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Abstract

Nitric oxide (NO), a vasoprotective and ubiquitous signaling molecule generated from the
endothelial cells (EC) by the enzyme endothelial nitric oxide synthase (eNOS) have a vital role
in regulation of vascular function and integrity. However, a significant attenuation of eNOS and
NO leads to endothelial dysfunction (ED) and increased risk of cardiovascular disease (CVD) in
diabetes. Lipoproteins particularly LDL, undergo glycation in diabetic patients and turns it into
pro-atherogenic glycated LDL (glyLDL). However, the impact of glyLDL on eNOS, the
transmembrane signalling events, involvement of mitochondrial and endoplasmic reticulum (ER)
stress in EC remains unclear. Also, literatures reveal impaired platelet mitochondrial function in
diabetes patients; however, the impact of family history of diabetes on platelet mitochondrial
bioenergetics still remains unknown. In the present study, we had provided the evidence for
diabetes-associated metabolic stress involving glyLDL can attenuate eNOS protein, gene and
activity in EC, as well as glyLDL and high glucose attenuates eNOS content in EC. Receptor of
advanced glycation end products (RAGE) and H-Ras pathway are implicated in the upstream
signalling events in the downregulation of eNOS in EC. In addition, ER stress, impaired
mitochondrial function due to significant reduction of complex-specific oxygen consumption and
bioenergetics were identified in glyLDL-treated EC. Further, we have also detected significant
impairment in platelet mitochondrial bioenergetics in healthy individuals with familial history of
diabetes. Identifying the mechanisms involved in diabetes associated metabolic stress induced
signaling in EC and early detection of mitochondrial impairment in healthy individuals will help
to find new targets for the prevention and treatment of diabetic cardiovascular complications and

improve quality of life in diabetic patients.
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Chapter 1

Introduction

Cardiovascular disease complications are the primary cause of deaths in diabetes patients
(Warboys et al., 2011). In Canada, cardiovascular complications account for one-third of the
mortality of the individuals (Genest et al., 2009). World Health Organization (WHO) estimates
about 17.3 million people died due to cardiovascular disorders (CVDs) in year 2008, among
which, 7.3 million were due to atherosclerotic coronary artery diseases (CAD). It is predicted
that the cardiovascular mortality will alarmingly rise to 25 million by year 2030. Diabetes alone
has contributed to 1.3 million deaths (WHO., 2011). Diabetes increases the risk for
cardiovascular disease for 2-4 times. CVD complications can be reduced by 20-50% by tight
control of low-density lipoprotein (LDL)-cholesterol (CDCP., 2011).

Glycation and oxidation increase the atherogenic potential of lipoproteins (Bierman,
1992). LDL glycation is associated with the acceleration of atherosclerosis in diabetes. Elevated
levels of glycated LDL (glyLDL) can be detected in diabetic patients (Lyons, 1993).
Endothelium produces the regulatory mediators related to vascular function such as nitric oxide
(NO), adhesion molecules, plasminogen activator inhibitor-1 (PAI-1) and cytokines. Endothelial
nitric oxide synthase (eNOS) regulates the nitric oxide (NO) production from EC (Quyyumi,
1998). Oxidative stress is linked to impaired NO bioactivity and endothelial function (Stocker
and Keaney, 2004).

Endothelial dysfunction detected in diabetic patients is diagnosed with reduced NO-
mediated vasodilation (Wautier et al., 2001). GlyLDL attenuated shear stress induced NO
production and impaired LDL clearance through the low density lipoprotein receptor (LDLR) on

EC (Posch et al., 1999). Oxidized LDL (oxLDL) was observed to decrease eNOS protein and



increase reactive oxygen species (ROS) in EC (Luciano et al., 2000). Calpain activation by
oxidized or glycated LDL raised eNOS degradation in EC (Dong et al., 2009). Glyco-oxidized
LDL impaired endothelium more potently compared to oxLDL and reduced vasodilation due to
increased superoxide formation (Chikani et al., 2004).

