
NADPH) were also not modulated by changes in chronic glucose exposure. Moreover,
glucose itself could play a direct role in regulating NO concentration. Interestingly, a
study by Brodsky et al. (2017) showed that glucose present in the medium in vitro and in
the plasma in vivo could directly scavenge NO, making it less available to act as a
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vasodilator on VSMCs (Brodsky et al., 2017). This could explain the acute changes in
nitrite concentration found in this study.
The literature shows an increase in ET-1 production by ECs in hyperglycaemia and a
concomitant decrease in NO production (Avogaro et al., 2011; Ergul, 2011; Manea,
Todirita and Manea, 2013), but in this study, both aspects were decreased by exposure to
chronic high glucose. This could be explained by the more quiescent metabolism of HGPC
cells being refractory to changes in glucose concentration. In fact, only NGPC cells
responded to changes in the test glucose concentration, demonstrated by the decrease in
ET-1 concentration when exposed to IG and HG.
Both t-PA concentration and PAI-1 concentration in the test culture medium were lower
after high glucose preconditioning. Unlike ET-1 production, where HGPC cells were
refractory to changes in acute test glucose, t-PA release was increased by HGPC cells
exposed to NG conditions, while the concentration did not change for NGPC cells using
IG or HG conditions. When incubated with HG medium, HGPC showed ~30% lower tPA antigen production, compared to NGPC cells. PAI-1 was also lower with HG
preconditioning (~20%), but this effect was not observed by exposing NG PC cells to IG
and HG test conditions. Interestingly, the exposure of HGPC cells to IG drove a rapid
increase in PAI-1 antigen. Each PAI-1 factor inhibits one t-PA, following a 1:1
interaction. The serine proteases, t-PA and PAI-1, are two important regulators of the
fibrinolytic system, both of which are produced by ECs (Krishnamurti et al., 1988; Nordt
et al., 1998; Schneider and Sobel, 2012). An increase in PAI-1 expression can lead to
impaired fibrinolysis with consequent tissue damage and accumulation of fibrin.
Circulating PAI-1 is elevated in both IGT, metabolic syndrome and T2DM (Vague et al.,
1986; Krishnamurti et al., 1988; Angleton, Chandler and Schmer, 1989), where increased
PAI-1 contributes to the pro-atherosclerotic and pro-thrombotic profile (Lyon and Hsueh,
2003). Since the impact of HG preconditioning caused a greater reduction of t-PA antigen
compared to PAI-1, these results reveal a potential reduction of the cellular fibrinolytic
activity driven by chronic high glucose exposure preconditioning, potentially resulting in
a greater possibility of thrombi’s formation and lower dissolution, a scenario that
characterises in vivo diabetic alterations.
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5.5 Conclusions
In this chapter, the cell-model system was used to verify the ability of NGPC and HGPC
cells to produce key regulators of vessel tone and fibrinolysis, which in T2DM often
undergo alterations or dysregulation and adversely affect cardiovascular health.
In the previous chapter, only HG preconditioning caused changes in cellular metabolic
phenotype and cellular antioxidant enzyme activity. In this chapter, cell function was
depressed by high glucose preconditioning, highlighting again the importance of glucose
concentration in the cell culture medium during the growth phase. Chronic exposure to
high glucose results in a decrease in ET-1, t-PA and PAI-1, important factors in the
regulation of vessel tone and fibrinolysis. By contrast, accumulation of nitrite in culture
medium was markedly reduced in NGPC cells after 48 hours exposure to intermediate and
high glucose, despite maximal eNOS capacity being unaffected by HG preconditioning.
Moreover, acute incubation of HGPC cells in NG medium restored the nitrite levels near
to those for NGPC cells cultured in the same medium.
These results, in combination with the metabolic and redox effects produced by high
glucose preconditioning described in the previous chapter, confirmed the hypothesis that
continuous exposure to HG brings long-lasting changes in cellular bioenergetics and
redox state. This is in line with the concept of “metabolic memory” described in the
literature. However, the functional effects of high glucose preconditioning in ECs seemed
to be more reversible than those for metabolic measures.
Based on these observations, it was concluded that high glucose preconditioning led to a
more refractory cellular phenotype, making HGPC cells almost unresponsive to changes
across a range of glucose concentrations. NG preconditioning better resembles the
physiological fasting glucose concentration, representing a better model than HG cells for
the comparison of EC exposure to intermediate and high glucose concentrations. For
these reasons, it seemed appropriate to select NGPC cells as the model for future studies
in which the effects of glucose, fructose and insulin at equimolar, intermediate and high
concentrations will be investigated.
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CHAPTER 6: IMPACT OF INSULIN
AND FRUCTOSE ON
ENDOTHELIAL FUNCTION AND
METABOLISM
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6.1 Introduction
6.1.1 Fructose consumption and diabetes
The increase in fructose consumption in the last 40 years has been associated with an
increase in obesity and metabolic syndrome in the population (Nguyen et al., 2009; Tappy
and Le, 2010; Johnson et al., 2013; Pereira et al., 2017). Many studies have focused on
the potential effect of fructose consumption on health, but data are still controversial. On
the one hand, fructose consumption has been shown to be beneficial for patients with poor
glycaemic control. Crapo et al. (1986) showed that fructose ingestion (50 g) resulted in a
depressed insulin response in humans, lower glycaemia and lower glycosuria in healthy
individuals, patients with T2DM and individuals with impaired glucose tolerance (Crapo,
Kolterman and Olefsky, 1980; Crapo, Scarlett and Kolterrman, 1982). Similarly, sucrose
substitution by starch or fructose in T1DM and T2DM patients for 8 days improved their
glycaemic control (Bantle, Laine and Thomas, 1986; Crapo, Kolterman and Henry, 1986).
On the other hand, many other in vivo studies performed in both rodents and humans have
shown a range of adverse consequences of fructose consumption, especially in high doses.
These effects are driven by its unregulated hepatic metabolism and include an increase in
de novo lipogenesis, insulin resistance, the formation of AGEs, hypertension, weight gain,
cellular ATP depletion and an increase in uric acid formation (Tappy et al., 2010; Khitan
and Kim, 2013; Stanhope, Schwarz and Havel, 2013). Additionally, fructose consumption
appears to exert enhanced adverse consequences in the presence of other risk factors for
poor health. For example, the formation of AGEs from fructose has been reported to be
greater in patients with T2DM compared to healthy people (Takeuchi et al., 2010). These
aspects could have a direct impact on cardiovascular health. In particular, the formation
of AGEs, increases in circulating TGs, LDL, and VLDL, hyperuricaemia and insulin
resistance in response to a high fructose diet could trigger endothelial dysfunction, as
discussed in Chapter 1.
Approximately 70% of ingested fructose is metabolised by the liver and released as
glucose, derived via hepatic gluconeogenesis (Delarue et al., 1993). The remaining
fructose is present in the circulation for up to 2 hours after oral administration and
absorption. It has been estimated that oral administration of 18-100 g of fructose can lead
to a blood fructose concentration of between 0.1 and 1 mM (Macdonald, Keyser and Pacy,
1978; Bohannon, Karam and Forsham, 1980; Gaby, 2005; Glushakova et al., 2008). For
this reason, in addition to the high fructose consumption related effect, which could
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indirectly favour the onset of CVD through the previously cited mechanism, circulating
fructose could also directly affect EC function in the same way as glucose and fatty acids.
To date, several studies have contributed to increasing our knowledge of the direct effect
of fructose exposure on EC function. For example, recent findings showed that a 24 hour
fructose exposure (0.25-2.5 mM) increased the acquisition of an inflammatory phenotype
in cultured human aortic ECs (HAEC), by enhancing ICAM-1 expression, and caused
endothelial dysfunction, shown by inhibition of NO production (Glushakova et al., 2008).
Similarly, exposure of HUVECs to 1 mM fructose for 6 hours promoted a pro-thrombotic
phenotype, via Nf-B induced ROS production (Cirillo et al., 2015) and increased EC
senescence (Park et al., 2016). Sotokawauchi et al. (2019) showed that fructose enhanced
the formation of AGEs in medium and that, after 4 days of fructose exposure, HUVECs
experienced an increase in intracellular AGEs concentrations, leading to VCAM-1
expression and ROS production (Sotokawauchi et al., 2019), which resulted in similar
effects to those previously found in rat adipocytes (Ojima et al., 2014). The formation of
AGEs in the medium in this study also confirmed the presence of fructose-derived AGEs
in soft drinks (Takeuchi et al., 2015), high consumption of which could be detrimental to
human health.
The mechanism by which fructose exposure causes inflammation, oxidative stress and
increased cellular senescence is not fully understood. Recent experimental work by
Tumova et al. (2016) showed that fructose uptake by HUVECs is very limited, possibly
due to the lack of a fructose specific receptor (GLUT2) (Tumova et al., 2016). Therefore,
it can be postulated that these effects are not created directly by fructose metabolism in
the HUVEC cell model. At the same time, the presence of fructose receptors cannot be
excluded in different endothelial experimental models, and more research is needed to
define the effects of exposure of ECs to fructose.
In a diabetes context, the effect of direct high glucose and fructose exposure has not yet
been elucidated. Fructose is rarely ingested alone, but it is traditionally present in the diet
as sucrose, where it is bound to glucose by a glycoside bond, or in the form of high
fructose corn syrup (HFCS), which contains fructose and glucose in their monosaccharide
forms (Gaby, 2005). As a result, glucose and fructose are often present simultaneously in
blood and fructose, via its hepatic digestion, contributes to increased postprandial blood
glucose (Tappy et al., 2010). It has been well established that chronic hyperglycaemia, a
hallmark of diabetes, leads to endothelial dysfunction and CVD in different ways, mostly
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related to an increase in oxidative stress, but there is currently a lack of knowledge
regarding the continuous exposure of the endothelium to high fructose and glucose. The
effect of HG exposure previously identified could, in fact, be exacerbated in the presence
of fructose, leading to a greater progression of endothelial dysfunction and cardiovascular
disease.
For the reasons explained above, the effects of constant glucose and fructose exposure at
various concentrations on ECs was evaluated in this study, using the cell model described
as NGPC cells (Chapters 3, 4 and 5).
6.1.2 Insulin in diabetes
Insulin plays an important role in the regulation of nutrient intake and metabolism from
the blood to muscle and adipose tissue, but it can also have an effect in other cell types.
The presence of insulin receptors in ECs has been well documented (Gosmanov, Stentz
and Kitabchi, 2006; Barrett and Liu, 2013; Konishi et al., 2017), allowing researchers to
speculate about the possible effects exerted by insulin on the vasculature. Insulin is
involved in the regulation of endothelial function in terms of metabolism, modulation of
vessel tone through mediators, and in the regulation of the angiogenic process, in both
large and small vessels (King and Johnson, 1985; Muniyappa and Sowers, 2013).
The interaction of insulin with its receptor in ECs results in the activation of two different
pathways, the phosphatidylinositol-3-kinase dependent pathway (PI3K/Akt), involved in
the metabolic action of insulin, and the Ras-mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinase (ERK) pathway, involved in the regulation
of growth, mitogenesis, and differentiation (Moses et al., 1985; Muniyappa et al., 2007).
Activation of the PI3K/Akt pathway in ECs is associated with an increase in eNOS gene
expression and activation (Zeng and Quon, 1996; Gerber et al., 1998; Hermann et al.,
2000) and further enhanced by other factors, such as VEGF, shear stress (Gallis et al.,
1999; Hermann et al., 2000; Kuboki et al., 2000), and increased production of
prostacyclin (PGI2) via COX-1 in ECs (Osanai et al., 2000; Mollace et al., 2005).
Activation of the MAPK pathway leads to the production of ET-1 (Oliver et al., 1991;
Hu et al., 1993; Cardillo et al., 1999; Vicent et al., 2003; Marasciulo, Montagnani and
Potenza, 2006), PAI-1 (Grenett et al., 1998; Nordt et al., 1998) and adhesion molecules,
such as E-selectin and VCAM-1 (Kuboki et al., 2000). Insulin also stimulates
angiogenesis and capillary recruitment, through regulation of VEGF, leading to increased
192

distribution of nutrients and more insulin to the surrounding tissues (Gallis et al., 1999),
decreased EC apoptosis (Hermann et al., 2000), decreased oxidative stress (Du et al.,
2006), and an increase in the expression of antioxidant enzymes like heme oxygenase-1
(HO-1) (Geraldes et al., 2008). Importantly for this study, it has been previously shown
that insulin can upregulate glucose metabolism in ECs, via the PI3K/Akt-mediated
increase of GLUT1 expression and translocation to the plasma membrane (Ebeling,
Koistinen and Koivisto, 1998) and the increase of hexokinase activity (Gottlob et al.,
2001; Rathmell et al., 2003; Riley et al., 2005).
The systemic effect of insulin and endothelial function are highly interdependent. On one
hand, insulin modulates the function and proliferation of ECs, on the other hand,
endothelial integrity and normal function are essential for insulin transport and action in
the muscle and adipocytes. The endothelial barrier is involved in the transcellular
transport of insulin from the luminal to the abluminal space through interaction with
insulin receptors (King and Johnson, 1985) and the formation of caveolae (Wang et al.,
2006; Wang, Wang and Barrett, 2011; Barrett and Liu, 2013). Insulin contributes to an
increase in blood flow, via angiogenesis and capillary recruitment, and an increase in
vasodilation, on account of an insulin-stimulated increase in NO production (via the
PI3K/Akt/eNOS pathway). Enhanced blood flow leads to greater availability of insulin
to the target cells, ensuring the maintenance of the homeostasis of circulating glucose
(Postic, Dentin and Girard, 2004).
Impairment of insulin action at a cellular level characterises the state of insulin resistance,
(described in Chapter 1, section 1.3.2.1.3), an important feature of metabolic syndrome
(including obesity, dyslipidaemia, T2DM and CVD) (Cersosimo et al., 2006). A link
exists between systemic insulin resistance and the loss of endothelial function. In T2DM,
both hyperglycaemia and insulin resistance contribute to endothelial dysfunction,
resulting in impaired NO production (King and Johnson, 1985) and decreased capillary
recruitment (Gallis et al., 1999) in response to insulin (Inoguchi et al., 1994; Muniyappa
et al., 2007; Taguchi et al., 2014), which further compromise its metabolic action.
Furthermore, insulin resistance can affect ECs, a phenomenon defined as vascular insulin
resistance (Fulton, 2009; Schulman and Zhou, 2009; Barrett and Liu, 2013; BretónRomero et al., 2016). Many studies have shown that systemic insulin resistance is
associated with impaired insulin signalling in vascular cells (Steinberg et al., 1996; Jiang
et al., 1999), together with inflammation, lipotoxicity and glucotoxicity (Muniyappa et
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al., 2007) through the induction of ECs apoptosis, as well as decreased angiogenesis,
tissue capillary recruitment and the dysregulation of vascular tone (Cersosimo et al.,
2006; Rattigan et al., 2006).
Vascular insulin resistance reduces glucose and insulin distribution to the target cells,
impairing systemic insulin action and nutrient homeostasis and resulting in
hyperinsulinaemia and hyperglycaemia. In an insulin-resistant diabetic state, exposure of
ECs to hyperglycaemia and hyperinsulinaemia can have detrimental effects on
endothelial function, as well as inducing diabetic cardiovascular and metabolic
complications.
Hyperinsulinaemia is associated with both T2DM and T1DM (Reaven, 1988b; Steinberg
et al., 1996; Minamino and Komuro, 2007). In the first case, hyperinsulinaemia can result
from an alteration in insulin production and clearance associated with the onset of insulin
resistance in pre-diabetes (Meigs et al., 2000; Ohtsubo et al., 2011). Alternatively, insulin
resistance in T1DM can be caused by a homeostatic response that follows insulin
administration: under physiological conditions, the liver is responsible for approximately
50% of the insulin metabolization before it is released in the peripheral circulation, which
is therefore 2-fold lower than the amount of insulin released in the first place. However,
when insulin is injected subcutaneously, it is absorbed in the circulation, leading to
chronically high peripheral insulin concentration in patients with T1DM (Gregory et al.,
2015), possibly driving the long term insulin resistance that can ensue with prolonged
insulin therapy.
The decreased insulin action in the endothelium has been attributed to both loss of insulin
receptor function and to dysregulation of the insulin signalling transduction pathways
(Heydrick et al., 1993). In animal models, the loss of insulin receptor function in ECs
predisposes to systemic insulin resistance and obesity (Konishi et al., 2017). Moreover,
findings from Masaki et al. (2019) showed that endothelial insulin resistance in arterial
ECs is associated with oxidative stress, left ventricular diastolic dysfunction, arterial
stiffness and heart failure (Masaki et al., 2019).
Many studies have shown that hyperglycaemic exposure leads to a loss of endothelial
response to insulin at both high and physiological insulin concentrations (Salt et al., 2003;
Taguchi et al., 2014; De Nigris et al., 2015). Hyperglycaemia can contribute to vascular
insulin resistance in many ways. As mentioned in Chapter 1, section 1.3.3.3.2, a high
intracellular glucose concentration increases glucose metabolism through the HBP,
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leading to an increase in O-GlcNAc modifications of factors involved in the insulin
signalling pathways, such as Akt and eNOS (Xue Liang Du et al., 2001; Schnyder et al.,
2002). Overexpression of the rate-limiting enzyme glutamine:fructose-6-phosphate
aminotransferase (GFAT1) is associated with insulin resistance in transgenic mice
(Veerababu et al., 2000).
The formation of AGEs, which is associated with hyperglycaemia and oxidative stress,
can also blunt the insulin action both systemically and in the vasculature (Takeshi
Nishikawa et al., 2000). AGEs cause a decrease in NO production by increasing eNOS
mRNA degradation (Bucala, Tracey and Cerami, 1991; Rojas et al., 2000; B. Xu et al.,
2003),

inhibiting IRS-1 and IRS-2 tyrosine insulin-mediated phosphorylation, and

affecting the insulin PI3K/Akt pathway (Miele et al., 2003).
In other in vivo studies, hyperglycaemia causes selective endothelial insulin resistance,
which affected only specific intracellular insulin pathways (Muniyappa et al., 2007;
Muniyappa and Sowers, 2013), particularly the PI3K/Akt/eNOS pathway (Kim et al.,
2006; Madonna, M Massaro, A Pandolfi, A Consoli, 2007; Muniyappa and Sowers, 2013;
De Nigris et al., 2015). This could, in turn, result in impaired NO generation, cell
proliferation, apoptosis (Hermann et al., 2000) and angiogenesis, which could contribute
to a shift in the activation of mitogenic effectors such as ERK1/2, JNK and p38 (Caporali
et al., 2008). In vitro, HCAECs showed decreased insulin-mediated eNOS Ser1177
phosphorylation when cultured in high glucose (20 mM) and exposed to high insulin
(50 nM) for 10 minutes (Federici et al., 2002).
Despite numerous studies analysing the consequences of hyperinsulinaemia at a systemic
level, knowledge on the specific exposure of high insulin and the interaction with various
concentration of carbohydrates (including glucose and fructose) is lacking. For this
reason, in this study, it remained important to analyse the interaction and the effects of
insulin on cellular metabolism, ROS and superoxide production and importantly, NO
production. This would provide knowledge and information missing in the current
literature about the direct effects of EC exposure to high concentration insulin, in the
presence or absence of fructose. This scenario aimed to mimic a pre-diabetic state, where
insulin overproduction occurs to counteract an insulin-resistant state.
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6.1.3 Aims and hypotheses
The first aim of this study was to identify any fructose-induced metabolic changes relating
to ROS production and EC function.
It was hypothesised that fructose (1 mM) changes EC metabolism, acting as an additional
carbohydrate source and exerting similar effects to those previously described in
hepatocytes, such as increased glycolysis and ATP depletion (Hallfrisch, 1990; Kolderup
and Svihus, 2015).
In addition, it was hypothesised that fructose drives an overload of the ETC via excessive
NADH production, leading to greater superoxide production and ROS-RNS, compared
to glucose alone.
Finally, due to the literature identifying atherogenesis as one of the main consequences
of high fructose consumption (Kolderup and Svihus, 2015; Mirtschink et al., 2018), it
was hypothesised that there would be a decrease in NO production linked to cellular redox
or metabolic disruption.
The second part of the study set out to identify the effect of high insulin exposure and
interaction with various carbohydrates concentration and compositions, by analysing
aspects of cellular metabolism, redox state and NO production. High insulin and high
glucose concentrations are used to mimic an insulin-resistant state.
It was hypothesised that glucose and fructose metabolism would be increased by the
presence of insulin in several ways, including increased glucose uptake.
The second hypothesis for this part of the study was that insulin could increase NO
production in the presence of glucose alone or a combination of glucose and fructose.
Finally, considering the effect of hyperglycaemia in EC insulin sensitivity, it was
hypothesised that the effects of insulin in increasing NO production and in increasing
cellular metabolic activity were lower in cells exposed to HG conditions (including both
glucose alone and a combination of glucose and fructose), compared to cells exposed to
NG conditions.
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6.2 Experimental approach
6.2.1 In vitro model design for glucose and glucose/fructose testing
The effects of constant glucose and fructose exposure on NGPC cells at three test
concentrations (NG, IG and HG) were evaluated and compared to the effects of glucose
exposure alone, to identify any changes brought about by fructose exposure on
metabolism, ROS-RNS and superoxide production and nitrite medium concentration.
As previously described in Chapter 3, section 3.2.1.2, the treatment medium was replaced
every 24 hours, in the attempt to mimic a stable exposure to the same carbohydrate
concentration for the testing period (48 hours).
Fructose was used at 1 mM, in addition to glucose, while the total carbohydrate
concentrations were kept constant, to maintain the established NG, IG and HG conditions.
For the second part of the study, insulin (500 pM) was added to the treatment medium for
both glucose and glucose/fructose treatments and at the three test conditions (NG, IG and
HG). The diagram in Figure 6-1 illustrates the experimental model the experimental test
design for the experiments described in this Chapter, including NGPC cells exposure to
glucose, a combination of glucose and fructose, and a combination of glucose, fructose
and insulin, as explained above.
The tissue culture medium used in tissue culture studies has a similar osmolarity
compared to the blood serum (260-320 mOSM/Kg) (Waymouth, 1970). However,
changes in glucose and fructose concentration could affect the osmolarity of the medium,
which could have direct effects on altering cellular gene expression and metabolic
activity, as shown by previous studies (Finan and Guilak, 2010). In order to exclude the
possibility that the results achieved were due to a change in osmolarity, all the
experiments results were compared with a treatment with a combination of glucose and
mannitol to reach a total concentration of 25 mM (negative control) (See Table 6-1).

197

Figure 6- 1. Diagram describing the acute glucose (with or without insulin), glucose/fructose (with or
without insulin) regimen and outcome measures.

The following table illustrates the carbohydrate composition of the different test media,
showing the glucose concentration in the test medium in the absence and presence of
fructose.

Total
carbohydrate
concentration

Glucose
only

Glucose
concentration
with 1 mM fructose

Osmolarity
control D
mannitol)

NG (5.5 mM)

5.5 mM

4.5 mM

19.5 mM

IG (12.5 mM)

12.5 mM

11.5 mM

HG (25 mM)

25 mM

24 mM

12.5 mM
0 mM

Table 6- 1. Composition of the various carbohydrate combinations used in the test media .

6.2.2 Cell culture and experimental model
Only NGPC cells (passaged for more than 10 times) were used for this series of
experiments. The cells were cultured as described in Chapter 2, section 2.2.1. All the other
experiments were performed as described in Chapter 2, sections 2.2.7, 2.2.10.1, 2.2.15
and 2.2.18).
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6.2.3 Statistics
All data are expressed as mean ± SD. For each experiment, “n” represents the number of
technical replicates, namely the average value obtained by meaning triplicate/duplicate
repetitions. Data were analysed using parametric and non-parametric tests, as appropriate.
Parametric testing was justified after confirmation of data normality (D’Agostino and
Pearson test) and equal variances. Significant difference between means was accepted at
p<0.05. Statistical tests were performed using GraphPad Prism version 6.00 software
(GraphPad Software, San Diego, CA).

6.3 Results
6.3.1 Glucose concentration depletion in the medium
The concentration of glucose in culture medium after a 24 hour incubation of NGPC cells
in medium containing glucose or glucose and fructose (glucose/fructose), in the presence
or absence of insulin (500 pM), was measured using a glucose meter and related strips
(section 2.2.7). Depletion of glucose from the medium was calculated as the difference
between the measurement at time 0 and a subsequent measurement taken after the 24 hour
incubation.
As shown in Figure 6-2, the mean glucose loss under each of the conditions used was
variable, though similar. For NGPC cells incubated with carbohydrate only (glucose or
glucose/fructose), or carbohydrate with the addition of insulin (glucose+insulin or
glucose/fructose+insulin), the mean glucose loss remained ~3 mM after 24 hour
incubation, regardless of the total carbohydrate load in the medium (NG, IG or HG). The
differences between each treatment were not significant, indicating that consumption of
carbohydrate by the NGPC cells was not affected by carbohydrate load or the presence of
insulin under these culture conditions.
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Figure 6- 2. Depletion of glucose from medium over 24 hours. NGPC were incubated with medium
containing NG (5.5 mM), IG (12.5 mM) or HG (25 mM) glucose, or with glucose/fructose, in the presence
and absence of insulin (500 pM). The concentration of glucose in the medium was measured with a
ONETOUCH VerioFlex glucose meter. Statistical significance was determined by two-way ANOVA and
Dunnett’s multiple comparison test, with cells glucose-treated group was glucose designated as control at
each test condition (NG, IG and HG). Values represent mean ± SD, n=13 (NS= not statistically significant).

6.3.2 The effect of insulin and fructose on cell bioenergetics
Changes in cellular bioenergetics were estimated using the MST assay (see Chapter 2,
section 2.2.10.1) after NGPC cells were continuously exposed to glucose alone or
glucose/fructose (1 mM), in the presence or absence of insulin (500 pM). For this assay,
negative values were excluded. The results obtained by glucose/fructose and insulin
incubation were compared to the effect of glucose incubation alone.
As shown in Figure 6-3 (A) NGPC cells exposed to NG, IG and HG acute test glucose
concentrations had a basal OCR of 53.2 ± 14 pM/min/mg protein (NG), 62.2 ± 7.2
pM/min/mg protein |(IG) and 62.4 ± 6.7 pM/min/mg protein (HG).
Basal ECAR measured 35.3 ± 6.9 mpH/min/mg protein (NG), 36.6 ± 9 mpH/min/mg
protein (IG) and 36.4 ± 10 mpH/min/mg protein (HG) (Figure 6-3 (B)). Complex V OCR
measured 45.4 ± 11 pM/min/mg protein (NG), 51.7 ± 4.6 pM/min/mg protein (IG) and
52.6 ±5.7 pM/min/mg protein (HG) (Figure 6-3 (C)); the OCR associated with maximal
respiration (Figure 6-3 (D)) measured 92.9 ± 27.5 pM/min/mg protein (NG), 127.4 ± 22.8
pM/min/mg protein (IG) and 131.8 ± 15.4 pM/min/mg protein (HG), NMOCR (Figure 63 (E)) had a value of 32.7 ± 9.2 pM/min/mg protein (NG), 32.7 ± 7 pM/min/mg protein
(IG) and 26.3 ± 5.6 pM/min/mg protein (HG), and proton leak (Figure 6-3 (F)) 8 ± 4
pM/min/mg protein (NG), 9.8 ± 3 pM/min/mg protein (IG) and 9.8 ±1.9 pM/min/mg
protein (HG).
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Exposure of NGPC cells with glucose and insulin led to an increase in basal OCR, which
was statistically significant under NG (p<0.0001) and IG conditions (p<0.001) (Figure 63 (A)). There was no change in basal ECAR (Figure 6-3 (B)), while Complex V OCR
(Figure 6-3 (C)) was also increased at NG (p<0.001) and IG conditions (p<0.01) reaching
a value of 52 ±4.6 pM/min/mg protein (NG) and 65 ± 4 pM/min/mg protein (IG).
Maximal respiration (Figure 6-3 (D)) (p<0.01) was significantly greater, but only under
NG test condition (164 ± 28 pM/min/mg protein). NMOCR (Figure 6-3 (E)) and proton
leak (Figure 6-3 (F)) had similar values for glucose and glucose and insulin-treated cells,
and were statistically not significantly different (p>0.05)
Treatment of NGPC cells with glucose and 1 mM fructose also led to an increase in basal
OCR (Figure 6-3 (A)) which was significantly greater under NG (p<0.0001), IG
(p<0.001) and HG (p<0.001) conditions. Basal ECAR (Figure 6-3 (B)) was unchanged
by exposure to fructose. In the presence of fructose, Complex V OCR (Figure 6-3 (C))
was only significantly increased at NG (p<0.0001) and HG conditions (p<0.001), but not
at IG condition (p>0.05). Maximal respiration (Figure 6-3 (D)) significantly increased
only under NG condition, reaching a value of ~163 ± 35 pM/min/mg protein (p<0.0001).
NMOCR (Figure 6-3 (E)) was increased under NG (p<0.001), IG and HG conditions
(both p<0.0001). Proton leak (Figure 6-3 (F)) was also increased under the three test
conditions (p<0.0001 at NG and HG and p<0.01 at IG condition).
In the presence of fructose, the addition of insulin increased basal OCR (Figure 6-3 (A))
only under NG condition (73.4 ± 8.8 pM/min/mg protein) (p<0.0001). Basal ECAR
(Figure 6-3 (B)) had similar values compared to cells treated with glucose only. Similarly
to the basal OCR, Complex V OCR (Figure 6-3 (C)) was significantly increased only
under NG conditions (62 ± 7 pM/min/mg protein) (p<0.0001), as well as maximal
respiration (Figure 6-3 (D)) (p<0.01), which peaked up to 154.3 ± 35 pM/min/mg protein.
NMOCR (Figure 6-3 (E)) had similar values to the ones measured in the presence of
glucose only, which were not statistically significant (p>0.05). Finally, proton leak
(Figure 6-3 (F)) was only significantly greater under NG conditions (p<0.05), reaching a
value of 12 ±2.4 pM/min/mg protein.
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Figure 6- 3. Effect of acute test glucose and glucose/fructose exposure under NG, IG and HG test conditions
in the presence or absence of insulin (500 pM). The values obtained with fructose and insulin treatment are
compared with glucose only. Data for basal OCR (A), ECAR (B), Complex V OCR (C), Maximal
respiration (D), NMOCR (E) and Proton leak (F) were collected. Statistical significance was determined
by two-way ANOVA and Dunnett’s multiple comparison test, with cells exposed to glucose only
designated control. Values represent mean ±SD, n=8-12 (NS=not statistically significant, * p<0.05, **
p<0.001, *** p< 0.001, ****p<0.0001).

The addition of insulin to the incubation medium containing glucose alone resulted in an
increase in cellular metabolic activity (Figure 6-4 (A)). Under each condition, cells shifted
from a quiescent and glycolytic state towards a more energetic and aerobic phenotype,
with a less marked effect in the HG test condition. Interestingly, when NGPC cells were
treated with glucose and fructose, the addition of insulin had the opposite effect to that
observed in the presence of glucose only, demonstrating a more glycolytic and quiescent
phenotype in comparison with glucose/fructose only (Figure 6-4 (B)). Insulin treatment
also led to a shift along the quiescent/energetic axis, directed towards the quiescent
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phenotype (Figure 6-4 (C)). Finally, glucose and glucose/fructose treated cells showed a
similar metabolic phenotype, reflected by similar bioenergetics parameters in the
presence of insulin (Figure 6-4 (D)).
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Figure 6- 4. Energy map for NGPC cells exposed to acute NG, IG and HG test glucose and glucose/fructose
concentrations with or without insulin (500 pM). The energy map combined basal ECAR and ORC values,
calculated with the MST, and compared glucose and insulin-treated cells versus glucose only (A),
glucose/fructose treated cells versus glucose only (B), glucose/fructose treated cells in the presence or
absence of insulin (C) and glucose and glucose/fructose treated cells in the presence of insulin (D). n=812. Values represent mean ± SEM.

6.3.3 The effect of insulin and fructose on the cellular redox state
Total ROS-RNS and superoxide production were quantified as described in Chapter 2,
section 2.2.15. As in previous studies, the positive control for this experiment was NGPC
cells exposed to 200 µM pyocyanin for 20 minutes.
Figure 6-5 shows that NGPC cells incubation with glucose alone gave total ROS-RNS
(Figure 6-5 (A)) mean values of 0.13 ±0.005 AU/mg protein, 0.17 ±0.006 AU/mg protein
and 0.15 ±0.005 AU/mg protein respectively under NG, IG and HG conditions.
Superoxide (Figure 6-5 (B)) measured was 0.029 ±0.002 AU/mg protein under NG
condition and 0.035 ±0.002 AU/mg protein under IG and HG conditions.
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The incubation of NGPC cells with glucose and insulin led to a 23% greater total ROSRNS (Figure 6-5 (A)) using NG medium, going from ~0.13 ± 0.005AU/mg protein in
cells treated with glucose to 0.16 ± 0.004 AU/mg protein in the presence of glucose and
insulin. However, superoxide (Figure 6-5 (B)) level was unchanged and not significantly
different from glucose only.
Treatment of NGPC cells with glucose and 1 mM fructose left total ROS-RNS unvaried
(Figure 6-5 (A)). Superoxide (Figure 6-5 (B)) fluorescent values, however, were lower
for cells treated with glucose and fructose under NG (p<0.05) and HG (p<0.001)
conditions, but not significantly different at IG conditions.
In the presence of insulin, glucose/fructose cells showed an increase in total ROS-RNS
(Figure 6-5 (A)) at NG condition (p<0.0001), reaching values of 0.18 ± 0.004 AU/mg
protein. No significant changes were identified under IG and HG conditions, where total
ROS-RNS measured were ~0.17 ± 0.004 and 0.17 ± 0.006 AU/mg protein. Superoxide
(Figure 6-5 (B)) was ~17% lower for cells treated with glucose/fructose and insulin,
compared to glucose only, while the same treatment had no effect at NG and HG
conditions.
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Figure 6- 5. Effect of acute test glucose and glucose/fructose exposure (NG, IG and HG) in the presence or
absence of insulin (500 pM) on total ROS-RNS (A) and superoxide (B) production of NGPC cells. Statistical
significance was determined by two-way ANOVA and Dunnett’s multiple comparison test, with cells
exposed to glucose designated control. Values represent mean ± SD, n=15 (NS= not statistically significant,
*p<0.05, **p<0.01).

6.3.4 The effect of insulin and fructose on nitrite accumulation in culture medium
The effect of insulin and fructose on nitrite accumulation in the culture medium of NGPC
cells after 24 h incubation was measured as a surrogate of cellular NO production, using
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the assay described in Chapter 2, section 2.2.18. For this assay, only the values included
within the standard curve range were included.
As shown in Figure 6-6, the mean nitrite measured in the medium of cells incubated with
glucose alone measured 831 ± 76 nM, 421 ± 58 nM and 189 ± 36 nM, respectively after
incubation with NG, IG and HG medium.
In the presence of glucose alone, treatment with insulin did not significantly change the
concentration of nitrite in culture medium for either NG or IG conditions, leading to
similar nitrite values. However, cells exposed to 25 mM glucose and insulin (HG) had
196% greater nitrite concentration (561 ±76.8 nM), compared to glucose only (p<0.001).
Exposure to a combination of glucose and fructose led to a significantly lower nitrite
concentration (449.7 ± 69 nM) at NG condition (p<0.001), decreased by 45% compared
to nitrite measured in the presence of glucose only. However, fructose addition to the
treatment medium caused no difference in the nitrite concentration detected when cells
were exposed to 12.5 (IG) and 25 (HG) mM of total carbohydrate concentrations, where
the mean values for nitrite measured were 290.4 ± 25 and 250.2 ±47 nM.
Finally, cells treated with fructose and insulin also showed a net decrease (50% in nitrite
under NG conditions (p<0.0001), compared to cells treated with glucose only. The same
was not observed at IG and HG conditions, where the nitrite concentration measured was
similar to the one measured for glucose: 255.3 ±26 nM and 268.3 ± 25 nM respectively
for cells incubated with 12.5 and 25 mM of total glucose/fructose.
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Figure 6- 6. Effect of acute test glucose and glucose/fructose exposure (NG, IG and HG) with or without
insulin (500 pM) on nitrite production in NGPC cells. Statistical significance was determined by two-way
ANOVA and Dunnett’s multiple comparison test with cells exposed to glucose designated control. Values
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represent mean ±SD, n=12-23 (NS= not statistically significant, ***p<0.001, ****p<0.0001 compared to
glucose only mean).

6.4 Discussion
6.4.1 Effect of fructose and insulin on medium glucose depletion
The incubation of NGPC cells with a combination of glucose and fructose and insulin
didn’t change the glucose loss rate from the medium in 24 hours, compared to glucose
only.
As shown in Chapter 3, section 3.3.6, GLUT-1, a glucose transporter highly specific for
D-glucose, was identified and quantified in this cell line, in order to explain the difference
in glucose loss in the incubation medium identified with high glucose preconditioning.
Alongside with GLUT1, many GLUT isoforms have been identified and described in the
literature, each one different from the other in substrate specificity and transport kinetics
(Joost and Thorens, 2001). Of these, GLUT 2, 7, 8 and 5 have been identified for their
ability to transport fructose in various tissues, such as liver, kidney (GLUT2), brain,
intestine (GLUT5, GLUT2) and also in ECs (GLUT2) (Burant and Bell, 1992; Wood and
Trayhurn, 2003; Cui et al., 2004). The expression of GLUT in ECs is specific to the cell
localisation and can vary in response to extracellular conditions, such as shear stress and
cellular metabolic state (Garlanda and Dejana, 1997; Ghitescu and Robert, 2002).
In this study, the presence of fructose did not modulate the glucose depletion rate when
cells were exposed to a combination of glucose and fructose, as opposed to glucose only.
The utilisation of the same transporter by both hexoses would have been expected to result
in competitive binding and a possible decrease in glucose internalisation, especially at
lower carbohydrate concentrations. Therefore, it can be proposed that glucose and
fructose enter the cell through different transporters. One of the most likely candidates
for participation in fructose transport in ECs is GLUT2 (Km 11 mM for fructose and 20
mM for glucose) (Mueckler and Thorens, 2013). GLUT2 has already been identified in
some EC models, such as HCAECs (Gaudreault et al., 2008) (Burant and Bell, 1992;
Wood and Trayhurn, 2003; Cui et al., 2004), where it allows the bi-directional transport
of glucose and fructose across the cell membrane. The quantification of this receptor and
eventual changes in response to increasing levels of carbohydrate exposure could be an
interesting subject for future studies.
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The presence of insulin did not affect glucose depletion from the medium over 24 hours
from culture medium under NG, IG or HG test conditions. This was valid for cells treated
solely with glucose or with the combination of glucose and fructose, excluding any insulin
effect in glucose internalisation in NGPC cells.
Previous studies have shown how insulin directly regulates glucose transport and
metabolism in GLUT4 expressing cells, including hepatocytes, myocytes and adipocytes
via upregulation and activation of key metabolic enzymes, such as hexokinase (glucose
phosphorylation to G6P), PFK1 and by dephosphorylating and activating the kinase
activity of the bifunctional enzyme PFK-2/FBPase-2 (Colosia et al., 1988), which
produces fructose-2,6-bisphosphate (F-2,6-P2), the activator of PFK1 (Wu, Khan and
Lange, 2005). The role of insulin in controlling glucose transport in cells not expressing
GLUT4 is, however, controversial. On one side, glucose transport from GLUT1 and
GLUT2 has been found to not depend on insulin (Gaudreault, Scriven and Moore, 2004;
Wu, Khan and Lange, 2005; Gaudreault et al., 2008). Alternatively, studies have shown
that insulin could directly or indirectly regulate GLUT1 expression and glucose entry into
the cells. Recent studies have shown an increase in GLUT-1 expression via activation of
the PI3IK/Akt pathway (Ding et al., 2000; Jacobs et al., 2008; Melstrom et al., 2008;
Wofford et al., 2008; Yun et al., 2009; Sommermann et al., 2011; Fang et al., 2015) and
the MAPK (Mayer et al., 2005). Since both pathways are activated by insulin in ECs, in
this study it was hypothesised that the presence of insulin could increase cell glucose
uptake, via an increase of GLUT1 expression, or an increase in cellular metabolic activity
caused by increased metabolic enzyme expression/activation.
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6.4.2 Effect of glucose/fructose treatment on cellular bioenergetics, redox state
and NO production

Test

Glucose/fructose
NG

IG

HG

Basal OCR

↑****

↑***

↑***

Basal ECAR

NS

NS

NS

Complex V OCR

↑****

NS

↑***

Maximal respiration

↑***

NS

NS

NMOCR

↑***

↑****

↑****

Proton leak

↑****

↑**

↑****

Total ROS-RNS

NS

NS

NS

Superoxide

↓*

NS

↓**

Nitrite

↓**

NS

NS

Table 6- 2. Summary of the effects of glucose and fructose (1 mM) exposure on NG PC cells bioenergetics
(basal OCR, basal ECAR, Complex V OCR, maximal respiration, NMOCR, proton leak), total ROS-RNS
and superoxide and nitrite medium concentration after exposure to 5.5 (NG), 12.5 (IG) and 25 (HG) mM
total carbohydrates concentration for 48 hours. The arrows represent the increase (↑) or decrease (↓) of the
parameters measured, in comparison with cells treated with glucose only at the same test conditions (NG,
IG and HG). Statistical significance is indicated by: * (p<0.05), ** (p<0.01), *** (p<0.0001), ****
(p<0.0001), NS= statistically non-significant change.