Glycated high density lipoprotein (HDL) was observed to induce apoptosis in EC due to
mitochondrial dysfunction (Matsunaga et al., 2001). Damage or reduced mitochondrial DNA or
copy number is related to mitochondrial dysfunction in diabetes (Rolo and Palmeira, 2006).
Alterations in the endoplasmic reticulum (ER) Ca** cause ER stress leading to ROS formation
and reduced mitochondrial electron chain (mETC) transport proteins that are the primary
enzymatic components of ROS production (Leem and Koh, 2012). ER stress in EC may be an
significant contributor to diabetes-associated vascular complications (Basha et al., 2012).

Relationships between endothelial dysfunction and mitochondrial dysfunction remain
largely unexplored. This thesis work aims to investigate and to understand the mechanism for
diabetes associated metabolic stress-induced cardiovascular complications. The translational
studies involving human platelets from healthy subjects were carried out to determine the
feasibility and potential application of a clinically feasible method to detect early abnormalities

in mitochondrial function in the platelets of individuals with risk of diabetes.



Chapter 2
Literature review

2.1 Atherosclerosis

Atherosclerosis is characterized by the cholesterol accumulation in the macrophages of
medium-sized and large arteries and is considered as the major cause for mortality in diabetes.
The risk of coronary atherosclerosis is 3-5 folds greater in the diabetes patients than non-
diabetics. Diabetes is a major factor contributing to the development of atherosclerosis.
Atherosclerosis is stimulated by the genetics and environmental factors. The events associated
with the pathogenesis of the atherosclerosis are complex (Stocker and Keaney, 2004). Loss of
bioactivity of NO and ROS is the principal feature of atherosclerosis. Endothelial dysfunction
directly contributes to atherosclerosis and a lower level of cofactor tetrahydrobiopterin (BH,) is
often detected in atherosclerosis (Alp et al., 2004). Increased levels of LDL in the plasma
promote deposition of cholesterol in the arteries, which forms the principal risk factor for
atherosclerosis (White et al., 2008). Endothelial dysfunction including impaired endothelium-
derived vasodilation initiates the vascular inflammation and atherogenesis process. The
lipoprotein retention in the arterial wall is linked to the modified apolipoprotein B-100 (apoB)-
100 derived lipoproteins. Proteoglycans have an important role in retaining the apoB lipoproteins
in initial phase of atherosclerosis (Stocker and Keaney, 2004). Atherosclerosis is considered as a
lipid driven chronic inflammatory disease with the accumulation of lipids and inflammatory
mediators in the arteries (Warboys et al., 2011). The disrupted integrity of EC has a significant
role in the atherosclerosis progression (Hamuro et al., 2002). Accelerated atherosclerosis in
diabetes is due to alteration in the vascular cell function and a response to the interaction with

glycated lipids and proteins in plasma. ApoB is a specific protein which is mostly prone to



undergo glycation in diabetes (Toma et al., 2011). NO, is the primary contributor and regulator
of vascular tone, and is also involved in different pathways in atherogenesis and vascular
dysfunction. The anti-atherogenic and vascular protective effects of eNOS are deteriorated by
OxLDL. OxLDL amplifies the glyco-oxidation and facilitates the atherogenesis and affecting the
vascular function. Glycation enhances oxidation and accelerates atherosclerosis (Napoli et al.,
2002). Accumulated lines of evidence suggest endothelial dysfunction as an initial event in the

atherosclerosis progression (Sitia et al., 2010).
2.2 Diabetes

Diabetes mellitus (DM) is a metabolic disorder characterized with hyperglycemia and
reduced secretion or insulin receptor insensitivity. DM is broadly classified as type 1 DM,
characterized by diminished production of insulin; type 2 DM characterized by impaired -cell
function and insulin resistance and finally diabetes occurring first time during pregnancy known
as gestational diabetes. Type 1 DM accounts only 10 % of DM, and type 2 DM represents vast
majority of diabetes with explosively increasing prevalence during last 30 years (Rolo and
Palmeira, 2006).