Despite none of the treatments tested in this study affecting glucose loss from the
incubation medium, the treatments nevertheless produced important changes in cellular
bioenergetics, as summarised in Table 6-2. Glucose/fructose exposure created a
significant metabolic change in NGPC cells, independent of the test glucose concentrations
(NG, IG or HG). With the exception of maximal respiration, that increased only under
NG conditions in the presence of glucose/fructose, exposure to the combination of these
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sugars increased basal OCR, Complex V-dependent OCR, NMOCR and proton leak.
Taken together, these results could indicate that the exposure of NGPC cells to
glucose/fructose drove a net increase in metabolic activity, reflected by an increase in
aerobic glucose and fructose metabolism, where the mitochondrial activity is increased
in response to the greater electron flux to the ETC (in turn derived from the increase in
the glucose and fructose breakdown via glycolysis and TCA).
However, maximal mitochondrial respiration was not increased in response to fructose in
hyperglycaemic exposure. This could be explained as a result of the Crabtree effect, a
phenomenon widely documented in the literature (Dobrina and Rossi, 1983; Koziel et al.,
2012; Hammad et al., 2016) and also in a similar cell model (Koziel et al., 2012). The
suppressing effect of high glucose on mitochondrial maximal respiratory activity was
indeed identified previously in the present study, but only after HG preconditioning
(Chapter 4, section 4.3.1.1). An increase in maximal respiration is dependent on ATP
synthase functionality, substrate availability and ETCs number and integrity (Chacko et
al., 2014). Since NGPC cells responded with an increase in the cellular aerobic capacity
only under normoglycaemic conditions, measurement of the NADH/NAD+ ratio,
quantification of mitochondria number (for example by using fluorescent methods, citrate
synthase activity) (Marín-García, Goldenthal and Moe, 2001; Larsen et al., 2012;
Bharadwaj et al., 2015)) and of the ETC complexes activation could be used to explain
the differences in maximal respiration observed.
Although fructose metabolism has been extensively studied and described in hepatic cells,
its impact has not been fully explored in EC. In consideration of the EC metabolic
enzymatic machinery, which differs from the unique hepatic metabolic phenotype, it
appears likely that, once fructose enters the cell, it is phosphorylated by hexokinase (II)
to F6P, which could be used as a substrate for the intracellular aerobic metabolism,
including glycolysis, TCA and oxidative phosphorylation. These concepts are illustrated
in Figure 6-7. Additionally, F6P can be metabolised through the hexosamine and the
pentose phosphate pathways and this, too, is explained in Figure 6-8. Based on the results
obtained in this study, Figure 6-9 described the possible mechanisms derived by fructose
metabolic in this cell model.
A fructose concentration of 1 mM has been shown to induce ATP depletion in many cell
types, such as human kidney proximal tubular cells (HK-2) and human aortic ECs
(Glushakova et al., 2008; Cirillo et al., 2009), and in humans (Bode et al., 1973; Cortez209

Pinto et al., 1999; Nair et al., 2003; Abdelmalek et al., 2012). The mechanism of ATP
depletion can be explained by its phosphorylation and unregulated metabolism
(Abdelmalek et al., 2012). Similarly, excessive fructose and glucose phosphorylation
could deplete intracellular ATP production in ECs (Figure 6-7). This could, in turn, result
in excessive uric acid production, which has been shown to be linked to hypertension
associated with impaired production of endothelial NO (Erdogan et al., 2005; Zoccali et
al., 2006). In fact, uric acid reduces the concentration of NO in vivo and in vitro (Mazzali
et al., 2001; Khosla et al., 2005a), and the lowering of the uricaemia improved endothelial
function within weeks (Butler, Morris, J. J. F. Belch, et al., 2000; Doehner et al., 2002;
Farquharson et al., 2002; Guthikonda et al., 2003). However, it is still not clear whether
the endothelial dysfunction arises from a high circulating uric acid concentration, mainly
derived from the fructose hepatic metabolism, or if it also depends on the intracellular
high uric acid production in ECs. These findings are pertinent with the decrease in nitrite
(45%) identified in this study following incubation of NGPC cells with medium containing
fructose under NG conditions, possibly indicating an impairment of NO production in
this cell model (see Table 6-1 and section 6.3.4 of this Chapter).
Another way by which the increase in cellular metabolism identified in this study can be
explained is by potential activation of the enzyme AMP-activated protein kinase
(AMPK), a sensor of the energy status. This has also been related to ATP depletion, for
example as a consequence of fructose and glucose phosphorylation mediated by
hexokinase. The increase in ADP, resulting from the phosphorylation reaction, leads to
an increase in adenosine monophosphate (AMP), which can activate AMPK (Hardie,
2011; Garcia and Shaw, 2017). Once activated, AMPK further stimulates glycolysis, as
well as fatty acid oxidation (Velasco, Geelen and Guzmán, 1997; Ruderman et al., 1999;
Nagata, Mogi and Walsh, 2003).
In addition to the AMPK-derived increase in glucose and fructose catabolism, the net
increase in cellular respiration in the presence of fructose could also be explained by the
fact that fructose, as well as representing a glycolytic intermediate, can directly increase
the rate of the glycolytic pathway. As shown in Figure 6-7, F6P (both the glycolytic
intermediate formed during the second glycolytic step and the F6P molecule formed by
the hexokinase-mediated internalised fructose phosphorylation), can be phosphorylated
in position 2 by the enzyme phosphofructokinase-2/fructose bisphosphatase2 (PFK2/FBPase-2). The product, fructose 2-6 biphosphate, in turn, allosterically
activates one of the key glycolytic enzymes, phosphofructokinase (PFK1). This results in
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greater production of glycolytic metabolic intermediates, like triose phosphates
(glyceraldehyde 3 phosphate and DHAP), enhanced by the direct fructose metabolism
and indirectly, by increased formation of fructose 2-6 biphosphate.
An increase in F6P and glyceraldehyde-3-phosphate levels (consequent to an increased
glycolytic rate) can concur to the increase in the pentose phosphate flux, were both
metabolites are converted by the transketolase into xylulose-5-phosphate (figure 6-8 (A).
In hepatic cells, the accumulation of xylulose-5-phosphate has been shown to increase
the glycolytic rate by activating the phosphoprotein phosphatase 2A (PP2A), also
expressed in this cell model (Ladurner et al., 2012). PP2A dephosphorylates the
PFK2/FBPase-2, resulting in the activation of its kinase activity and the formation of
fructose 2-6 biphosphate which, as mentioned above, can increase the glycolytic pathway
activation by stimulating PFK1 (Greif, Kou and Michel, 2002; Boyle, 2005). A similar
mechanism could explain the increase in cell metabolism caused by the presence of
fructose. Moreover, PP2A has involved in eNOS Ser1177 dephosphorylation and enzyme
inactivation in ECs (Ladurner et al., 2012), an effect that could take part in excessive
eNOS glycosylation inhibits the reduction in medium nitrite concentration in the presence
of fructose identified in this study (NG condition).
Additionally, it can be speculated that the entry of F6P and glyceraldehyde-3-phosphate
through the non-oxidative branch of the pentose phosphate pathway (Figure 6-8 (A)) can
lead to ribose-5-phosphate for nucleotide synthesis, bypassing the oxidative branch of
PPP and the production of NADPH (Lunt and Vander Heiden, 2011). The latter represents
an essential cofactor for GSH reductase, which recycles GSSG to GSH, and for eNOS,
which mediates NO production. A decrease in NADPH derived from the oxidative branch
of the PPP could further explain the decrease in NO production found as a consequence
of fructose treatment, compared to glucose only. These results highlight a possible
deleterious effect of endothelial exposure to fructose, particularly when concomitant with
glucose overload: the oxidative branch of the PPP is very important for NAPDH
production and its bypass by F6P directly entering the PPP via the non-oxidative branch
can affect NADPH cellular content, leading to a decrease in oxidant defence and NO
production.
Furthermore, F6P can be shunted into the HBP, as well as excessive intracellular glucose,
and metabolised by the rate-limiting enzyme GFAT1, resulting in the production of UDPN-acetylglucosamine (UDPGlcNAc), a substrate for protein regulation by O-linked
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glycosylation (Figure 6-8 (B)) (Chatham et al., 2008). An excessive protein O-linked
glycosylation can, in turn, lead to a change in protein functionality. As an example,
excessive eNOS glycosylation inhibits its activation (Xue Liang Du et al., 2001).
Glucose/fructose exposure drove a ~52% increase in NMOCR, independently of the test
condition. As mentioned previously, this parameter quantifies the NMOCR, therefore its
increase could be a consequence of greater oxygenase and oxidase enzyme activity, such
as COX, LOX, NOX, or XO. An increase in NMOCR could be interpreted as a reflection
of a greater cellular proliferative and metabolic activity; several biological processes,
including DNA and histone demethylation, protein folding and lipid and collagen
synthesis, involve oxygen-consuming reactions (Gough, 2016). Measurement of the
transcription of these enzymes via PCR and translation via proteomic techniques could
give useful information to explain the NMOCR values and could be the object of future
studies.
It could be argued that an increase in the activity of these enzymes could lead to an
increase in ROS production, which was not identified in this study. However, this concept
only holds true when the antioxidant defence is unchanged or impaired and therefore can’t
counteract the ROS increase. Indeed, not only was total ROS-RNS production (Figure 65) unchanged by fructose exposure but, interestingly, superoxide production was reduced
under NG and HG conditions for glucose/fructose treated cells. The increase in proton
leak, resulting from persistent exposure to glucose/fructose could be responsible for this
result, used as a co-operative mechanism to reduce electron overload to the ETC, which
would result in an increase in the mitochondrial membrane potential and possible
mitochondrial dysfunction (Kadenbach, 2003).
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Figure 6- 7. Intracellular fructose metabolism in hepatocytes (A) and in EC (B). (A) Fructose enters the
hepatic cell through the transporter GLUT2, as well as glucose. Fructose is phosphorylated by fructokinase
(FK) to fructose 1 phosphate (F1P), an allosteric activator of the glycolytic enzyme pyruvate kinase (PK)
(Eggleston and Woods, 1970) and inhibitor of glycogenolysis (by inhibition of the enzyme glycogen
phosphorylase). F1P is then cleaved by aldolase B into glyceraldehyde and dihydroxyacetone phosphate
(DHAP), which can undergo de novo lipogenesis or enter glycolysis and gluconeogenesis, depending on
the cellular ATP demand. Fructose phosphorylation leads to an ATP decrease and greater formation of uric
acid by xanthine oxidase (XO). F1P can be also phosphorylated by the enzyme 6-phosphofructo-2kinase/fructose-2,6-biphosphatase 3 (PKKB3) into fructose 2,6 biphosphate (F2,6P2), a potent activator of
the glycolytic enzyme phosphofructokinase 1 (PFK1). (B) Though fructose metabolism in EC has not been
established, a similar metabolisation for fructose can be considered for EC, with subtle differences due to
differences in metabolic enzyme expression. Fructose can be internalised by a similar GLUT isoform
(possibly GLUT2) and phosphorylated to fructose-6-phosphate (F6P) by hexokinase (I or II). F6P can enter
the glycolytic pathway or, as in hepatic cells, be phosphorylated into F2,6P2 by PFKB3, enhancing PFK1
activity. Again, in the same way as hepatocytes, excessive fructose phosphorylation can lead to ATP
depletion and formation of uric acid.

Figure 6- 8. F6P metabolism through the pentose phosphate pathway (PPP) (A) and the hexosamine
biosynthetic pathway (HBP) (B). (A) F6P can be metabolised in xylulose-5-phosphate by the enzyme
transketolase (TK), taking part in the non-oxidative branch of the PPP and in nucleotide synthesis. (B)
Alternatively, F6P can be metabolised by the enzyme glutamine:fructose-6-phosphate aminotransferase 1
(GFAT1) in the HBP, enhancing the production of UDP-N-acetylglucosamine (UDP-GlcNAc), involved
in protein glycosylation reactions.
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Figure 6- 9. Proposed schematic representation of intracellular fructose metabolism and its effects in ECs.
The green arrows represent activation, while the red arrows represent inhibition. Intracellular fructose is
phosphorylated to F6P, which takes part in glycolysis, PPP or HBP. F6P can also be further phosphorylated,
in case of energy demand, into F2,6P2 (PFKB3). Fructose phosphorylation results in increased AMP, which
leads to the formation of uric acid and superoxide from the enzyme XO and activation of AMPK. This
activates glycolysis, TCA and oxidative phosphorylation further, leading to increased NADH and FADH2
formation and electron load to the ETC and a possible increase in superoxide formation. The increase in
proton leak contrasts the superoxide formation from this process and from the XO reaction, which could
also be responsible for the increased NMOCR. F6P enters the non-oxidative branch of the PPP, bypassing
the NADPH-producing oxidative branch of this pathway, and possibly resulting in impaired NO production.
This could also be a result of increased fructose and glucose-derived AGEs formation, increased uric acid
concentration and by the excessive eNOS glycosylation resulting from increased HBP flux. Finally,
glycolysis is enhanced by the PPP activation and the formation of xylulose 5 phosphate, which increases
F2,6P2 formation.
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6.4.3 Insulin effect on glucose and glucose/fructose treated cell metabolism,
oxidant production and nitrite production

Test

Glucose + insulin
NG

IG

HG

Basal OCR

↑****

↑***

NS

Basal ECAR

NS

NS

NS

Complex V OCR

↑***

↑**

NS

Maximal respiration

↑**

NS

NS

NMOCR

NS

NS

NS

Proton leak

NS

NS

NS

Total ROS-RNS

↑*

NS

NS

Superoxide

NS

NS

NS

Nitrite

NS

NS

↑**

Table 6- 3. Summary of the effects of glucose and insulin (500 pM) exposure on NG PC cells bioenergetics
(basal OCR, basal ECAR, Complex V OCR, baximal respiration, NMOCR, proton leak), total ROS-RNS
and superoxide and nitrite medium concentration after exposure to 5.5 (NG), 12.5 (IG) and 25 (HG) mM
glucose concentration for 48 hours. The arrows represent the increase ( ↑) or decrease (↓) of the parameters
measured, in comparison with cells treated with glucose only at the same test conditions (NG, IG and HG).
Statistically significance is indicated by: * (p<0.05), ** (p<0.01), *** (p<0.0001), **** (p<0.0001), NS=
not statistically significant.

Insulin interacted with glucose and glucose/fructose metabolism in an interesting way
(Table 6-3): while glucose treated cells were more aerobic and energetic in the presence
of insulin, the opposite effect was observed in the presence of a combination of glucose
and fructose, leading to a more quiescent and glycolytic metabolic phenotype upon
insulin treatment. Interestingly, NGPC cells showed similar energetic profile when treated
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with insulin, independently of the carbohydrate source metabolised, partially reverting
the metabolic effects introduced by the presence of fructose.
As shown in Table 6-3, in the absence of fructose in the treatment medium, insulin
increased cellular metabolism by increasing basal respiration, mitochondrial ATP
production (Complex V OCR) and maximal respiration. However, this effect was blunted
when NGPC cells were exposed to 25 mM carbohydrate concentration (HG condition).
The effect of hyperglycaemia on EC exposure on the impairment of cellular insulin
signalling, leading to vascular insulin resistance, has been widely documented (see the
introduction of this chapter) (Bucala, Tracey and Cerami, 1991; Rojas et al., 2000; B. Xu
et al., 2003; Salt et al., 2003; Taguchi et al., 2014; De Nigris et al., 2015). For example,
De Nigris et al. (2015) showed that exposure of HUVECs to high glucose concentration
for 24 hours reduced insulin-driven phosphorylation (activation) and expression of the
insulin receptor intracellular β subunit (IRβ), which is responsible for activation of the
main intracellular insulin signalling pathways. Moreover, the IRβ expression and
activation were not restored by the addition of physiological insulin concentrations from
100 pM to 1 nM (De Nigris et al., 2015). This has been explained with hyperglycaemiainduced increase in AGEs formation, also associated with oxidative stress, which has
been shown to decrease insulin pathway activation in the vasculature and in target cells,
namely muscles and adipocytes (Bucala, Tracey and Cerami, 1991; Quehenberger et al.,
2000; Rojas et al., 2000; Takeshi Nishikawa et al., 2000; B. Xu et al., 2003; Miele et al.,
2003).
Insulin treatment led to a more aerobic glucose metabolisation, described by the increase
in basal OCR and Complex V OCR. Cells exposed to normal glucose concentration also
had an increase in maximal respiration. The change in cellular metabolic activity as a
consequence of insulin exposure could be explained by the insulin-induced upregulation
of metabolic enzymes such as hexokinase, PFK1 and increased kinase activity of
PFK2/FBPase-2, previously observed in other cell types (Colosia et al., 1988; Wu, Khan
and Lange, 2005). Interestingly, the insulin effect of increasing the maximal respiration
was blunted in concomitance with 12.5 and 25 mM glucose exposure. The abovedescribed increase in cellular metabolic glucose catabolism could represent an advantage
in terms of energy production and metabolic efficiency, though this could also lead to a
potentially greater superoxide production from the ETC due to NADH/FADH2 overload,
and to greater oxygen utilisation. This could, in turn, decrease the amount of oxygen
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available to be distributed to the perivascular tissues (De Bock et al., 2013) and could
have deleterious effect in particular circumstances, such as hypoxia.
Hyperglycaemic exposure has been identified as one of the main triggers of the oxidative
stress condition that underpin endothelial dysfunction in diabetes. However, in this study,
48 hours of high and intermediate glucose and glucose/fructose exposure did not induce
an increase in total ROS-RNS and superoxide in NGPC cells (Table 6-4). In the presence
of insulin, total ROS-RNS concentration was surprisingly increased in the
normoglycaemic condition in the presence (~38%) and in the absence (~23%) of fructose,
compared to glucose alone. Despite the notion that an increase of ROS can trigger cellular
oxidative stress, it has to be noted that a slight increase in total ROS could also represent
a mechanism that promotes insulin signalling (Goldstein et al., 2005). In fact, the
activation of the intracellular insulin signalling pathway is associated with an oxidative
shift of the redox intracellular environment, caused by an increase in ROS production.
This has been found to inactivate phosphatases such as PTP1B, PTEN and SH2 domaincontaining phosphatase (SHP2) (Goldstein et al., 2005; Bashan et al., 2009; Iwakami et
al., 2011), which in turn enhance the intracellular activation of insulin pathways (BessePatin and Estall, 2014). The increase in ROS related to insulin signalling activation has
been attributed to an increase in its production and/or decreased scavenging. For example,
one of the sources of ROS is NOX-derived hydrogen peroxide (Mahadev et al., 2004; Li
et al., 2012). Additionally, adiponectin has been shown to increase insulin sensitivity by
increasing ROS production by 5-lipoxygenase (Fiaschi et al., 2007) and the activation of
insulin receptor tyrosine kinase activity following insulin binding, transiently deactivates
ROS scavenger peroxiredoxin-1 (Woo et al., 2010). Based on these findings, the increase
in total ROS or RNS in the presence of insulin for normal glucose treated NGPC cells
could reflect a physiological mechanism activated by insulin, with the aim of reinforcing
the intracellular activation of the intracellular signalling pathway. This effect could be
less marked in the presence of higher glucose concentration in the test medium (HG),
where no ROS increase was detected and this coincided with a limited insulin effect on
the modulation of cellular bioenergetics. These data support the idea that high glucose
treatment could affect the ability of cells to process fully the insulin signal.
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Test

Glucose/fructose

Glucose/fructose+insulin

NG

IG

HG

NG

IG

HG

Basal OCR

↑****

↑***

↑***

↑****

NS

NS

Basal ECAR

NS

NS

NS

NS

NS

NS

Complex V
OCR

↑****

NS

↑***

↑****

NS

NS

Maximal
respiration

↑***

NS

NS

↑**

NS

NS

NMOCR

↑***

↓****

↓****

NS

NS

NS

Proton leak

↑***

↑**

↑****

↑*

NS

NS

Total ROSRNS

NS

NS

NS

↑****

NS

NS

Superoxide

↓*

NS

↓**

NS

↑*

NS

Nitrite

↓***

NS

NS

↓****

NS

NS

Table 6- 4. Summary of the effects of glucose, glucose/fructose (1 mM) and insulin (500 pM) exposure on
NGPC cells bioenergetics (basal OCR, basal ECAR, Complex V OCR, maximal respiration, NMOCR,
proton leak), total ROS-RNS and superoxide and nitrite medium concentration after exposure to 5.5 (NG),
12.5 (IG) and 25 (HG) mM carbohydrates concentration for 48 hours. The arrows represent the increase (↑)
or decrease (↓) of the parameters measured, in comparison with cells treated with glucose only under the
same test conditions (NG, IG and HG). Statistically significance is indicated by: * (p<0.05), ** (p<0.01),
*** (p<0.0001), **** (p<0.0001), NS= not statistically significant.