Diabetes is linked with increased macrovascular complications and microvascular
complications. CAD, cerebrovascular and peripheral vascular diseases are included in macro
vascular complications. Nephropathy, retinopathy and neuropathy are included in the
microvascular complications in diabetes (Beckman et al., 2002). Diabetes damages normal
cellular functions in EC, smooth muscle cells (SMC), and platelets. Endothelial dysfunction has
been detected in diabetes patients (Beckman et al., 2002; Schmidt and Stern, 2000)

Hyperglycemia is an important factor for the progression of endothelial dysfunction in

diabetes. Several markers of endothelial impairment have been detected in type 2 DM. Type 2



DM is independently linked with the flow-mediated vasodilation (Hadi and Suwaidi, 2007).
Diabetic dyslipidemia is associated with raised triglycerides (TG), chylomicrons, very low-
density lipoproteins (VLDL), or LDL and low levels of HDL-cholesterol (Shen, 2003).
Atherogenic mechanisms in diabetes include, dyslipidemia (apoprotein and lipoprotein
abnormality), glycation and advanced glycation of proteins, oxidation and glycooxidation, foam

cell formation and the procoagulant state (Bierman, 1992).
2.3 LDL and glyLDL

The LDL-cholesterol levels in plasma and the accelerated atherosclerosis is positively co-
related. LDL transports the cholesterol in the blood. Cholesterol, triglyceride, phospholipids and
apoB are the major components in LDL. Impaired LDLR restricts the LDL clearance from the
circulation and results in increased LDL in circulation. Deposition of LDL on the arterial walls is
the major factor for the atherosclerosis development (Stocker and Keaney, 2004).

The apoB, recognition site on LDL surface supports the interactions with receptors on the
cell membrane. Abnormalities in the LDL structure due to oxidation or glycation decreases its
uptake by the LDLR (Tozer and Carew, 1997). Increased levels of glyLDL detected in
circulation enhance the complications in CVD (Steinberg, 1987).

Hyperglycemia increased the non-enzymatic glycation in apoB of LDL and amino acid,
lysine undergoes major glycation. Glycated apoB levels are significantly found increased in
diabetic patients. Glycation of LDL turns it atherogenic. Small dense LDL was noted to be more
susceptible to glycation than buoyant LDL (Younis et al., 2009). Glycation can be induced by
reactive sugars, and LDL is observed to contain rich in glycated apoB. GlyLDL prepared in-vitro
and glyLDL obtained from diabetic patients attenuated the eNOS expression and triggered

apoptosis in EC. Also circulating glyLDL levels in the healthy subjects were relatively higher



than oxLDL (Soran and Durrington, 2011). LDL is also observed to undergo glycation in the
vessel intima and accumulates in the sub-endothelial layer (Sima and Stancu, 2002). Glycation is
the non-enzymatic irreversible reaction, where the susceptible amino acid lysine interacts with
glucose and forms stable products termed “Maillard” reaction or browning. Metabolic
abnormalities due to glyLDL accelerate the atherosclerosis process in diabetes. Glycation and
oxidation increase collagen cross linking and cause abnormal vascular tone and rigidity that
leads to endothelial injury (Lyons, 1993; Tames et al., 1992).

Proteins and DNA are glycated in-vitro and in-vivo to form AGEs. Diabetic plasma
contains increased glucose that over time reacts with the amino group of proteins, mostly in
arginine and lysine residue to form glycated intermediates. These intermediates are collectively
known as AGEs. The first glycation product determined clinically was glycated hemoglobin
(HbA:c); which is an established marker for diabetes (Akhter et al., 2013). Hyperglycemia
promotes formation of AGEs by the non-enzymatic glycation of lipids and proteins (Ramasamy
et al., 2005). The glycation can cause secondary damage to the biomolecules like lipids,
nicotinamide adenine dinucleotide hydrogen phosphate (NADPH), and enzymes and has a vital
role in the progression of diabetes associated complications (Morgan et al., 2002).

Glycooxidation of LDL stimulates atherogenesis in DM through MAPK-ERK/JNK
pathway (de Nigris et al., 2012). Diabetic LDL from diabetic patients reduced the shear stress
mediated NO production and glyLDL is a major risk factor for endothelial dysfunction and
atherosclerosis in diabetes (Posch et al., 1999). Study from our lab and others have previously
shown that glyLDL stimulated superoxide release from the endothelium or from EC (Posch et
al., 1999; Zhao and Shen, 2005). This evidence indicates that the lipoprotein glycation has a

significant role in the development of diabetes-associated cardiovascular complications.



2.4 CVD

Cardiovascular disease is identified as the major cause of deaths among diabetics. Raised
glyLDL levels are commonly detected in uncontrolled diabetic patients, and the risk of
developing cardiovascular complications is 2-6 folds higher in diabetes (Ren et al., 2002; Zhang
et al., 1998). Plaques formed in arteries are the major pathological cause of CAD (Warboys et
al., 2011). Diabetic coronary arteries show a significant reduction of the relaxation response to
acetylcholine and the hyperglycemic condition predisposes to atherosclerotic CAD. The
impaired endothelial function and inability to produce NO has been implicated as an early event
in CAD risk. Increased oxidative and nitrosative stress has been associated with decreased NO
and peroxynitrite generation in aortic and coronary vessels (ElI-Remessy et al., 2010).
Mechanisms involved in diabetes-associated impairment in vascular relaxation remains unclear.

2.5 NO and eNOS

NO was discovered in early 1772 by Joseph Priestly. It was found in vivo as a transparent
gas with a lifetime of 6-10 seconds. Exposure of NO to the bovine aortic coronary artery strips
led to the discovery of vascular smooth muscle relaxation property of NO in 1979. Later during
1980, Furchgott has discovered the endothelium-derived relaxing factor (EDRF) response to
acetylcholine in EC. In 1987, in a separate study by Ignarro et.al and Moncada et.al proved that
EDRF is NO (Yetik-Anacak and Catravas, 2006). The role of NO as EDRF was the topic for
1998 Nobel Prize in Physiology or Medicine (Huang, 2009).

The endothelium due to its unique location in the internal lining of entire blood vessels
acts as a selective barrier between blood and the SMC. It controls the nutrients, hormones and
macromolecules transport into the underlying tissue. Intact endothelium ensures fluidity of blood

and limits blood coagulation. It helps in vascular tone regulation by producing both vasodilators



and vasoconstrictors like NO and endothelin-1 (Bakker et al., 2009). In addition to vasodilation,
NO prevents platelet aggregation, SMC proliferation and inflammation (Schalkwijk and
Stehouwer, 2005). eNOS, also suppress SMC proliferation, modulates leukocyte-endothelial
interaction and thrombosis (Huang, 2009).

Chromosome 7 encodes the eNOS gene and it contains 26 exons that encode a mature
MRNA with 4052 nucleotides that further get translated to 1,203 amino acids (140 kDa) and 25
introns. eNOS is an oxidoreductase which catalyzes the reaction between L-arginine and
NADPH to form NO and NADP+. Dimeric form is the active form of eNOS, and its enzyme
activity is activated by shear stress and receptor-mediated signaling. Calcium/calmodulin and
heat shock protein (hsp90) mediate the eNOS activation while caveolin-1, nitric oxide synthase
interacting protein, nitric oxide synthase trafficking inducer inhibits the eNOS activation
(Jamaluddin et al., 2014). Multiple splice variants and isoforms exist for NOS in different
cellular compartments for performing different cellular functions. eNOS localized at the cell
membrane enables the B-adrenergic mediated force production. NO produced endogenously from
the endothelium influences the tissue oxygen consumption and controls the respiration at the
level of cytochrome c oxidase. Peroxynitrite irreversibly reduced the mitochondrial respiration
by release of iron from iron-sulfur centers. NO in sarcoplasmic reticulum performs the calcium

homeostasis that ultimately controls the cardiac contractility (Stocker and Keaney, 2004).