The treatment of cells with glucose/fructose caused a rapid increase in NMOCR and
proton leak, in comparison to the values obtained with glucose only. When insulin was
added to the glucose/fructose treatment, these values were markedly decreased, in
comparison with the ones quantified for glucose and fructose treated cells (Table 6-4),
leading to NMOCR and proton leak similar to the ones measured for glucose treated cells.
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The change in NMOCR and proton leak showed a clear effect of insulin and fructose in
regulating cellular metabolism. In addition, a possible causal link could exist between the
decrease in proton leak following the insulin treatment and the increase in both superoxide
(IG) and total ROS-RNS (NG) production. High proton leak values could indicate
mitochondrial damage (Brand and Nicholls, 2011), but the dissipation of the proton
gradient is also a cellular mechanism used to reduce superoxide production by electron
leak from the complexes of the ETC. This could be achieved by the expression of
uncoupling proteins, like UCP2, which allow the passage of protons from the
intermembrane space back to the mitochondrial matrix, lowering the mitochondrial
membrane potential and the risk of electron leak from the ETC complexes (Brand and
Esteves, 2005; Handy and Loscalzo, 2012). In the present study, mitochondria damage or
malfunction can be excluded, due to unaltered basal OCR, Complex V OCR, and maximal
respiration values. Therefore, it is possible to link the increase in proton leak with the
decrease in ROS-RNS and superoxide production detected for glucose/fructose treated
cells. It can be postulated that the increase in proton leak identified in this study could be
a mechanism activated by the cell to counteract the surplus of electron transporters
(NADH and FADH2, derived by glucose and glucose/fructose metabolism) to the ETC
and avoid excessive superoxide production.
Furthermore, as previously explained, the increase in ROS production within a certain
range is a mechanism involved in insulin signalling (Mahadev et al., 2004; Goldstein et
al., 2005). The increase in total ROS-RNS and superoxide partially achieved by a
decrease in proton leak could allow the activation of insulin pathways. However, since
the cellular antioxidant defences have not been quantified for glucose, fructose, and
insulin exposed cells, it cannot be excluded that an increase in oxidant could also be
related to the depletion of the cellular antioxidant defence (Woo et al., 2010).
As explained in the introduction of this Chapter (section 6.1.2), insulin can activate the
PI3K/Akt pathway, which is known to mediate eNOS activation by phosphorylation of
Ser1177 (Federici et al., 2002; Salt et al., 2003; Madonna and De Caterina, 2009). For this
reason, an increase in NO production was expected in this study, especially at
normoglycaemic conditions. In fact, as mentioned previously, the PI3K/Akt pathway,
rather than the MAPK pathway, has been identified as the most susceptible to alterations
by hyperglycaemia (Federici et al., 2002; Salt et al., 2003; Madonna and De Caterina,
2009). The changes in cell bioenergetics driven by the exposure of NGPC cells to insulin
were less effective at high glucose concentration, suggesting the existence of an
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interaction between hyperglycaemia and insulin signalling alteration. For these reasons,
it was surprising to find that insulin drove an increase in nitrite content in the medium in
hyperglycaemic conditions, although this was not evident in the presence of fructose
(Figure 6-6, Table 6-4). NO and ET-1 production result from a number of factors,
including a positive feedback regulation mechanism between ET-1 and NO, as explained
in Chapter 5. Being ET-1 a result of MAPK activation, its quantification could give
additional information on the effect of insulin signalling in this cell model. Finally, a
deeper examination of the cellular energetic and oxidative state in terms of
NAD(P)H/NAD(P)+ and BH4/BH2 ratios and antioxidant cellular capacity, might clarify
any observed changes in eNOS function and their connection to cellular bioenergetics
and redox state.

6.5 Conclusions
Exposure of NGPC cells to a high concentration of fructose (1 mM) and insulin (500 pM)
led to important changes in cellular metabolism, oxidative state and NO production.
Fructose has been shown to accelerate aerobic metabolism without increasing ROS
production. However, fructose substantially decreased medium nitrite at normoglycaemic
conditions, and the same result was observed in the presence of insulin. When fructose
and glucose are contemporaneously present in the circulation, this could have important
negative consequences on vascular homeostasis, leading to increased expression of
adhesion molecules, impaired vasodilation and platelet aggregation.
Notwithstanding the differences highlighted by the treatment of cells with glucose-alone
and the combination of glucose and fructose, NGPC cells had similar bioenergetics in the
presence of insulin which were independent of the sugar composition in the medium.
Compared to glucose only, insulin caused an increase in cellular aerobic metabolism and
increased production of total ROS-RNS, in both glucose and glucose/fructose treated
NGPC cells. However, hyperglycaemia partially interfered with the insulin signalling, in
support of previous evidence showing that vascular insulin resistance could result from
hyperglycaemic exposure.
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CHAPTER 7: EFFECT OF
INTERMITTENT GLUCOSE AND
FRUCTOSE EXPOSURE ON
CULTURED ENDOTHELIAL CELLS
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7.1 Introduction
Oscillations in the concentration of glucose in blood represents a physiological feature
that occurs in both healthy and pathological conditions (Freckmann et al., 2007; Hall et
al., 2018). The adverse micro- and macro-vascular disease complications in both T1DM
and T2DM have been ascribed to both persistent exposure of the endothelium to
hyperglycaemia, and to intermittent glycaemic variations (Ceriello et al., 2004; Hirsch,
2005). However, there is evidence that intermittent hyperglycaemia leads to more severe
microvascular disease compared to constant high glucose exposure (Tuomilehto et al.,
1999; Matthews et al., 2004; Azuma et al., 2006; Monnier et al., 2006). Several in vivo
and in vitro studies have identified that glucose exposure-linked increases in apoptosis,
oxidative stress, inflammation, and senescence in the vascular endothelium were greater
after EC exposure to oscillating glucose concentrations compared to constant glucose
exposure (A Risso, 2001; Quagliaro et al., 2005; Piconi et al., 2006; Liu et al., 2013,
2014; N. Wu et al., 2016). More specifically, an increased risk of atherosclerosis can be
triggered by an intermittent glucose-related increase in senescence (Hayashi et al, 2010).
Maeda et. al (Maeda et al., 2015) found that a three day exposure of HUVECs to both
constant high glucose (medium changed every 24 hours) and intermittent high glucose
(with medium changed every 12 hours) increased the activity of β-galactosidase (SA-βgal), a marker for cellular senescence, and increased p21 and p16 INK4a expression,
indicative of senescence-related DNA damage. Although the effect of glucose exposure
on increased senescence was greater for the intermittent glucose treatment, only constant
high glucose exposure decreased telomerase activity, resulting in the shortening of the
telomeres (Maeda et al., 2015).
Both in vitro and in vivo studies show that glucose oscillation is linked to an increase in
expression of inflammatory markers via activation of inflammatory pathways in many
different cell-types. For example, glucose oscillation caused an increase in proinflammatory cytokine expression in monocytes (Yang et al., 2011), as well as in
HUVECs (Piconi et al., 2004; Quagliaro et al., 2005) and HCAECs (Liu et al., 2013).
Kumar et al. (2014) showed that high glucose exposure promoted atherosclerosis by
upregulating IL-6 and IL-17 expression in HUVECs through induction of oxidative stress
and via PKC/MAPK-dependent activation of NF-κB (Kumar, Natarajan and Shanmugam,
2014). These findings have been confirmed by other studies showing similar results in
the same cell model, consisting of the increased production of IL-6, TNF-α and ICAM-1
(Omi et al., 2002; Quagliaro et al., 2003; Piconi et al., 2004; Liu et al., 2013).
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Additionally, in vivo human studies by Esposito et al. (2002) identified a greater level of
circulating TNF-α as a consequence of glycaemic fluctuations (Esposito et al., 2002).
Hyperglycaemia can also trigger apoptosis in ECs, leading to a loss of endothelial
function and integrity (Risso et al., 2001; Schisano et al., 2011; Xiao et al., 2011; Liu et
al., 2014). Even in this respect, oscillating glucose seemed to have a greater impact,
compared to steady, high glucose exposure. For example, glucose fluctuation caused
greater p53 activation in HUVECs (Schisano et al., 2011), compared to constant high and
normal glucose, and greater formation of nitrotyrosine (an indicator of oxidative stress),
8-hydroxydeoxyguanosine (an indicator of oxidant-induced DNA damage) and apoptosis
(Quagliaro et al., 2003). In addition, intermittent high glucose promotes apoptosis by
decreasing B-cell lymphoma 2 (Bcl-2) expression and by increasing Bcl-2-associated X
protein (Bax) translocation to the mitochondria and caspase-3 p17 expression (Liu et al.,
2013).
As well as constant high glucose exposure, intermittent high glucose has been associated
with metabolic memory, through ROS-mediated epigenetic protein modification in ECs,
with long-lasting effects (Quagliaro et al., 2003; El-Osta et al., 2008; Ceriello, Ihnat and
Thorpe, 2009). Oxidative stress was also linked to decreased cell survival and
proliferation, as well as with the activation of inflammatory pathways, such as NF-κB. In
porcine and human retinal ECs, only intermittent glucose exposure increased
mitochondrial superoxide production (Sun et al., 2010). Additionally, intermittent
glucose exposure was responsible for the increase in oxidative stress-induced apoptosis
in HUVECs (Piconi et al., 2006). In the same in vitro model, intermittent glucose
exposure led to an increase in superoxide production from NADPH oxidase (NOX), as
indicated by an increase in p22phox subunit expression, leading to increased cellular
senescence (Maeda et al., 2015). NOX activation can in turn result from increased PKC
activity (Quagliaro et al., 2003) in both ECs (HCAECs) and VSMCs (Koya and King,
1998; Inoguchi et al., 2000), as shown by the overexpression of the NAD(P)H oxidase
subunits p47phox, p67phox, and p22phox after constant and intermittent high glucose
(Quagliaro et al., 2003; Monnier et al., 2006; Liu et al., 2014).
Despite numerous studies to investigate the effect of intermittent glucose on different
cell-types, the results are still contradictory. The first issue relates to the definition of
intermittent glucose exposure: in vivo, glucose spikes occur multiple times daily,
corresponding to each meal. However, most of the in vitro studies do not mimic the in
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vivo glucose oscillation rates, creating, for example, 12 hours (A Risso, 2001) or 24 hours
(Chen et al., 2011) oscillations. In addition, the cell models, the glucose concentration in
the preconditioning medium of the cells used (issue addressed in Chapter 3) and the total
incubation times are variable and inconsistent between different studies, with some
studies extending up to 14 days with primary cells (A Risso, 2001).
Notwithstanding evidence showing effects, including increased oxidative stress,
apoptosis, senescence and increased inflammation, none of the in vitro studies performed
so far have looked at changes in cell bioenergetics associated with glucose oscillations.
Cellular energy production, redox environment and cellular viability are closely linked to
the mitochondrial function of cells (Dikalov and Harrison, 2014) (Meza et al., 2019).
As described in the previous Chapter, the co-presence of glucose and fructose in the
medium in a model of constant exposure had profound effects on cellular metabolism,
NO production and, to a lesser extent, superoxide production. Glucose and fructose are
often present contemporarily in the circulation, especially in the postprandial period
(Tappy and Le, 2010). However, the effect of intermittent glucose/fructose exposure has
not been investigated, while a comparison of fructose exposure in both a constant and
oscillating model could also give important information about the metabolic pathway
responsible for fructose metabolism in these cells.
7.1.1 Aim and hypothesis
In this chapter, a novel intermittent glucose/fructose exposure model was designed, with
the aim of reproducing, as closely as possible, the postprandial glucose oscillations, each
one of two hours duration.
Based on the previously described glucose preconditioning model (Chapters 3, 4 and 5),
where long-term glucose exposure was shown to affect the cellular metabolic phenotype,
it was hypothesised that transient hyperglycaemic exposure could not achieve these
results and would leave the cellular bioenergetic phenotype unchanged.
As a consequence, in this chapter, it was hypothesised that intermittent HG exposure
would be of insufficient duration to create a condition of oxidative stress in NGPC cells.
Furthermore, since nitrite in the medium decreases rapidly following HG exposure, it was
also hypothesised that intermittent high glucose would not affect NO production in the
same manner that constant HG achieved.
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Due to the increase in the many parameters describing cellular metabolic bioenergetics
observed as a consequence of constant glucose/fructose exposure, it was clear that
glucose/fructose exposure caused more profound effects than glucose alone. It was
therefore hypothesised that, unlike for intermittent glucose alone, intermittent
glucose/fructose exposure would influence cellular bioenergetics, ROS, superoxide and
NO production despite the relatively short duration of exposure.

7.2 Experimental approach
7.2.1 In vitro intermittent model design and fructose and glucose testing
As previously described for constant glucose exposure, the total duration of the glucose
and fructose treatment was 48 hours. The concentration of glucose used for the treatment
was 5.5 mM (NG), 12.5 mM (IG) and 25 mM (HG).
Fructose was used at two different concentrations, 0.1 and 1 mM, as part substitute for
glucose in each of the conditions tested; the total carbohydrate concentrations were kept
constant, to reproduce NG, IG and HG conditions (Figure 7-1). The following table
illustrates the composition of carbohydrates of the test media, in particular the glucose
content of the test media in the absence and presence of fructose. As previously described
(section 6.2.1, Chapter 6), all the experiments results were compared with a treatment
with a combination of glucose and mannitol to reach a total concentration of 25 mM, to
exclude the possibility that the results achieved were due to a change in osmolarity (See
Table 7-1).

Figure 7- 1. Diagram describing the intermittent glucose and glucose/fructose regimen and outcome
measures.
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As shown in Figure 7-2, the treatment medium was changed three times daily and
consisted of three glucose/fructose oscillations, each one lasting two hours. In between
glucose and glucose/fructose oscillations, the cells were exposed to normoglycaemic
medium (5.5 mM/NG). After the final spike of the testing day, the cells were left for 12
hours under NG conditions to mimic the night-fasting glucose concentration. This model
design aimed to mimic cell exposure to hyperglycaemic conditions following typical
daily meal intake.

Glucose
only

Glucose
concentration
with 0.1 mM
fructose

Glucose
concentration
with 1 mM
fructose

Osmolarity
control D
mannitol)

NG (5.5 mM)

5.5 mM

5.4 mM

4.5 mM

19.5 mM

IG (12.5 mM)

12.5 mM

12.4 mM

11.5 mM

12.5 mM

HG (25 mM)

25 mM

24.9 mM

24 mM

0 mM

Total
carbohydrate
concentration

Table 7- 1. Composition of test glucose and glucose/fructose medium for the intermittent treatment.
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Figure 7- 2. Visual representation of the constant and intermittent glucose or glucose/fructose test treatment
for NGPC cells, both treatments lasting 48 hours in total. (A) represents the constant glucose/fructose
exposure model, with medium replaced every 24 hours. (B) represents the intermittent glucose/fructose
exposure model, where the medium was changed with the treatment medium (NG, IG and HG) for two
hours three times over a 12 hours test period, followed by 12 hours under NG conditions. This process was
repeated for a further 24 hours on the second day, for a total incubation time of 48 hours. Prior to testing
and after the last 12 hours overnight normoglycaemic incubation, the cells were exposed to one final glucose
and glucose/fructose oscillation (from 8:00 to 10:00). The pink arrow represents the addition of the test
medium treatment, while the blue arrow represents the addition of NG medium.