eNOS requires the dimerization and intracellular caveolae localization. eNOS can
undergo phosphorylation at Ser-1177 by Akt kinase and other kinases. NO can be inactivated by
the interaction of superoxide to form peroxynitrite. Superoxide is formed from the uncoupling of
eNOS or by NADPH oxidase. Thus, multiple mechanism simultaneously can cause endothelial

dysfunction, causing a reduction of bioavailable NO, which otherwise safeguards the vessels



from molecular events leading to atherosclerosis (Huang, 2009). Human eNOS activity is
controlled at multiple phosphorylation sites such as Ser-1177 which activates eNOS and Thr-495

inhibits eNOS activity (Jamaluddin et al., 2014).

eNOS is predominant isoform of NOS which is accountable for the production of
vasoprotective molecule NO (Forstermann and Munzel, 2006). It helps in maintaining the
vascular tone & integrity. This gaseous radical diffuses into the extracellular compartments and
targets its action in the underlying SMC and circulating blood platelets (Wu, 2002). This
vascular NO activates the soluble form of guanylyl cyclase, which subsequently activates the
cyclic guanosine monophosphate (cGMP) in SMC. NO has a vital role as an anti-platelet
aggregator, inhibitor of adhesion, DNA synthesis, mitogenesis and SMC proliferation. Hence, it
acts as an essential anti-atherogenic molecule in multiple aspects (Forstermann and Munzel,
2006). NO activates the soluble guanylate cyclase and elevated cGMP level that accounts for the
vascular smooth muscle relaxation effects. NO binds with its receptor heme group of the
guanylate cyclase to promote enzyme activation and stimulation of cGMP (Ignarro, 1989). The
enzymatic cofactors for eNOS include flavine adenine dinucleotide (FAD), flavin
mononucleotide (FMN), and tetrahydrobiopterin (BH,4). The BH4 synthesis is rate limited by
guanosine 5’- triphosphate cyclohydrolase. The absence of this enzyme can cause uncoupled
eNOS producing more superoxide anions (Huang, 2009). These evidence specify that, eNOS is a

crucial factor involved in endothelial dysfunction and pathogenesis of cardiovascular diseases.

NO has a vital role in vascular homeostasis. EC are paracrine organs that regulate
vascular contractions and relaxations, apoptosis or cell proliferation, platelet and leukocyte
functions. Among the various endothelial-derived factors, NO and prostacyclin are studied

extensively due to their crucial role in vascular physiology as vasodilators that maintain vascular

9



homeostasis. However, their regulation in vascular physiology in diabetes remains unclear. NO
prevents constriction of the coronary arteries, inhibits platelet aggregation, expression of
adhesion molecules and the release/action of vasoconstrictor, endothelin-1 (Michel and
Vanhoutte, 2010). The transcription factor, Krupple like factor 2 (KLF-2), is considered as a vital
factor which regulates the eNOS promoter that inhibits the endothelin-1 (Martinez-Ferndndez et
al., 2014). KLF-2 is claimed to have a significant role in maintaining the vascular homeostasis.
KLF-2 regulates eNOS and PAI-1, and is expressed highly in the endothelium. LDL down-
regulates the KLF-2 expression by DNA and histone methylation, leading to dysfunctional and
hypercoagulable endothelium. KLF-2 plays a critical role in maintaining an anti-inflammatory
and anti-thrombotic endothelial surface by upregulating eNOS and down-regulating PAI-1
transcriptionally. Recent reports suggest LDL exposure down-regulates KLF-2 in EC (Kumar et

al., 2013).