7.2.2 Cell culture and experimental model
Only NGPC cells (passaged for more than 10 times) were used for this series of
experiments. The cells were cultivated as explained in Chapter 2, section 2.2.1. All the
other experiments were performed as described in Chapter 2, sections 2.2.10.1, 2.2.15
and 2.2.18.
7.2.3 Statistics
All data are expressed as mean ± SD. For each experiment, “n” represents the number of
technical replicates, namely the average value obtained by meaning triplicate/duplicate
repetitions. Data were analysed using parametric and non-parametric tests, as appropriate.
Parametric testing was justified after confirmation of data normality (D’Agostino and
Pearson test) and equal variances. Significant difference between means was accepted at
p<0.05. Statistical tests were performed using GraphPad Prism version 6.00 software
(GraphPad Software, San Diego, CA).
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7.3 Results
7.3.1 Effect of intermittent glucose and glucose/fructose treatment on cellular
bioenergetics
Changes in the cellular bioenergetics of NGPC cells exposed to intermittent IG or HG
medium were estimated using the MST assay, described in Chapter 2, Section 2.2.10.1.
For this assay, negative values were excluded. The results calculated compared IG and
HG treated NGPC cells with cells incubated in the preconditioning medium (NG).
As shown if Figure 7-3, basal OCR was similar for NGPC cells intermittently exposed to
NG, IG and HG conditions, measuring 97.5 ± 27 pM/min/mg protein, 92.7 ± 24
pM/min/mg protein, and 105.5 ± 20 pM/min/mg protein respectively (Figure 7-3 (A)).
Basal ECAR measured 34.8 ± 6 pH/min/mg protein, 32 ± 6.5 pH/min/mg protein and 38
± 5.3 pH/min mg protein respectively for NG, IG and HG test conditions (Figure 7-3 (B)).
Complex V associated OCR was also similar for the three treatment groups, measuring
in average 82 ± 23 pM/min/mg protein, 92.7 ± 20.3 pM/min/mg protein and 89.7 ±16
pM/min/mg protein for cells treated with NG, IG and HG medium (Figure 7-3 (C)).
Similar maximal respiration values (215.9 ±41.6 pM/min/mg protein, 223.4 ± 36.8
pM/min/mg protein and 209.9 ± 47.9 pM/min/mg protein at NG, IG and HG) were
quantified after cells treatment, showing no influence on the test glucose exposure (Figure
7-3 (D)). NMOCR was also unchanged by oscillating glucose exposure, measuring in
average 27.4 ± 10.6 pM/min/mg protein, 23.9 ±12.7 pM/min/mg protein and 31.6 ± 14.9
pM/min/mg protein respectively for NG, IG and HG treated cells (Figure 7-3 (E)). Proton
leak was also similar for the three treatment groups (15.4 ± 6.5 pM/min/mg protein, 15.3
±6.9 pM/min/mg protein and 17.2 ± 7.8 pM/min/mg protein, respectively at NG, IG and
HG conditions) (Figure 7-3 (F)).
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Figure 7- 3. Effects of intermittent 5.5mM (NG), 12.5mM (IG) or 25mM (HG) glucose exposure on NG PC
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(C), maximal respiration (D), NMOCR (E) and proton leak (F). Statistical significance was determined by
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Figure 7-4 shows the changes in NGPC cells bioenergetics consequent to the intermittent
exposure to glucose and fructose (0.1 and 1 mM). For better clarity on the effect of
fructose exposure, the results of each bioenergetic parameter are represented for different
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test condition, starting from NG (left column), IG (central column) and HG (right
column). For each test condition, the values obtained by glucose/fructose exposure are
compared to the ones obtained after the exposure of the cells to glucose only.
Basal OCR (Figure 7-4 (A)) values were similar after NGPC cells exposure to NG, IG and
HG oscillating glucose conditions, coherently with the results shown in Figure 7-3. The
mean basal OCR values measured were 53 ±11.7, 52.3 ± 4.9 and 51.8 ± 9.6 pM/min/mg
protein, respectively for NG, IG and HG treatments. The part-substitution of glucose for
fructose, either at 0.1 or 1 mM concentration drove a substantial increase in basal OCR
(~83%) at the three test glucose conditions.
Basal ECAR (Figure 7-4 (B)) had also similar values for cells treated with glucose only
at NG, IG and HG conditions, measuring 30.3 ± 10 pH/min/mg protein (NG), 26.1 ± 4
pH/min/mg protein (IG) and 33.6 ± 11.6 pH/min/mg protein (HG). Basal ECAR was
increased at NG and IG conditions, after cells exposure to the combination of glucose
with both 0.1 and 1 mM fructose, reaching a value of ~53 pH/min/mg protein and ~50
pH/min/mg protein at NG and IG conditions. The increase in basal ECAR at HG
conditions was only significant in the presence of glucose and 1 mM fructose (p<0.05).
Complex V OCR (Figure 7-4 (C)) measured 43.9 ±7.6, 40.9 ± 3.5 and 36.6 ± 14.7
pM/min/mg protein for cells exposed to glucose only respectively at NG, IG and HG
conditions. The addition of both 0.1 and 1 mM of fructose to the treatment medium led
to a significant increase in this value, at NG (p<0.01), IG (p<0.001 for 0.1 mM fructose,
p<0.0001 for 1 mM fructose) and HG (p<0.001) test concentrations.
Maximal respiration (Figure 7-4 (D)) meausured 79.7 ±13.7 pM/min/mg protein (NG),
70.9 ± 18.3 pM/min/mg protein (IG) and 81.8 ± 11.2 pM/min/mg protein (HG) for cells
exposed to glucose only, while it increased after the addition of the two fructose
concentrations in the medium, by ~171%.
NMOCR (Figure 7-4 (E)) measured for glucose treated cells was 21.4 ± 3.5 pM/min/mg
protein, 22.6 ± 3 pM/min/mg protein and 25 ± 35 pM/min/mg protein under NG, IG and
HG conditions respectively. Differently from the constant glucose/fructose (1 mM)
exposure, where NMOCR was increased at all three test conditions, the oscillating
glucose/fructose exposure resulted in a similar NMOCR, which was only increased when
cells were treated glucose/fructose (1 mM) under NG conditions (p<0.01).
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In a similar way, proton leak, which measured 9.4 ± 4.2 pM/min/mg protein (NG), 11.4
± 2.4 pM/min/mg protein (IG), and 11.7 ± 2.4 pM/min/mg protein (HG) for glucose
treated cells, did not significantly change after NGPC cells exposure to glucose/fructose
test medium, independently from the fructose concentration used in the treatment.
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Figure 7- 4. Effects of intermittent glucose/fructose exposure (0.1 and 1 mM fructose) on NG PC cell
bioenergetics under NG (left column), IG (central column), HG (right column) conditions. The values
represented are basal OCR (A), basal ECAR (B), Complex V OCR (C), maximal respiration (D), NMOCR
(E) and proton leak (F). Statistical significance was determined by one-way ANOVA and Dunnett’s
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The energy maps (Figure 7-5) showed that while intermittent glucose treatment left the
cellular energetic phenotype unchanged, there was transition to a more energetic
metabolic phenotype for cells treated with intermittent fructose that was independent of
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the fructose concentration used. In particular, the energetic metabolism was driven by an
increase in both basal OCR and ECAR, leading to an upper right positioning of

O C R ( p M /m in /m g p r o t e in )

glucose/fructose treated cells in the map, compared to glucose treated cells.
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Figure 7- 5. Energy map for NGPC cells exposed to intermittent NG, IG and HG glucose alone and
glucose/fructose condition. The energy map combined basal OCR and ECAR values, calculated from the
MST assay for each treatment group, including cells treated with intermittent normal (NG), intermediate
(IG) and high glucose (HG) (A), and cells exposed to intermittent glucose and glucose/fructose (0.1 and 1
mM) under the same NG, IG and HG conditions. Values represent mean ± SEM.

7.3.2 Effect of intermittent glucose and glucose/fructose treatment on total ROSRNS and superoxide production
Total ROS-RNS and superoxide production were quantified using the total ROS-RNS
and superoxide detection fluorescent assay kit described in Chapter 2, section 2.2.15. As
in previous experiments, the positive control was NGPC cells exposed to 200 µM
pyocyanin for 20 minutes.
As shown in Figure 7-6, total ROS-RNS (Figure 7-6 (A)) for glucose treated cells had
similar value for NG, IG and HG treated cells, measuring 0.15 ± 0.03, 0.14 ± 0.03 and
0.17 ± 0.03 AU/mg protein respectively for the three groups (NG, IG and HG) (p>0.05).
Similarly, superoxide was not modulated by the intermittent glucose exposure, measuring
0.025 ± 0.008 AU/mg protein, 0.026 ± 0.004 AU/mg protein and 0.025 ± 0.007 AU/mg
protein at the three test glucose conditions (NG, IG and HG) (Figure 7-6 (B)) (p>0.05).
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Figure 7-7 shows the total ROS-RNS (Figure 7-7, left column of A, B and C) and
superoxide (Figure 7-7, right column of A, B and C) values calculated after NGPC cells
intermittent treatment with NG (A), IG (B) and HG (C) glucose or glucose/fructose (0.1
and 1 mM) concentrations.
Total ROS-RNS was similar for cells treated with glucose or glucose/fructose, measuring
0.15 ± 0.03 (0.1 mM fructose) and 0.16 ± 0.03 (1 mM fructose) AU/mg protein under NG
condition (Figure 7-7 (A)), 0.16 ± 0.2 (0.1 mM fructose) and 0.17 ± 0.4 (1 mM fructose)
AU/mg protein under IG condition (Figure 7-7 (B)) and 0.16 ± 0.3 (0.1 mM fructose) and
0.18 ± 0.3 (1 mM fructose) AU/mg protein under HG condition (Figure 7-7 (C)). The
values obtained by glucose/fructose oscillation were not significantly different from the
values obtained after treatment with glucose alone. However, differently from previous
similar experiments, the treatment with pyocyanin induced a significant increase in total
ROS-RNS (p<0.0001).
Similarly, superoxide significantly increased after cells exposure to pyocyanin
(p<0.0001). However, similarly to total ROS-RNS, the exposure of the cells with
intermittent glucose did not cause any change in superoxide detected under NG (Figure
7-7 (A)), IG (Figure 7-7 (B)) and HG (Figure 7-7 (C)) test conditions, which were
statistically not significantly different from the values obtained in the presence of glucose
only (p>0.05).
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Figure 7- 7. Effects of intermittent 5.5 (NG; A), 12.5 (IG; B) and 25 (HG; C) mM glucose and
glucose/fructose (0.1 and 1 mM) exposure on NG PC cell total ROS-RNS (left column, A, B and C) and
superoxide (right column A, B and C) production. For the positive control, indicated in the graph by “C”
NGPC cells were treated with 200 µM pyocyanin for 20 minutes. Statistical significance was determined by
one-way ANOVA test and Dunnett’s multiple comparison test, with cells treated with glucose alone under
NG, IG and HG test conditions designated controls. Values represent mean ± SD, n=7-12 (NS= not
statistically significant, ****P< 0.0001)
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7.3.3 Effect of intermittent glucose and glucose/fructose treatment on nitrite
accumulation in culture medium
The concentration of nitrite in the test medium was measured using the nitrite assay
described in Chapter 2, section 2.2.18. All test medium samples were collected after
overnight (12 hours) incubation of NGPC cells with each of the three treatments (NG, IG
and HG). For this assay, only the values included within the standard curve range were
included.
Unlike the effects introduced by constant high glucose exposure described in Chapter 5
(Figure 5-1), in this case the intermittent IG and HG exposure did not lead to a decrease
in the nitrite concentration measured in the incubation medium. As shown in Figure 7-8,
nitrite concentration was similar for glucose treated cells exposed to NG, IG and HG
conditions, with values measuring 705 ± 289 nM, 665 ± 161 nM and 605 ± 238 nM
(p>0.05).
Figure 7-9 shows the nitrite medium accumulation for NGPC cells exposed to intermittent
glucose and glucose/fructose (0.1 and 1 mM) at NG (A), IG (B) and HG (C) conditions.
The exposure of NGPC cells to both fructose concentrations and glucose caused a net
decrease in nitrite at all three test conditions. NG test glucose/fructose exposure led to
nitrite values of 116.4 ± 42.3 nM (p<0.0001) and 205.8 ± 59.3 nM (p<0.05) respectively
for cells exposed to 0.1 and 1 mM of fructose (A). Similar results were observed under
IG conditions and HG conditions.
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Figure 7- 8. Effects of intermittent 5.5 (NG), 12.5 (IG) and 25 (HG) mM glucose exposure on nitrite
accumulation in NGPC cell culture medium. Statistical significance was determined by one-way ANOVA
test and Dunnett’s multiple comparison test 5.5 mM treated cells designed as control. Values represent
mean ± SD, n=12-14.
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7.4 Discussion
7.4.1 Glucose oscillation does not affect NG PC cellular bioenergetics, oxidative
state or function
The treatment model used for intermittent glucose exposure described in section 7.2.1 of
this Chapter did not cause any change in cellular metabolic activity in NGPC cells,
compared to NGPC cells maintained under normoglycaemic conditions. Similarly, and
consistent with the results of constant glucose exposure, no increase in total ROS-RNS
and superoxide production was detected. Although these results are not in line with the
existing literature, which supports a greater role for glycaemic oscillation to drive
endothelial alterations in comparison to constant hyperglycaemia, the data are consistent
with the findings presented in this thesis. As described in Chapters 3, 4 and 5, the greatest
effect exerted by high glucose exposure followed exposure of EA.hy926 cells to
hyperglycaemia (hyperglycaemic preconditioning), which profoundly modified NGPC
cellular metabolic activity and function, and highlighted the importance of the duration
of the treatment which can cause lasting changes in cellular metabolic activity.
Nitrite concentration quantified in the overnight (12 hours) NG incubation was not
reduced for the cells treated with intermittent 12.5 mM (IG) and 25 mM (HG) glucose.
Previous data described in this thesis (Chapter 5) showed a significant reduction in the
concentration of nitrite in the medium after NGPC cells exposure to IG and HG conditions,
using the constant exposure model. Since the eNOS capacity of NGPC cells was not
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affected by glucose preconditioning, as shown by the measurement of nitrite after
incubation with A23187, it was assumed that glucose itself might have been responsible
for the decrease in nitrite under hyperglycaemic conditions (including both IG and HG).
A recent paper published by Brodsky et al. (2017) showed that D-glucose is able to
scavenge and inactivate NO (Brodsky et al., 2017). Since the nitrite concentration in
medium remained unaltered after overnight incubation of cells in NG medium, following
their exposure to intermittent IG or HG, it cannot be excluded that glucose itself could
have been responsible for NO scavenging in the medium. This could explain the lower
nitrite concentration detected for the IG and HG treatment groups with the constant
exposure model. Furthermore, the intermittent glucose treatment was not able to induce
any metabolic change or increase in oxidant production.
It is important to emphasise that, in this study, the measurement of nitrite content in the
medium after the last carbohydrate spike (8:00-10:00) was contemplated, but did not
result in a change in nitrite accumulation in the medium, compared to the background
control (medium only, containing glucose or a combination of glucose and fructose at the
three test conditions respectively). Differently from the constant exposure model and the
quantification of medium nitrite, both total ROS-RNS and superoxide and the metabolic
parameters were measured after 2 hours of glucose or glucose and fructose spike. This
allowed a better understanding of the effect of the acute administration of both sugars, in
relation to the total carbohydrate concentration, which included both normoglycaemic
and hyperglycaemic conditions.
Despite the finding that hyperglycaemic oscillation did not cause any alterations in the
cellular model used in this study, it is important to consider the limitations of this in vitro
model before extrapolating to an in vivo situation. One of the limitations is represented
by the limited 48 hours duration of the treatments. It is plausible that in vivo, intermittent
variance in glucose exposure, as a result of an impaired response to insulin, poor
glycaemic control or greater meal frequency, might trigger, in the long-term, deeper
alterations to metabolism and function in the vascular endothelium. Another
consideration in this study is the clonal nature of the cell line used, which might differ
from primary cells. Finally, the absence of other nutrients in the “postprandial” in vitro
treatment, such as fatty acids, triglycerides, some proteins (which are absent or only
present in low amount in the foetal calf serum used in cell culture, like lower gamma
globulins, lower complement proteins, and coagulation proteins) and lipoproteins
(Ceriello, 2000; Parks et al., 2008), which could also have an effect on ECs metabolism.
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7.4.2 Glucose/fructose oscillation caused alterations in cellular bioenergetics,
oxidative state and functionality
Exposure of NGPC cells to oscillations of glucose/fructose at NG, IG and HG
concentrations had a profound impact on cellular bioenergetics in comparison to
treatment with glucose alone. As evident in the energy map (Figure 7-5), the shift along
the “quiescent” to “energetic” metabolic phenotype was driven by the presence of
fructose and was independent of the fructose concentration utilised (0.1 or 1 mM) and the
total carbohydrate concentration (NG, IG or HG). The presence of fructose in the
treatment medium drove an increase in cellular aerobic metabolism, as indicated by an
increase in basal OCR, Complex V OCR, maximal respiration and NMOCR (using NG
and in the presence of 1 mM fructose) (Figure 7-4). This confirmed a potential role for
fructose exposure in increasing NGPC metabolic activity, which was hypothesised to be
the reason for the observed increase in the bioenergetic parameters after constant
treatment with glucose/fructose (Chapter 6). However, the differences in metabolic
changes caused by constant or intermittent glucose/fructose could be explained by
variances in the test exposure time. The increase in basal ECAR with intermittent
glucose/fructose exposure compared to control (glucose only), indicated a greater
activation of the glycolytic pathway, as a rapid response to acute (2 hours) carbohydrate
load. Since this was not observed after acute exposure to glucose only (Figure 7-4), it can
be concluded that the rate of the first step in aerobic glucose metabolism (glycolysis) is
enhanced by the presence of fructose. As also mentioned in Chapter 6, fructose could
increase the rate of glycolysis, not only by supplying a metabolic substrate for this
pathway in the form of fructose-6P but also by enhancing the activity of key metabolic
enzymes such as PFK1, in the form of fructose 2,6 biphosphate. The increase in ECAR
was not observed after constant fructose/glucose exposure, possibly because of the longer
incubation period (24 hours after its administration). In addition, the increase in ECAR
was accompanied by an increase in basal OCR and Complex V OCR, indicating that the
reducing power produced by the glycolytic pathway (NADH and FADH2) might have
proceeded to the TCA and oxidative phosphorylation for complete glucose/fructose
breakdown. In the presence of fructose, maximal respiration was also increased,
indicating that NGPC cells rapidly adapt to the test exposure by increasing aerobic
metabolism efficiency. This could be achieved with greater activation or transcription of
the complexes involved in the ETC, or by mitochondrial biogenesis, resulting in an
increased number of mitochondria (Kukidome et al., 2006; López-Lluch et al., 2006;
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Koziel and Jarmuszkiewicz, 2017; Misra and Bloomgarden, 2018). Changes in cellular
bioenergetics in the presence of fructose could also reflect an increase in ATP demand.
As mentioned in Chapter 6, fructose phosphorylation by hexokinase could deplete the
intracellular concentration of cytoplasmatic ATP, resulting in the activation of feedback
mechanisms that balance cellular energy demands, avoid futile energy production and
regulate ROS production (Chance, 1956; Desler et al., 2012). Greater energy demand
could coincide with the increase in basal OCR and maximal respiration identified in this
study (Figure 7-4). The increase in this parameter could reflect a cellular adaptation in
response to the glucose/fructose exposure. One of the adaptation mechanisms could be
identified as an increase in mitochondria biogenesis (Fink et al., 2012; Klein and Kiat,
2015), resulting in a greater mitochondrial number and greater oxygen consumption at
both basal level and upon FCCP stimulation. An increase in mitochondrial biogenesis has
been described previously in response to greater cellular energy demand and was
achieved by activation of molecules such as AMPK (Jornayvaz and Shulman, 2010).
However, more investigation is needed in order to explain the results of this study.
Despite the increase in cellular oxygen utilisation, there was no increase in total ROSRNS and superoxide production after intermittent glucose/fructose exposure, compared
to glucose only. Two conclusions can be drawn from this result. The first is that the total
carbohydrate that NGPC cells were exposed to did not affect the ETC cellular capacity to
counteract the increase in reducing equivalent load, consequent to glucose and fructose
metabolisation. As mentioned above, NGPC cells could adapt to the glucose/fructose
treatment by increasing the number or the efficiency of the mitochondria, which is
reflected by an increased basal OCR, Complex V OCR and maximal respiration. In this
way, the increased production of NADH and FADH2 would not overload mitochondrial
ETC, but it would be shared among a greater number of mitochondria. Secondly, in
addition to increasing the number or efficiency of mitochondria, cells could adapt by
increasing their antioxidant capacity, for example by increasing SOD activity and GSH
content. The quantification of mitochondria, for example by using a mitochondrial probe
such as MitoTracker with confocal microscopy, or by measuring mitochondrial DNA by
qPCR methods, in combination with the quantification of antioxidant enzyme activity
(SOD, catalase, GSH redox state, GPx expression or activity) could help to test this
hypothesis.
The capacity of the cells to produce NO was impaired in the presence of both 0.1 and 1
mM of fructose, independently of the total carbohydrate concentration. The impairment
240

in NO production is in line with previous results, which show a clear association between
acute high or low fructose consumption. A reduction on NO production, important
vasodilator, could contribute to generate a state of hypertension (Naruse et al., 1994;
Klahr, 2001)For example, the administration of high fructose, corresponding to
approximately 60% of the total energy intake, led to an increase in blood pressure in rats,
dogs and humans (Hwang et al., 1987; Martinez, Rizza and Romero, 1994; Brown et al.,
2008; Tappy et al., 2010; Madero et al., 2011). Similarly, the administration of a 20%
fructose diet for 33 weeks caused hypertension in rats (Glushakova et al., 2008).
According to the literature, this link ca be explained by multiple processes including
endothelial dysfunction, activation of the sympathetic nervous system and increased renal
salt reabsorption (Klein and Kiat, 2015).
Of particular interest in this study is the fructose-driven onset of endothelial dysfunction,
which results from the interplay of many factors, including the direct or indirect effect of
fructose metabolites, hormonal signalling and vasoactive molecule production (Klein and
Kiat, 2015). Coherently with previous research and in line with the results obtained by
this study, fructose administration resulted in decreased activity and expression of the
enzyme eNOS, resulting in decreased NO production (Miatello et al., 2003; Glushakova
et al., 2008; Palanisamy and Venkataraman, 2013; Okamura et al., 2014). At the same
time, fructose consumption has been shown to be related to an increase in ICAM-1 which,
together with the decrease in NO production (anti-inflammatory), is indicative of an
endothelial inflammatory phenotype (Glushakova et al., 2008).
Other factors could be implicated in the decrease in EC-derived NO. It has been shown
that fructose administration resulted in a hyperinsulinaemic-driven increase in ET-1
(Verma, Bhanot and McNeill, 1995; Verma et al., 2001). This is turn results in an increase
in TxA2 (Jiang et al., 2007), in the upregulation of type I angiotensin II (AT1) receptors
(Shinozaki et al., 1999; Tran, Yuen and McNeill, 2009), which results in NOX-derived
ROS and superoxide production, as well as oxidative stress (Shinozaki et al., 1999;
Hitomi, Kiyomoto and Nishiyama, 2007). Increases in AT1, TXA2 and ET-1 signalling
also contribute to endothelial overexpression of matrix metalloproteinase-2 (MMPs),
which could be responsible for eNOS degradation (Nagareddy et al., 2012). eNOSderived NO has also been shown to be impaired by a systemic increase in uric acid,
resulting from high fructose administration, which increases ROS production via NOX,
therefore indirectly affecting eNOS function (Li and Shah, 2004; Ejaz et al., 2007;
Madero et al., 2011; Hong et al., 2012). Uric acid also increases C-reactive protein (CRP)
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expression, which is involved in inhibition of eNOS in ECs (Kang et al., 2005). Although
these findings indicate that ROS production has a key role in the reduction of eNOS
activity, this could be excluded for this study, as fructose did not cause an increase in
ROS-RNS and superoxide production. Most likely, the decreased NO production was the
result of substantial changes in cell metabolism induced by glucose and fructose
exposure. This could, in turn, lead to a change in the cellular energy balance, by
modifying, for example, NADH and NADPH availability. Because the alterations
induced by fructose metabolism were independent of the fructose concentration used and
were not reversible with the 12 hours exposure to normoglycaemic medium, it can be
postulated that inhibitory PTMs on eNOS could also be responsible for the long-lasting
decrease in NO production suppressing changes in eNOS functionality.
Since glucose and fructose are often consumed together, for example in the form of the
commonly used sucrose and industrial preparations, such as high fructose corn syrup
(HFCS) (Crapo, Kolterman and Olefsky, 1980; Bantle, Laine and Thomas, 1986;
Thorburn et al., 1990; Schulze et al., 2004), and that glycaemic spikes occur multiple
times daily, the effect of fructose in lowering NO production might have important
implications in vivo. In this study, in particular, this effect was produced even by low
fructose concentrations, which are easily achievable with the consumption of a Western
diet.
In summary, the present study introduced a new testing model and compared, for the first
time, the effect of both glucose and fructose oscillation on EC metabolism and function.
This represents the first step for future research, which may consider in vitro long-lasting
glucose and fructose fluctuations, as well as reproducing a similar model in vitro, utilising
primary ECs. This could provide a better understanding of the potential atherogenic effect
of glucose/fructose fluctuations, which might contribute to the onset of cardiovascular
complications.

7.5 Conclusions
The exposure of NGPC cells to IG and HG “postprandial” oscillation had no effects on
cellular bioenergetics and oxidant production in this cell model. Together with the results
identified previously in this study and described in Chapters 3, 4 and 5, it can be
concluded that the duration of the exposure to glucose is a fundamental factor in the
modulation of cellular metabolism and redox state.
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Nitrite concentration in the medium was not affected by intermittent glucose exposure.
This could be a reflection of the lack of metabolic/redox changes in NGPC cells and could
implicate a possible direct role of glucose in scavenging NO in the medium directly,
postulated previously. However, more studies are needed to confirm this mechanism.
In contrast to glucose exposure, the intermittent exposure to a combination of glucose and
fructose exerted an immediate effect in increasing cellular aerobic metabolism and
decreasing NO production, without affecting ROS-RNS and superoxide production. The
results obtained in this chapter confirmed the role of fructose in increasing glycolysis,
TCA and oxidative phosphorylation levels, as postulated in the previous chapter. The net
decrease in nitrite in the presence of intermittent glucose/fructose exposure reflects more
profound and long-lasting alterations ability of cells to produce NO, which was not
restored by the overnight normoglycaemic glucose exposure. Importantly, these results
were achieved independently of the fructose concentration used. Since in vivo glucose
and fructose spikes are commonly present in the postprandial stage, it can be concluded
that the intermittent glucose/fructose-derived decrease in NO production could lead to an
increased risk of vasoconstriction, thrombosis and mitogenesis in vivo.
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CHAPTER 8: GENERAL
DISCUSSION
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8.1 Introduction
The vascular endothelium is the inner layer of blood vessels which, in a paracrine and
autocrine manner, regulates blood vessel tone, haemeostasis, inflammation, cellular
growth and extracellular matrix deposition (Félétou, 2011a). Loss of these functions is
one of the primary events in the pathogenesis of CVD in patients with diabetes (Rahman
et al., 2007; Vanhoutte, 2009; Avogaro et al., 2011; Félétou, 2011b; Petrie, Guzik and
Touyz, 2018). The preservation of endothelial integrity and function, therefore, represents
a key target for the prevention of microvascular and macrovascular alterations associated
with diabetes. For this reason, the endothelium has been extensively studied in
cardiovascular research, with the aim of better understanding the causes and implications
of endothelial dysfunction in the onset and progression of the vascular disease (Packard
and Libby, 2008).
In diabetes, the most accredited hypotheses identify hyperglycaemia as the main cause of
EC dysfunction, accompanied by oxidative stress (Laakso, 1999; Harrison et al., 2003;
Esper et al., 2006; Ren et al., 2010; Avogaro et al., 2011; Mapanga and Essop, 2016;
Petrie, Guzik and Touyz, 2018). However, the mechanism by which oxidative stress
arises in this condition, and how it is linked to the loss of endothelial dysfunction is still
a matter of debate.
There are controversies in the literature with respect to this concept, partly because of the
difficulty in creating a representative model of in vivo EC exposure to glucose. Cell
models deriving from different vascular beds have different characteristics, which
introduces complications in the standardisation of results. Furthermore, ‘constant’
exposure is not truly constant because glucose uptake ensures a gradual decline in glucose
concentration in the medium. In addition, some studies utilise unrealistically high glucose
concentrations in order to compensate for a short (often 24 or 48 hours) exposure time.
Alternatively, cells are exposed to the same treatment medium for a long period of time,
and this could affect their viability or replication rate. Neither of these approaches
effectively replicate glucose exposure of ECs in vivo.
When it comes to oscillating glucose exposure, in particular, the oscillations are a long
way from representing the in vivo situation. For example, in many studies, new treatment
medium is applied every 24 hours; in vivo, glucose oscillations are likely to occur with
greater frequency and shorter duration.
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Moreover, not enough attention is dedicated to the importance of glucose
preconditioning, which was a particular focus in this study. It is common practice in cell
culture experiments to use medium containing a high concentration of glucose (typically
25 mM) in the growth phase. Indeed, the glucose concentration in the medium is often
ignored in cell culture practice and is not always specified by the medium manufacturers.
For example, the recommended medium for many of the cell models used in diabetes
studies, including HUVECs, HCAECs and EA.hy926 cells, contains a concentration of
glucose that exceeds physiologically relevant glucose concentrations, and this could have
a profound effect on the objective of the study. On one hand, the presence of high glucose
in the growth medium could contribute to an enhanced replication rate; on the other hand,
chronic exposure to high glucose could lead to adaptation and metabolic memory. This
assumes particular importance when the study regards cellular metabolism, function and
redox state, aspects that are inextricably linked.
Metabolic memory implies the establishment of long-lasting adaptation to the glucose
concentration used. To my knowledge, only a few studies have assessed the effect of
glucose preconditioning. In the study performed by Lorenzi and colleagues (1985), it was
shown that growing HUVECs in medium 199 containing 20 and 40 mM of glucose
decreased the cell proliferation rate (Lorenzi, Cagliero and Toledo, 1985). Similarly,
Koziel et al. (2012) used high glucose preconditioning in EA.hy926 cells and found that
six days incubation in high glucose shifted cell metabolism towards a glycolytic
phenotype in the presence of glucose, pyruvate and glutamate, but more aerobic in the
presence of palmitate (Koziel et al., 2012).
In light of these findings, in the present study, the effect of ‘constant’ glucose exposure
was assessed and compared for EA.hy926 cells that had been conditioned in high glucose
medium, compared to those in a more physiologically relevant concentration (5.5 mM).
This method allowed the identification of key long-lasting mechanism induced only by
glucose preconditioning, in support of the metabolic memory hypothesis. Other than
allowing the creation of a solid in vitro experimental model for future testing, the findings
of this stage of the study highlighted for the first time, the effect of chronic high glucose
exposure on bioenergetics and function. Moreover, the results of this study support the
notion that in vivo glycaemic control is a key strategy in the prevention of endothelial
alterations.
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Once the in vitro experimental model was defined, only cells preconditioned with normal
glucose were used for subsequent studies because this model better resembled the
physiological blood glucose concentration in a healthy individual.
Despite the multitude of studies focusing on the effect of hyperglycaemia on endothelial
function, it was considered important to establish the impact of ECs exposure to fructose
and insulin. The increase in fructose consumption in the last 40 years has been associated
with an increased incidence of metabolic syndrome, characterised by insulin resistance,
obesity, high blood pressure and dyslipidaemia. Glucose and fructose are often consumed
together: most industrially produced food and beverages are sweetened with fructose and
glucose in the form of disaccharides like sucrose and HFCS. Blood fructose concentration
can reach 0.1-1 mM and can persist for up to 2 hours after consumption (Macdonald,
Keyser and Pacy, 1978; Bohannon, Karam and Forsham, 1980; Gaby, 2005; Glushakova
et al., 2008).
Insulin represents a key factor in the regulation of vascular homeostasis (Gosmanov,
Stentz and Kitabchi, 2006; Barrett and Liu, 2013; Konishi et al., 2017). Insulin receptor
activation contributes to the modulation of EC function and metabolism (King and
Johnson, 1985; Muniyappa and Sowers, 2013). Insulin can be present at high
concentration in the vasculature, a phenomenon common in a prediabetic insulin-resistant
state, but also in T1DM, where hyperinsulinaemia is often a consequence of subcutaneous
insulin administration. However, the interplay between glucose and fructose metabolism
and insulin in ECs has not yet been elucidated. These interactions could be central to
cellular metabolism and, possibly, cell function. ECs exposure to hyperglycaemia has
been identified as the main cause of vascular insulin resistance (Federici et al., 2002; Salt
et al., 2003; Fulton, 2009; Schulman and Zhou, 2009; Kubota et al., 2011; Barrett and
Liu, 2013; Taguchi et al., 2014; De Nigris et al., 2015; Bretón-Romero et al., 2016) via
the loss of insulin receptor function through selective alteration of relevant intracellular
signalling pathways (Heydrick et al., 1993; Kim et al., 2006; Madonna, M Massaro, A
Pandolfi, A Consoli, 2007; Muniyappa et al., 2007; Glushakova et al., 2008; Muniyappa
and Sowers, 2013). For these reasons, this study had the aim of clarifying this relationship
and exploring for the first time, the interaction of fructose metabolism with insulin.
Since endothelial insulin resistance deeply affects systemic insulin resistance (Konishi et
al., 2017) (Miele et al., 2003; Masaki et al., 2019), an improved understanding of the role
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of high glucose exposure alone or in combination with fructose is important from both a
biochemical standpoint and a public health perspective.