NO-dependent vasodilation is the primary mechanism by which the vascular tone and
integrity is regulated. Impairment of eNOS activity leads to the pathophysiological alterations in
the vascular homeostasis causing diabetic vascular complications, atherosclerosis and
hypertension (Rafikov et al., 2014). Uncoupling of eNOS has been clinically associated with
diabetes, hypertension and atherosclerosis (Li et al., 2014). Impairment of endothelial NO
production may lead to insulin resistance in type 2 DM. Oxidative stress and diabetes is likely to
have a genetic correlation. The eNOS gene at chromosome 7q36 was reported to exhibit
polymorphism. The eNOS Glu298Asp polymorphism was associated with attenuated basal NO
production (Banerjee and Vats, 2013). Clinical studies have shown that, supplementing BH,4

could improve endothelium-dependent vasodilation in Type 2 DM (Heitzer et al., 2000).
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Endothelial dysfunction broadly implies the attenuated nitric oxide and the imbalance of
the relaxing and contracting factors in endothelium. It is an important factor involved in the
abnormalities associated with atherosclerosis, diabetes, hypertension and aging (Wautier and
Schmidt, 2004). eNOS uncoupling is accountable for the endothelial dysfunction, reduced
function and number of endothelial progenitor cells (EPC) in diabetes. Attenuated NO
production in EPC is due to AGEs-induced apoptosis mediated by MAPK signaling (Shen et al.,

2010).

2.6 RAGE

Increased glucose cause non-enzymatic glycation of proteins, lipids, and nucleic acids.
Proteins that contain more lysine and arginine are prone to modification (Rabbani et al., 2010;
Ramasamy et al., 2005). RAGE was observed on the surface of vascular cells. Studies in our lab
have previously shown an increased RAGE expression in porcine aortic EC (PAEC) due to
treatment with glyLDL (Sangle, Zhao, et al., 2010). RAGE is a receptor on the cell surface
(Neeper et al., 1992). RAGE was observed as a signal transduction receptor which regulates
production of ROS (Ramasamy et al., 2005).

RAGE is involved in catabolism or excretion of damaged, senescent tissue and in the
regulation of signal transduction pathways. RAGE is observed to be upregulated in diabetic
lesions (Cipollone et al., 2003). RAGE activation leads to a cascade of intracellular signaling
pathways. RAGE is observed to activate PI3K/Akt and MAP kinases (Stern et al., 2002). RAGE
overexpression is associated with the increased inflammation in human diabetic atherosclerotic
plagues. RAGE inhibition can prevent diabetes-associated vascular dysfunction (Wautier and
Schmidt, 2004). The significance of RAGE in glyLDL-stimulated eNOS downregulation in EC

remains unclear.
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2.7 Small G-proteins

The small G-proteins are the biological switches acting as major signaling molecules for
various cellular processes. It can be broadly classified into five families based on their structure
and functions as Ras, Rho, Rab, Sarl/Arf, and Ran (Takai et al., 2001). Ras has isoforms, such as
H-Ras, N-Ras and K-Ras. H-Ras is widely distributed in tissues modulating signals through
membrane receptors and signal transduction pathways. Ras is regulated by the guanine-
nucleotide-exchange factors by post-translational modification of Ras proteins in presence of
farnesyltransferase as a catalyst (Stephens et al., 2001; Takai et al., 2001). The translocation of
Ras to the plasma membrane from cytosol depends on the farnesylation (Zhang and Casey,
1996). Studies previously conducted have shown that H-Ras activates intracellular ROS
production in EC. Small G-proteins are considered as therapeutic targets in cardiovascular
diseases (Ohtsu et al., 2006).

Small G-proteins, Ras and Rho mediate the membrane receptor activation (Puddu et al.,
2005; Ruiz-Velasco et al., 2004). H-Ras activation was observed in oxidative stress in EC treated
with glucose (Kowluru et al., 2004). Activation of H-Ras and translocation of membrane was
observed on human EC treated with LDL (Zhu et al., 2001). H-Ras activation regulates and
activates transcription factor, NF-kB. Studies in our lab have shown that glyLDL significantly
raised the abundance of H-Ras in the membrane fraction in EC (Sangle, Zhao, et al., 2010). The
significance of H-Ras translocation and related signaling in glyLDL-stimulated downregulation

of eNOS required to be further investigated.
2.8 ER stress

ER is a significant cellular organelle responsible for the function of biosynthesis and

protein folding. The pathological and physiological factors may hinder the function of ER to
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elicit ER stress in the cells. Unfolded protein response (UPR) constitutes a signaling cascade due
to ER stress. ER helps the protein to become functional by proper folding and rendering it active,
which is essential for cell survival (Fonseca et al., 2009).