8.2 Summary of results
8.2.1 Experimental model design (Chapter 3)
Chapter 3 described the initial step in the optimisation of the in vitro experimental model.
EA.hy926 cells were preconditioned for more than 4 passages in complete DMEM
medium containing 5.5 mM (NG) and 25 mM (HG) glucose and were treated and tested
as two separate groups. The model optimisation had the aim of identifying the ideal
medium composition, with particular attention to the glucose and pyruvate
concentrations, the incubation time and the optimal cell density. This was carried out by
investigating cell viability, growth rate, mortality rate and GLUT-1 expression. Metabolic
analysis of the two cell groups was also carried out, allowing identification of the
important differences caused by glucose preconditioning, further described in Chapter 4
and 5.
The results showed that glucose preconditioning had no effect on cell growth rate or
viability. However, important differences between the two groups were identified: HGPC
cells showed depressed metabolic respiration and a lower glucose uptake rate, possibly
due to a more quiescent metabolic phenotype. However, no differences in total
intracellular GLUT1 concentration and intracellular unphosphorylated D-glucose content
were identified between the two groups.
This study facilitated optimisation of various parameters for subsequent studies.
Importantly, due to the metabolic differences identified between the two cell groups, it
was considered important to further explore the effect of an HGPC, a state that represents
a model for in vivo chronic hyperglycaemic exposure experienced by the endothelium in
T2DM.
8.2.2 High glucose preconditioning alters ECs bioenergetics and redox state
(Chapter 4)
This Chapter described experiments designed to analyse aspects of cellular bioenergetics
and redox state in response to HGPC. The results showed that HGPC led to a distinctive
bioenergetic phenotype, confirming the results of the bioenergetics analysis performed in
the previous Chapter. HGPC cells were more quiescent, glycolytic and refractory to
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changes in acute test glucose exposure. Basal respiration, Complex V OCR and maximal
respiration were depressed in HGPC cells, as well as NMOCR. Interestingly, SOD activity
and total ROS-RNS were also lowered by HGPC, possibly linking to the lower NMOCR.
The greater NADH/NAD+ and ATP/ADP ratios quantified for HGPC partially explain the
changes in cellular bioenergetics and oxidative state identified. The depressed cellular
respiration, together with a lowering of SOD activity (Gunawardena et al., 2019). and the
increased NADH/NAD+ intracellular ratio aligned to findings from previous studies
(Dobrina and Rossi, 1983; Krützfeldt, 1990; Koziel et al., 2012; Hammad et al., 2016).
In conclusion, HG preconditioning, but not acute HG exposure, induced long-lasting
changes in cellular bioenergetics and partially affected the cellular redox state.
Importantly, these effects of HGPC were not reversed by transfer to NG for 48 h.
8.2.3 High glucose preconditioning altered EC fibrinolytic and vasodilatory
activities (Chapter 5)
Following the same experimental design described in Chapter 3 and 4, Chapter 5
describes the effect of acute and chronic hyperglycaemia on the ability of EA.hy926 to
generate key vasoactive agents (NO and ET-1) (Sena, Pereira and Seiça, 2013; Zhao,
Vanhoutte and Leung, 2015), and those involved in the fibrinolytic process (t-PA and
PAI-1) (Krishnamurti et al., 1988; Nordt et al., 1998; Schneider and Sobel, 2012). These
aspects are crucial to the atherothrombotic processes that underpin manifestations of
CVD. Understanding the link between cellular metabolism, oxidative stress and
functional state could help to clarify the causal effect of hyperglycaemia in the onset of
endothelial dysfunction.
Despite prior evidence that both metabolic and redox states were not reversibly modulated
within 48 hours, the results of this Chapter showed that cell function responded
dynamically to changes in glucose concentration exposure. Due to the multitude of
studies showing long-lasting alterations triggered by HG in eNOS functionality and
expression, it is perhaps surprising that maximum eNOS activity was not affected by
glucose preconditioning in this cell model. However, NOS-derived nitrite accumulation
was rapidly decreased by acute IG and HG exposure in both NGPC and HGPC cells, while
the opposite was observed when both cell groups were exposed to NG conditions. Despite
literature showing an increase in the vasoconstrictor ET-1 as a consequence to
hyperglycaemia, this study found that ET-1 was decreased by HG preconditioning and
showed a more refractory response to subsequent changes in test glucose concentration
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for HGPC cells, compared to NGPC cells. Furthermore, NGPC cells responded to exposure
to IG and HG by decreasing ET-1 production (~30%).
Similarly to ET-1, the production of the fibrinolysis regulators, t-PA and PAI-1, was also
suppressed by HGPC, although HGPC cells responded to changes in test glucose
concentration. HGPC cells exposed to acute NG showed an increase in t-PA production
(~44%), compared to those exposed to HG conditions. In the same way, PAI-1 was
depressed in HGPC cells; acute IG exposure led to an increase in PAI-1. These changes
were not observed in NGPC cells, which displayed consistently higher production of t-PA
and PAI-1 and did not respond to subsequent acute changes in glucose concentration.
From these results, it is apparent that the disparity between the dynamics of the changes
observed in bioenergetics and redox state, compared to those for cell function, suggests
that function is not always inextricably linked to bioenergetics. However, the differential
changes observed between the various factors measured hints at a tendency towards a
pro-atherogenic and anti-fibrinolytic phenotype. If replicated in vivo, this could have
negative consequences, driving the onset of cardiovascular complications (Aydin et al.,
2001; Masaki and Sawamura, 2006; Cade, 2008; Wu and Meininger, 2009b), that are
common in diabetes patients (Meigs et al., 2000; Hink et al., 2001; Lyon and Hsueh,
2003; Izumi et al., 2006; Vanhoutte, 2009; Tessari et al., 2010; Schneider and Sobel,
2012; Dellamea et al., 2014; Assmann et al., 2016; Katakami, 2018).
Having established the effect of high glucose preconditioning on EA.hy926 cells, NGPC
cells were selected as the model for the consequent studies, described in Chapters 6 and
7.
8.2.4 The effects and interaction of glucose, fructose and insulin acute exposure
(Chapter 6)
For this stage of the study, a high fructose concentration (1 mM) was chosen to equate to
that frequently used in previous studies (Glushakova et al., 2008; Cirillo et al., 2015; Park
et al., 2016; Sotokawauchi et al., 2019) and to correspond to physiologically relevant
fructose concentrations (Gaby, 2005; Laughlin, 2014).
The high concentration of insulin (500 pM) chosen for this study is recognised to be at
the high end of circulating insulin concentrations in vivo. The majority of previous studies
of this nature used unrealistically high insulin concentrations, often greater than 10 nM
(Montagnani et al., 2001; Montagnani, Golovchenko, et al., 2002; Montagnani,
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Ravichandran, et al., 2002; Lynn et al., 2004; Kim et al., 2006). It has been shown that,
at these concentrations, insulin is likely to activate insulin-like growth factor 1 (IGF-I)
receptors. The use of a concentration of insulin within the physiological range could avoid
over activating IGF-I and IGF hybrid receptors, thus helping to identify the effects of
insulin signalling through insulin receptor activation.
The results showed for the first time that there are substantial changes in cellular
metabolism, oxidative state and NO production upon exposure to both insulin and
fructose. The acute exposure to glucose/fructose rapidly increased cellular aerobic
respiration, as well as NMOCR rate and proton leak. Importantly, the presence of fructose
in the medium led to a decrease in NO, even under normoglycaemic conditions, a result
that was not achieved in the presence of glucose only.
A similar effect on increasing cellular metabolic respiration metabolism was achieved in
the presence of insulin. In line with research showing the involvement of ROS in insulin
signalling, ROS-RNS production was increased in the presence of insulin under
normoglycaemic conditions. Hyperglycaemia interfered with the metabolic insulin
effects, possibly triggering a mechanism of vascular insulin resistance, previously
identified in diabetes (Fulton, 2009; Barrett and Liu, 2013; Bretón-Romero et al., 2016).
However, similarly to what was established in Chapters 4 and 5, changes in cellular
bioenergetics are not always reflected by changes in NO production. In fact, despite been
less effective in determining bioenergetics and redox changes at HG, insulin increased
NO detected at this test condition.
The interpretation of these results is complicated by the fact that insulin led to similar
changes in cell bioenergetics, independently of the presence of fructose in the test
medium, partially counteracting some of the effects triggered by the exposure of the cell
to glucose/fructose. These effects were described by an increase in cellular metabolic
respiration and an increase in ROS-RNS, prominent at normoglycaemia. The exposure to
insulin led to greater NO production only in hyperglycaemic condition and in the presence
of glucose only, while it contrasted the increase in proton leak and NMOCR achieved
upon cells incubation with glucose/fructose.
In conclusion, the study showed that hyperglycaemia partially interfered with insulin
signalling. Both fructose and insulin, alone or in combination, led to an increase in aerobic
metabolic activity, and insulin signalling increased ROS-RNS production. While it is still
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not clear whether these effects are harmful in vivo, the greatest implication was observed
in the decrease of NO levels induced by fructose.
8.2.5 The effect of carbohydrate excursion (Chapter 7)
There is a body of literature highlighting the effect of glycaemic oscillations in generating
endothelial dysfunction and accelerating the onset of CVD in diabetes. In vivo and in vitro
studies have identified that inflammation, oxidative stress, apoptosis, decreased cell
proliferation and senescence are more pronounce when glucose is delivered in an
oscillating manner (A Risso, 2001; Quagliaro et al., 2005; Piconi et al., 2006; Liu et al.,
2013, 2014; N. Wu et al., 2016). Similarly to continuous glucose exposure, oscillating
glucose has been shown to trigger metabolic memory via an increase in ROS-mediated
PTMs (Quagliaro et al., 2003; El-Osta et al., 2008; Ceriello, Ihnat and Thorpe, 2009).
However, in the in vitro studies performed so far, there is a lack of standardisation across
different studies, which generally fail to effectively mirror in vivo glucose oscillations,
creating problems with the interpretation of results. Another issue that plagues cell culture
is that the limited duration of cell culture experiments prevents chronic exposure of cells
to glucose oscillations. For example, the relative acute period available in cell culture
experiments may be insufficient to induce cellular metabolic memory.
A novel oscillating model was created in this study, in order to more closely mimic the
hyperglycaemic exposure experienced in vivo. In this model, due to the dramatic changes
in NO production and cellular bioenergetics identified in Chapter 6, “low” and “high”
fructose concentrations were used. This allowed an investigation of the impact of fructose
concentration on the effects seen. NGPC cells were exposed to fluctuating glucose and
glucose/fructose concentrations, which oscillated three times within a day (24 hours),
with each “spike” lasting two hours, before returning to normoglycaemic conditions.
After three daily carbohydrate oscillations, the cells were then exposed to an overnight
fasting state, represented by a normoglycaemic (5.5 mM) glucose exposure. This cycle
was repeated over 48 h. Importantly, this allowed the collection of measurements of
cellular bioenergetics and ROS while the cells were still in the process of metabolising
the carbohydrate supplied. This allowed the collection of additional information about the
mechanism underlying the onset of cellular changes in response to both glucose and a
combination of glucose and fructose. Unfortunately, nitrite in the medium collected after
2 hours or NG, IG and HG exposure was below the level of detection, therefore it was
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possible to quantify this metabolite only from the medium derived from overnight
“fasting”.
The results showed that glucose oscillation left the cellular ROS-RNS production
unchanged, as well as the bioenergetics of the cell. Interestingly, NO production was also
not affected by glucose oscillations. This could be explained by the assumption that the
testing in this study was not long enough to trigger endothelial dysfunction. However,
due to the rapid response observed to changes in constant glucose exposure, and to the
fact that the overnight incubation medium contained a normoglycaemic glucose
concentration, it could also support the notion that glucose in the medium could directly
scavenge NO, as shown previously (Brodsky et al., 2017).
By contrast to glucose alone, the oscillations of glucose and fructose led to significant
changes in cellular bioenergetics, confirming the results shown in Chapter 6. These
changes were independent of the fructose concentration used, and this can have relevance
considering that in vivo glucose and fructose are often co-present in the postprandial
stage, and administered together via the common consumption of sucrose or HFCS (Bray,
Nielsen and Popkin, 2004; Gaby, 2005; Tappy et al., 2010). The presence of fructose in
the medium generated a distinctive metabolic phenotype compared to that for glucose
only, characterised by a shift along the quiescent/energetic axis of the energy map (Figure
6-4); there was an increase in both glycolysis and mitochondrial respiration, including
basal OCR, Complex V OCR and maximal respiration. It is interesting to note that
glucose treated cells failed to increase the ECAR in response to the previous two hour
glucose load, while total ECAR was markedly increased with glucose/fructose testing.
This helps to support the idea that fructose can enhance cellular metabolism, intervening
in all the steps required for glucose/fructose metabolism, which include glycolysis, TCA
and oxidative phosphorylation. However, further investigation is needed to fully explain
these results. By contrast to the acute glucose/fructose exposure observed previously
(Chapter 6), fructose exposure did not increase NMOCR (with the exception of 1 mM
fructose under NG conditions) and proton leak. Intermittent glucose/fructose exposure
did not affect ROS-RNS and superoxide production. However, there was a remarkable
decrease in NO production. This was also evident at normoglycaemia and indicates that
the cause underlying impairment in NO production has a long-lasting nature.
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8.3 Limitations of the study
8.3.1 The use of a transformed cell line
The first limitation of this study is represented by the use of EA.hy926 cells, a humanderived immortalised cell line. As explained previously, the choice of these cells was
justified on account of many factors. Clonal cells can be passaged several times before
reaching senescence, therefore allowed the extension of high and normal glucose
preconditioning for several passages (>4). Indeed, this would not have been possible with
human cells, such as HUVECs, which have been shown to undergo mutation after
approximately 10 passages (Lidington et al., 1999). Furthermore, due to their more
resistant nature compared to human cells, EA.hy926 cells were able to handle difficult
treatment conditions, such as the ones described for the oscillating glucose and
glucose/fructose model. In this model, a frequent change of the incubation medium was
required, a condition that could affect primary cells. As mentioned in section 3.2 (Chapter
3), EA.hy926 were chosen for this study for their ability to produce important mediators
of endothelial function, such as the vessel tone mediators NO, ET-1, and factors involved
in the regulation of fibrinolytic activity, namely t-PA and PAI-1. The popular use of this
cell line in the literature also supported the decision to rely on this cell model (Jaffe et al.,
1973; Edgell, McDonald and Graham, 1983; Edgell et al., 1990; Ahn et al., 1995;
Bertelsen, Änggård and Carrier, 2001; Bouïs et al., 2001; Manduteanu et al., 2003; May,
Qu and Li, 2003; Kakoki et al., 2006; Liu et al., 2012; Koziel et al., 2012; Su et al., 2013;
Targosz-Korecka et al., 2013; Maamoun et al., 2015; Li et al., 2016; Qiu et al., 2016;
Broniarek, Koziel and Jarmuszkiewicz, 2016; Koziel and Jarmuszkiewicz, 2017). Finally,
the clonal nature of these cells ensured stable and standardized results. This is difficult to
achieve when using primary cells, which are differently characterized for each donor and
number of passages.
Due to the clonal nature of EA.hy926 cells, it could be argued that this cell model is far
from representative of ECs in vivo. In fact, being genetically manipulated, cell lines can
have different gene expression and phenotype, compared to human cells (Kaur and
Dufour, 2012), and could also be affected by cross-contamination with other cell types
(Capes-Davis et al., 2010) and mycoplasma contamination (Hay, Macy and Chen, 1989).
This could be in turn an additional cause of gene expression alteration and changes in
cellular phenotype (Hay, Macy and Chen, 1989).
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It could be noted that, despite been clonal cells, EA.hy926 displayed a certain variability
within the measure of some outcomes, such as bioenergetic parameters, as evident when
comparing basal OCR and ECAR obtained at different stages of the study (e.g. Figure 35 versus Figure 4-1, or Figure 7-3 versus Figure 7-4). This could be explained by
differences in the cellular passage number, taking into consideration that the cells used in
Chapter 3 had as shorter glucose preconditioning and passage number, compared to the
cells utilised successively. Moreover, accurate attention in minimising differences in
experimental conditions often still inevitably leads to a certain range of variability in the
experimental outcomes. For this reason, it was retained important to include a control for
each stage of the study and for each experiment, represented by glucose treated NGPC
cells, as a mean of comparison with cells treated with glucose/fructose in the presence or
absence of insulin.
However, no in vitro model is directly comparable with cells in vivo. The derivation of
this cell line from A549 cells a cancer cell line implies that they could have different
characteristics compared to primary ECs. For example, EA.hy926 cells could have a more
efficient antioxidant defence system. This could explain why these cells did not show any
increase in total or mitochondrial superoxide and ROS-RNS in response to
hyperglycaemia, which was surprising, given the existing literature that links oxidative
stress with hyperglycaemia. Moreover, it was even more surprising that these cells did
not exhibit an increase in total ROS-RNS in response to many ROS-inducing substances.
As explained in Chapter 4, section 4.5.2, the use of pyocyanin (as well as other ROS
inducer used in the assay optimization stage, such as menadione, rotenone and paraquat)
as a positive control was only able to increase superoxide, but not mitochondrial
superoxide or total ROS. This could also be ascribed to the limitation of the assays used,
as explained in Chapter 4, section 4.5.2 (Zielonka and Kalyanaraman, 2010;
Kalyanaraman et al., 2012; Wang et al., 2013). For this reason, the quantification of SOD
and GSH was performed. However, the same information would be useful to better
understand the redox state in response to glucose/fructose and insulin treatment, as well
as that for glucose and glucose/fructose oscillations.
It could also be argued that the metabolic enzyme and receptor expression in EA.hy926
cells could differ from human primary ECs and that, for this reason, the results obtained
from glucose, fructose and insulin treatments could not be related to the in vivo condition.
For this reason, before extrapolating any definite conclusion, it is important to repeat this
study on primary human cells relevant to atherosclerotic risk, such as HCAECs. These
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cells have been for example shown to express the GLUT2 transporter (Gaudreault et al.,
2008) and could be used for further exploring the effect of fructose metabolisation on EC
functionality and redox environment.
8.3.2 The in vitro model design
Every in vitro study presents limitations, due to the difficulty of representing an in vivo
scenario in such an artificial environment. In this study, for example, the lack of shear
stress could be an important missing stimulus for NO, ET-1 production and many other
factors, as explained in Chapter 1, section 1.1. Another important aspect of this study is
characterised by the difficulty in ensuring constant glycaemic exposure. The
measurement of glucose loss from the incubation medium after 24 hours showed an
inevitable decrease in glucose concentration, due to its uptake and utilisation from the
cells. For this reason, it is important to note that normoglycaemic treatment (5.5 mM
glucose or glucose/fructose) resulted in conditions after 24 hours that could be considered
to be hypoglycaemic (~1.5 mM) from a clinical perspective. This aspect was taken into
consideration as a possible cellular stressor that could explain a greater ROS-RNS and
NMOCR values for NGPC cells, for which the medium glucose loss was more substantial.
For the above reasons, the in vitro utilisation of a flow-through system should be
considered as a way to counteract these limitations. Such a method would facilitate the
supply of fresh medium continuously, ensuring the exposure to a constant glucose or
glucose/fructose concentration. the addition of a pump controller could allow simulation
of post-prandial glucose in healthy individuals or those with diabetes. These advantages
make the flow-through system ideal for the study of cells bioenergetics. However, it also
presents some limitations. Firstly, the medium flow has to be carefully optimised to avoid
creating too much shear stress, causing cells to detach from the culture surface. Shear
stress itself is an important stimulator of endothelial function, so managed correctly, this
would be an additional advantage. Most importantly for this study, due to the constant
flow of test medium, the use of a flow-through system would make measurement of
factors released by ECs, such as NO and ET-1 more challenging.
Finally, it has to be noted that, in this study, the cells might have been at different stages
of their cell cycle. This could explain differential gene expression, translation or PTMs
in various cells among the same treatment condition, and could explain the wide range of
measurements that sometimes characterised proteins, such as GLUT1 (Figure 3-9, section
3.3.6, Chapter 3)
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In an experimental design, cells could be synchronised in their cell cycle via physical or
chemical methods. Among these methods, serum deprivation from the culture medium
for 24 hours, followed by its reintroduction, could have been used to synchronise the cells
in phase G1. However, despite this method is commonly used in cell culture experimental
practice, serum starvation presents some side effects (Colzani et al., 2009). For instance,
the success of this method on the synchronisation of the cell cycle varies among cell types
and it is not totally effective among the same group of cells (Pirkmajer and Chibalin,
2011). Moreover, serum starvation leads to adverse effects such as metabolic alterations,
increase in apoptosis and autophagy (Bhutia et al., 2010; Zhao et al., 2010), cellular stress
response (Arrington and Schnellmann, 2008; Levin et al., 2010), and protein degradation
(Epstein, Elias-Bishko and Hershko, 1975). Therefore, the use of this method was not
considered suitable for this study, where serum starvation could have given rise to
artefacts in the interpretation of the results, and it could have introduced experimental
variability (from example between the preconditioning, where FBS was essential, and the
acute test exposure).

8.4 Future directions
8.4.1 Understanding the difference in glucose loss and cellular metabolic changes
As shown in section 3.3.5, Chapter 3, a greater glucose depletion from the medium was
found in the presence of NGPC cells. However, both the quantification of GLUT-1
expression and the intracellular unphosphorylated glucose concentration failed to explain
these results. Furthermore, the identification of the GLUT isoform responsible for glucose
transport in EA.hy926 cell line has not yet been fully characterised. To have a complete
understanding behind the difference in glucose loss from the incubation medium
observed, a future step of this study requires the characterisation of the GLUT isoform(s)
expressed by the cell model used. Moreover, because GLUT expression in the cell
membrane could be regulated in response to glucose concentration exposure and insulin
signalling, the membrane quantification of the GLUT isoforms involved in the glucose
and fructose entry could contribute to understanding better the results obtained in this
study.
8.4.2 What causes ECs adaptation to chronic high glucose exposure?
This study highlighted important changes in cellular metabolism following high glucose
preconditioning, such as the acquisition of a relatively quiescent and glycolytic metabolic
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phenotype, accompanied by a depressed production of vessel tone mediators and
fibrinolytic factors, as well as reduced SOD activity. The persistent nature of these
changes could be explained by a reduction of metabolic enzymes expression and activity.
Quantification of the cellular enzymatic activity for those enzymes involved in glycolysis,
TCA and oxidative phosphorylation would be the next step in elucidating the cause of the
quiescent, refractory phenotype. Quantitative PCR could be used to identify changes in
transcription, while proteomic analysis would reveal both expression of proteins and
function changes due to PTMs. Quantification of cell mitochondria could also help to
explain the reduction of the maximal respiration identified in HGPC cells.
8.4.3 What causes changes in NMOCR?
NMOCR has been defined in the literature as the oxygen consumption present when the
main oxygen-consuming process, oxidative phosphorylation, is totally inhibited.
However, not much information can be found in the literature on the exact meaning of
changes in NMOCR. In this study, for example, fructose drove a substantial increase in
this parameter, as well as HG preconditioning. In the latter case, it was postulated that
this value could have been modulated concurrently with ROS, and possibly ascribed to
lower activity of oxygenases and oxidases, such as COX, NOX and XO, or to a lower
desaturase activity, due to lower DNA repairing mechanism occurring in the presence of
a lower ROS level.
The increase in NMOCR after acute exposure to glucose/fructose (1 mM), still needs to
be clarified. Interestingly, the results also showed a decrease in this value in
glucose/fructose and insulin-treated cells. In both cases, the measurement of XO, NOX
and COX activity and expression following the different treatment could be an interesting
investigation for future studies.
8.4.5 Investigate the activation of secondary glucose metabolic pathways
As mentioned in Chapter 1, section 1.2.1.1, the participation of glucose to secondary
metabolic pathways in the presence of excessive substrate concentrations is a
phenomenon that characterised and causes ECs alterations in diabetes. However,
activation of these pathways has not been explored in this study and could provide
important information. For example, it could determine whether glucose or fructose
participate in any of these pathways, or if they increase their activation rate in the presence
of insulin, fructose or in response to carbohydrate concentration.
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8.4.6 Understanding changes in NO
In HGPC and NGPC cells, changes in test glucose concentration rapidly modulated NO
production. In this case, due to the long-lasting changes in cell metabolism, it seemed
unlikely that metabolic modulation is linked to NO production. Therefore, it was
postulated that glucose itself might be responsible for NO scavenging and reduced
detection, a theory supported by Brodsky et al. (2017) (Brodsky et al., 2017), a study
using electrospray ionisation mass spectrometry (ESI-MS/MS) analysis to reveal that,
after exposure to a nitrosating environment, glucose undergoes addition of 30 Da,
corresponding to the mass of NO.
While the results in Chapter 5, section 5.3.1, did not show a direct correlation between
cell metabolism, redox environment and NO production, treatment with glucose/fructose,
both intermittent and constant, profoundly decreased NO. It remains to be clarified what
process underlies these results. To this end, the quantification of BH 4 redox state,
peroxynitrite, NADH and NADPH, eNOS expression and PTMs (such as
glycosylation and phosphorylation state) could better help to shed further light on the
findings. The identification of a direct correlation between cellular metabolic activity
and ability to produce NO could be an important piece of information to help to
prevent this alteration in vivo.
8.4.7 The effect of insulin at HG: Crabtree effect or vascular insulin resistance?
As shown in Chapter 6, insulin led to an increase in oxygen consumption related to
glucose and glucose/fructose metabolism. The increase in ROS-RNS concentration, in
this case, has been interpreted as a physiological effect of insulin signalling, as shown in
the literature (Mahadev et al., 2004; Goldstein et al., 2005; Fiaschi et al., 2007; Bashan
et al., 2009; Woo et al., 2010; Iwakami et al., 2011; Li et al., 2012; Besse-Patin and Estall,
2014).
At higher glucose concentrations, insulin failed to exert any effect on bioenergetics in
NGPC cells or to modify ROS-RNS production. While it has been shown previously that
the Crabtree effect characterises metabolism in ECs (Dobrina and Rossi, 1983;
Krützfeldt, 1990; Koziel et al., 2012; Hammad et al., 2016; Mookerjee et al., 2017), it
could also be argued that hyperglycaemia might interfere with insulin signalling, driving
vascular insulin resistance (Fulton, 2009; Q. G. Zhou et al., 2012; Babacanoglu et al.,
2013). To this end, it would be useful to further investigate the action of insulin on ECs
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exposed to hyperglycaemic conditions using immunoprecipitation techniques and
subsequent isolation. Such techniques could help to determine the phosphorylation of
factors involved in the insulin signalling, such as Akt, IRS1 and IRS2, PI3K (Czech et
al., 1988; Zeng et al., 2000; Madonna and De Caterina, 2009).
8.4.8 Fructose metabolism in ECs, and possible implications for the onset of
endothelial dysfunction
The mechanism of fructose metabolism has been extensively studied in hepatocytes, but
there is currently a lack of information that describes fructose metabolism in ECs. In this
study, it was shown for the first time that exposure of 0.1 or 1 mM of fructose, following
an oscillating or a constant model, led to an increase in cellular bioenergetics and a more
energetic phenotype. Based on existing knowledge for hepatic cells, and on the metabolic
enzymes expressed in ECs, it was hypothesised in this study that fructose increased
cellular aerobic metabolism into the form of fructose-2,6-biphosphate, an activator of
glycolysis, and that fructose could also participate in alternative metabolic pathways.
Testing of these hypotheses could contribute to developing this important branch of
research that could help to better understand the implication of a moderate and high
fructose consumption for vascular health, in both health and diabetes.
8.4.8.1 Does fructose cause ATP depletion?
A blood fructose concentration of 1 mM has been associated with ATP depletion, due to
its unregulated metabolism and phosphorylation (Abdelmalek et al., 2012). Importantly,
this has been described in ECs (Bode et al., 1973; Cortez-Pinto et al., 1999; Nair et al.,
2003; Glushakova et al., 2008; Cirillo et al., 2009; Abdelmalek et al., 2012). The first
consequence of ATP depletion could be an increase in AMP and in uric acid formation
by XO. This phenomenon could impair NO production, as shown previously (Butler,
Morris, J. J. F. Belch, et al., 2000; Mazzali et al., 2001; Doehner et al., 2002; Farquharson
et al., 2002; Guthikonda et al., 2003; Khosla et al., 2005a), perhaps explaining the
decrease in nitrite identified upon NGPC cells treatment with oscillating and constant
glucose/fructose. Intracellular ATP depletion could cause an increase in cellular
metabolic rate, in an attempt to respond to the greater energy demand. ATP depletion is
responsible for the activation of AMPK, that, among other effects, determines an increase
in cellular metabolic activity (Towler and Hardie, 2007). As explained previously, the
increase in NMOCR achieved upon constant glucose/fructose exposure could reflect XO
overactivation. Future studies should include the measurement of the intracellular
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ATP/ADP ratio. In addition, the measurement of NMOCR subsequent to glucose/fructose
exposure and XO inhibition with allopurinol could help to understand if this is the enzyme
is responsible for the increase NMOCR.
8.4.8.2 Is the increase in proton leak preventing an increase in superoxide?
Constant exposure of NGPC cells to glucose/fructose (1 mM), led to an increase in proton
leak, which was unlikely to indicate mitochondrial dysfunction. It has been postulated
that proton leak could increase to dissipate the proton gradient across the inner
mitochondrial membrane and control cellular ROS concentration. The greater reducing
equivalents that flux to the ETC as a consequence of increased glucose/fructose
catabolism could, in fact, increase the proton gradient across the membrane, affecting the
mitochondrial membrane potential and linking to greater superoxide production. Despite
not having been shown in this study, an increase in superoxide could also be driven by
increased oxidases activity, such as XO, in the presence of glucose and fructose,
contributing to the increase in cellular ROS level. Since the mitochondrial ETC is one of
the main cellular ROS producers, an increase in proton leak could be seen as a mechanism
to control and avoid excessive superoxide production from this source. UCP2 has been
previously found to increase in response to high glucose exposure in EA.hy926 cells
(Koziel et al., 2012), therefore, the quantification of uncoupling proteins, such as UCP2,
could help to explain the increased proton leak.
8.4.8.3 Role of AGEs in endothelial dysfunction
An important aspect not addressed in this study is the quantification of AGEs formation
and of AGEs in the cell culture medium per se. Both glucose and fructose metabolism
has been correlated to AGEs formation. However, fructose is a more prominent
participant in glycosylation reactions, compared to other sugars. For example, it has been
previously shown that the presence of fructose led to 7.5-fold enhancement in
haemoglobin glycosylation compared to glucose only

(Bunn and Higgins, 1981;

McPherson, Shilton and Walton, 1988). In addition, in vitro HUVECs exposure to
fructose led to an increase in AGEs formation in cell culture medium and intracellularly
(Takeuchi et al., 2015; Sotokawauchi et al., 2019). The evaluation of AGEs levels in the
medium and intracellular AGEs could help to better describe glucose and fructose
exposure on ECs and explain the variation in NO production, allowing identification of
the missing link between the three aspects analysed in this study (bioenergetics, redox
state and cell function).
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8.5 Discussion and Conclusions
The results of this study show that glucose and fructose exposure affect ECs metabolism
and function in a variety of ways. The greatest effects of hyperglycaemia have been
identified upon chronic hyperglycaemic exposure, while glucose oscillations failed to
bring about any changes in those aspects investigated. These results are important from
an experimental and a clinical standpoint.
From an experimental perspective, cellular HG preconditioning can lead to a
misinterpretation of the results achieved in the study. Firstly, because this study shows
that prolonged exposure to different glucose concentrations rewires cellular bioenergetic
and functional phenotype. The cellular modifications showed in this study was found to
be durable and irreversible in the short term, possibly implying a mechanism involving
PTMs of different level of enzyme expression. For these reasons, the utilisation of cell
culture medium containing high glucose concertation should be discouraged, wherever
possible, and should always be taken into consideration in interpreting the results.
From a clinical point of view, the acquisition of different cellular metabolic and functional
phenotypes consequent to glucose preconditioning aligns with the previously discussed
concept of metabolic memory, whereby long-term high glucose exposure can drive
irreversible changes in cellular metabolic and functional phenotype (Ceriello, Ihnat and
Thorpe, 2009; Drzewoski, Kasznicki and Trojanowski, 2009; Ceriello, 2012; Reddy and
Natarajan, 2013; Wegner et al., 2014; de Zeeuw, Wong and Carmeliet, 2015; Reddy,
Zhang and Natarajan, 2015; Roberto et al., 2017; Misra and Bloomgarden, 2018; Wang
et al., 2018). The results of this study help to clarify the role of duration of exposure to
glucose in determining meaningful changes to the endothelium, showing that chronic
hyperglycaemia could lead to a point of no return, after which ECs adopt a different
phenotype, while a shorter exposure to glucose seems less effective in causing any
cellular alteration. If replicated in vivo, this could help to explain the difficulties in
reversing CVD with short-term glucose control. In addition, it would highlight the
importance of strict blood glucose control in the early stages of diabetes.
However, meal frequency should also be considered, as well as the source of
carbohydrates. Fructose, differently from glucose, has been shown to have a quicker and
long-lasting effect in causing metabolic and functional changes in this cell model.
Importantly, these changes were observed independently from its concentration or from
the total carbohydrate concentration, exerting a powerful effect even under
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normoglycaemic conditions and a short oscillating window of exposure. These data add
important information on the consequence of ECs exposure to circulating fructose. The
finding suggests that fructose intake, either as free fructose or in the form of the
commonly consumed HFCS or sucrose, should be limited in both amount and frequency.
This is valid particularly in diabetes, where chronic hyperglycaemic exposure is an
additional risk factor, among others, that triggers endothelial dysfunction. In addition,
since fructose absorption is variable among different individuals (Hernestål-Boman et al.,
2012; Ferraris, Choe and Patel, 2018), it would be helpful to monitor the postprandial
fructose blood concentration, in addition to glucose, to have a more accurate subjective
lifestyle intervention.
It is still unclear whether fructose consumption could be more harmful than glucose in
determining CVD by directly affecting endothelial function. In this study, a potentially
deleterious effect of the endothelium to fructose and HG exposure was identified in its
ability to rapidly reduce NO production, which increases atherogenic risk (Singh et al.,
2002; Förstermann, 2010). However, it is apparent that the mechanism by which a
decrease in NO is achieved differs when cells are exposed to glucose as opposed to a
combination of glucose and fructose. Glucose was also able to decrease the presence of
NO in the medium only after acute constant IG or HG exposure, which did not lead to
any significant change in cells bioenergetics and redox state. The detection of lower NO
in the presence of glucose and fructose, even at normoglycaemic conditions, went hand
in hand with changes in cells bioenergetics. Although the link between these two aspects
still needs clarification, it appears that these changes are different in nature and with
longer-lasting effects compared to the ones identified in cells exposed to glucose only.
This is indicated by the inability of the cells to restore NO production after 12 hours of
glucose normalisation.
It is still not clear whether the increase in cellular aerobic metabolic activity observed
with both fructose and insulin exposure could be deleterious in vivo. However, due to the
glycolytic nature of the EC, dysregulation of cellular metabolism is likely to represent a
disturbance in a cell’s homeostatic state. For example, an increase in endothelial cellular
metabolism has been previously observed in atherosclerosis, where cells become more
activated, as well as during angiogenesis (Pircher et al., 2016; Eelen et al., 2018). The
switch to a more aerobic glucose and fructose metabolism could represent a functional
disadvantage for the endothelium; greater oxygen consumption or requirement could
deprive oxygen release to the perivascular tissues and could compromise the ability of
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ECs to adapt to a less oxygenated environment. In the case of fructose, the dysregulation
of cell metabolism could also result in an imbalance of intracellular reductive and
oxidative state, which could, in turn, affect endothelial ability to produce NO. The
understanding of the relationship intercurrent between EC metabolism and cell function
upon glucose and fructose exposure could help to find a therapeutic approach for
endothelial dysfunction in diabetes. This could be realised by controlling sugar intake and
insulin administration (when required), based on the individual response and also by
developing new therapeutic treatments targeting altered metabolic pathways of ECs.
With awareness of the limitations of this study, this project contributed to increasing the
knowledge of glucose-induced metabolic and functional changes on ECs, as well as the
effects of fructose and insulin, important aspects that needs deeper investigation. It would
be of interest to investigate the effects of glucose/fructose and insulin, and their interplay,
on cell function, oxidative stress and bioenergetics of arterial ECs; this could be achieved
by focusing particular attention on the intracellular pathways involved in insulin
signalling, in the regulation of metabolism and in key aspects of EC function. This might
help to clarify the link between insulin, fructose and hyperglycaemic exposure on the
onset of endothelial dysfunction in diabetes.
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APPENDIX
Abbreviation

Description

2-DG

2-deoxyglucose

3-DG

3-deoxyglucosone

3-PG

3 Phosphoglycerate

5-HT

Serotonin

A23187

Calcimycin

AA

Arachidonic acid

AC

Adenylate cyclase

ACC

Acetyl-coA carboxylase

Ach

Acetylcholine

ADA

American diabetes association

ADP

Adenosine Diphosphate

AFGPs

1-alkyl-2-formyl-3,4-diglycosyl
pyrroles

AGEs

Advance glycation end products

Akt

Protein kinase B

ALR2

Aldose reductase 2

ALS

Amyotrophic later sclerosis

AMDA

Asymmetric dimethylarginine

AMP

Adenosine monophosphate

AMPK

Adenosine monophosphate kinase

ANOVA

One-way analysis of variance

AREs

Antioxidant response elements
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AT-1

Angiotensin1

ATCC

American type culture collection

ATF4

Activating transcription factor 4

ATP

Adenosine triphosphate

Bax

Bcl-2-associated X protein

Bcl-2

B-cell lymphoma 2

BH4

Tetrahydrobiopterin

BPAEC

Bovine pulmonary artery
endothelial cell

BSA

Bovine serum albumin

Ca2+

Calcium

cAMP

Cyclic adenosine monophosphate

CAT-1 (SLC7A1)

High affinity cationic amino acid
transporter 1

CD-36

Cluster of differentiation 36

CDK

Cyclin-dependent kinase

CEC

Cerebral endothelial cells

cGMP

Cyclic 3’-5’ Guanosine
Monophosphate

ChREBP

Carbohydrate-responsive elementbinding Protein

CML

N-q-carboxy-methyl-lysine

Complex V OCR

OCR measured after Complex V
inhibition

CO2

Carbon dioxide

COX-1

Cyclooxygenase 1

COX-2

Cyclooxygenase 2
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CREB

cAMP response element-binding
protein

CRP

C-reactive Protein

CRTC-2

CREB-regulated transcriptional coactivator-2

CVD

Cardiovascular disease

DAG

Diacylglycerol

DCCT

Diabetes control and complications
trial

DCFH-DA

2’,7’-dichlorodihydrofluoresceindiacetate

DHAP

Dihydroxyacetone phosphate

DHE

Dihydroethidium

DHLA

Di-hydrolipoic acid

DKA

Diabetic ketoacidosis

DMEM

Dulbecco's Modified Eagle's
Medium

DMSO

Dimethyl sulfoxide

Drp1

Dynamin-related protein-1

EA.hy926

Human-derived endothelial cell line

EC

Endothelial cell

ECAR

Extracellular acidification rate

ECD

Electron capture detector

EDIC

Epidemiology of diabetes
interventions and complications

EGTA

Egtazic acid
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ELISA

Enzyme-linked immunosorbent
assay

ER

Endoplasmic reticulum

ERB-2

Protein involved in normal cell
growth

ERK

Extracellular signal-regulated
kinase

ET

Endothelin

ETC

Electron transport chain

F1P

Fructose-1-phosphate

F2,6P2

Fructose-2,6-bisphosphate

F6P

Fructose-6-phosphate

FA

Fatty acid

FAD+

Flavin adenine dinucleotide
oxidised

FADH

Flavin adenine dinucleotide
reduced

FBPase

Fructose-1,6-bisphosphatase

FBS

Foetal bovine serum

FCCP

Carbonyl cyanide-4(trifluoromethoxy)phenylhydrazone

FFA

Free fatty acid

FFI

2-(2-furoyl)-4(5)-furanyl- 1Himidazole

FGF21

Fibroblast growth factor 21

FPG

Fasting plasma glucose

G3P

Glyceraldehyde-3-phosphate
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G6P

Glucose-6-phosphate

G6PD

Glucose-6-phosphate
dehydrogenase

GABA

γ-aminobutyric acid

GAD

Glutamic acid decarboxylase

GAPDH

Glyceraldehyde 3-phosphate
dehydrogenase

GC

Guanylate cyclase

GDM

Gestational diabetes

GDP

Guanosine Diphosphate

GFAT1

Glutamine/fructose-6-phosphaute
aminotransferase 1

GGT

Gamma-glutamyl transpeptidase

GIP

Gastric inhibitory polypeptide

GLP-1

Glucagon-like peptide 1

GLT

Glutaminase

GLUT

Glucose transporter

GPD

Glycerophosphate dehydrogenase

GPIHBP-1

Glycosylphosphatidylinositolanchored high-density lipoprotein–
binding protein 1

GPx

Glutathione peroxidases

GSH

Glutathione reduced

GSSG

Glutathione, oxidised

GST

Glutathione-S-transferase

GST

Glycolysis stress test

GTP

Guanosine triphosphate
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HAEC

Human aortic endothelial cells

HbA1c

Glycated haemoglobin

HBP

Hexosamine biosynthesis pathway

HBSS

Hank's balanced salt solution

HCAECs

Human coronary artery endothelial
cells

HDL

High-density lipoprotein

HEPES

4-(2-hydroxyethyl)-1piperazineethanesulfonic acid

HFCS

High-fructose corn syrup

HG

High glucose

HGPC

High glucose preconditioned
EA.hy926 cells

HIF

Hypoxia-inducible factor

HLPC

High-performance liquid
chromatography

HMVEC

Human skin vascular endothelial
cell

HNO

Nitroxyl

HO-1

Haem oxygenase-1

HRP

Horseradish peroxidase

HSL

hormone-sensitive lipase

HUVEC

Human umbilical vein cell

ICA

Anti-islet cell autoantibody

ICAM-1

Intercellular adhesion molecule 1

i-DPP-4

Dipeptidyl peptidase-4 inhibitor

IFG

Impaired fasting glucose
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IFN-γ

Interferon-γ

IGT

Impaired glucose tolerance

IRS

Insulin receptor substrate

JC-10

Mitochondrial probe used for the
quantification of the mitochondrial
membrane potential

JNK

c-Jun NH2-terminal kinase

LADA

Latent autoimmune diabetes of
adults

LDH

Lactic dehydrogenase

LDL

Low-density lipoprotein

L-NAME

L-arginine methyl ester

L-NOHA

N-ω-hydroxy-l-arginine

LOX

Lipoxygenase

LPL

Lipoprotein lipase

LPO

Lipid peroxides

LR

Linearised rate

MAPK

Mitogen-activated protein kinase

MCP-1

Monocyte chemoattractant protein
1

MEK

Ras-mitogen-activated protein
kinase kinase

MG

Methylglyoxal

MHC

Major histocompatibility complex

MMP

Matrix metalloproteinase

MST

Mito Stress Test

mTOR

Mammalian target of rapamycin
271

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide

NAD+

Nicotinamide adenine dinucleotide,
oxidised

NADH

Nicotinamide adenine dinucleotide,
reduced

NADP+

Nicotinamide adenine dinucleotide
phosphate, oxidised

NADPH

Nicotinamide adenine dinucleotide
phosphate, reduced

NAFLD

Non-alcoholic fatty liver disease

NF-κB

Nuclear factor kappa-light-chainenhancer of activated B cells

NGA

Non-glycolytic acidification

NGPC

Normal glucose preconditioned
EA.hy926 cells

NLR

Neutrophils to lymphocyte ratio

NMOCR

Non-mitochondrial oxygen
consumption

NO

Nitric oxide

NO+

Nitrosonium cation

NOA

Nitric oxide analyser

NOX

NADPH oxidase

OCR

Oxygen consumption rate

OGA

O-GlcNAcase

O-GlcNAc

O-linked N-acetylglucosamine

O-GlcNAcylation

Attachment

of

acetylglucosamine

O-linked

N-

moieties
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tocytoplasmic,

nuclear

and

mitochondrial proteins.
OGT

O-GlcNAc transferase

OGTT

Oral glucose tolerance test

ONOO-

Peroxynitrite

OSA

Octane sulphonic acid

PAECs

Pulmonary arterial endothelial cells

PAI-1

Plaminogen activator inhibitor

PARP-γ

Peroxisome proliferator-activated
receptor-γ

PBS

Phosphate saline buffer

PCR

Polymerase chain reaction

PDE-4B

cAMP-specific 3′,5′-cyclic
phosphodiesterase 4B

PDGF-B

Platelet-derived growth factor-B

PDH

Pyruvate dehydrogenase

PDX-1

Pancreas duodenum homeobox-1

PFK1

Phosphofructokinase 1

PFK-2/FBPase-2

Phosphofructokinase 2/fructose
phosphatase 2

PFKFB-3

6-phosphofructo-2-kinase/fructose2,6-bisphosphatase-

PGD2

Prostaglandin D2

PGE2

Prostaglandin E2

PGF2α

Prostaglandin D2α

PGG2

Prostaglandin G2

PGH2

Prostaglandin H2.
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PGI2

Prostacyclin, prostaglandin I2

PGK

phosphoglycerate kinase

PI3K

phosphoinositide 3-kinase

PKA

Protein Kinase A

PKC

Protein Kinase C

PKG

Protein Kinase G

PKKBg3

6-phosphofructo-2-kinase/fructose2,6-biphosphatase 3

PLA2

Phospholipase A2

PLC

Phospholipase C

PMA

Phorbol ester 12-O-tetradecanoylphorbol-13-acetate (or TPA)

PMVECs

Pulmonary microvascular
endothelial cells

PPAR-γ

Peroxisome proliferator-activated
receptor-γ

PPP

Pentose phosphate pathway

PRX

Peroxiredoxins

PTM

Post-translational modification

PTP1B

Protein tyrosine phosphatase 1 B

PUFA

Polyunsaturated fatty acid

Q

Ubiquinone

QH2

Ubiquinol

RAAS

Renin–angiotensin–aldosterone
system

RAGE

Advanced glycation end product
Receptor
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RNA

Ribonucleic acid

RNS

Reactive nitrogen species

ROCK

Rho-associated protein kinase

ROS

Reactive Oxygen Species

RS

Thiyl radical

SA-β-gal

β-galactosidase

SD

Standard deviation

SEM

Standards error of mean

Ser

Serine

SGLT-2

Sodium-glucose transport protein 2

SH

Thiol group

SH2

Src homology 2

SHP

Src homology 2 (SH2) domaincontaining phosphatase

SIRT

Sirtuin

SLC7A1

Arginine transporter CAT-1

SOD

Superoxide Dismutase

SORD

Sorbitol dehydrogenase

SP-1

Specificity protein -1

SREBP1

Sterol regulatory element-binding
proteins-1

STZ

Streptozotocin

T1DM

Type 1 diabetes mellitus

T2DM

Type 2 diabetes mellitus

TAFI

Thrombin activatable fibrinolysis
inhibitor
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TCA

Tricarboxylic acid cycle

TDZ

Thiazolidinedione

TG

Triglyceride

TGF-β1

Transforming growth factor

Thr

Threonine

TK

Transketolase

TLR-4

Toll-like receptor 4

TMB

Tetramethyl benzidine

TNF-α

Tumour necrosis factor α

TNF-β

Tumour necrosis factor β

TP

Thromboxane receptor

TPA

12-O-tetradecanoyl-phorbol-13acetate

t-PA

Tissue plasminogen activator

Trx

Thioredoxin

TxA2

Thromboxane A2

TZD

Thiazolidinediones

UA

Uric acid

UCP2

Uncoupling protein 2

UDP-GlcNAc

Uridine diphosphate-Nacetylglucosamine

UGT

UDP-glucuronyl transferase

UKPDS

UK prospective diabetes study

UPR

Unfolded protein response

VCAM-1

Vascular cell adhesion molecule 1

VEGF

Vascular endothelial growth factor
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VEGFR

Vascular endothelial growth factor
receptor

VLDL

Very-Low density lipoprotein

VSMC

Vascular smooth muscle cell

WHO

World Health Organisation

XBP1

X-box binding protein 1

XO

Xanthine oxidase
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