ER stress is detected in dead retinal EC, experimental diabetic retinopathy and on
exposure of the retinal EC with heavily oxidized glycated LDL (HOG-LDL). HOG-LDL induced
the phosphorylation of elF2a, nuclear translocation of ATF6 and increased GRP78. Moreover,
MRNA levels of XBP-1 and CHOP were found to be increased in pericytes incubated with
HOG-LDL. Similarly oxLDL is also observed to induce ER stress in retinal EC. ER is a sensor
for cellular stresses (Fu.; et al., 2012). UPR has four distinct responses:

1) molecular chaperones upregulation 2) translational attenuation 3) ER-associated protein
degradation and 4) apoptosis. The three important regulators involved are inositol requiring 1
(IRE1), PKR-like kinase (PERK), and activating transcription factor 6 (ATF6). Other
components like IRE1-JNK, CHOP, and GSK3p also contribute to ER stress signaling (Fonseca
et al., 2009). An increased ER stress due to glyLDL exposure on HUVEC increased the
accumulation of misfolded proteins and UPR mediators, GRP78/94, XBP-1 and CHOP in EC
(Xie and Shen, 2014). The role of ER stress and related signaling mechanism in glyLDL-

stimulated reduction of eNOS further remains to be determined.
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2.9. Mitochondrial electron transport function/activity

Mitochondrial dysfunction has a vital role in the diabetes pathogenesis. Increased ROS
production and mitochondrial dysfunction has been associated with diabetes and CAD (Xie et
al., 2010). Mitochondria forms the primary source of energy in cells through the oxidative
phosphorylation in the ETC. ATP is the primary source of energy in the cells. Mitochondrion has
an extrenal membrane and internal membrane. ETC is composed of 4 types of enzymatic
complexes present at the inner mitochondrial membrane. Complex | is the NADH-ubiquinone
dehydrogenase, Complex Il is the succinate cytochrome c reductase, Complex IlI is the
ubiquinone cytochrome c reductase, Complex 1V is the cytochrome ¢ oxidase and Complex V is
the ATP synthase (Madamanchi et al., 2005).

Complex | and Complex Il are the major source for production of ROS in ETC
(Turrens, 2003). The electron formed from FADH2 by Complex Il passes through the reverse
electron transport into the Complex | and generates ROS in mitochondra (Liu et al., 2002). NO
and superoxide interaction produces peroxynitrite, which may cause enzyme inactivation, DNA
damage, and mitochondrial dysfunction (Ballinger et al., 2000). Mitochondrial superoxide
generation occurs mostly in Complex | and Ill. Increased superoxide production has been
associated with the glycosylation in vascular cells (Stocker and Keaney, 2004). The dysfunction
in Complex 1V affects ATP production and stimulate ROS production (Atamna et al., 2001).

Increased ROS production in mitochondria, mitochondrial DNA damage, respiratory
chain dysfunction, proliferation and apoptosis of vascular smooth muscle cells are associated
with atherosclerosis and dysfunction in endothelial cells (Madamanchi and Runge, 2007).

However, mitochondrial dysfunction in EC treated with glyLDL requires further investigation.
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2.10 Diabetes and assessment of mitochondrial bioenergetics

High-resolution respirometry can be used as a sensitive diagnostic test for assessing
mitochondrial function in intact cells. Multiple substrate uncoupler-inhibitor titration protocols
can be used to detect the oxidative phosphorylation and can help to understand the mitochondrial
function and diseases (Pesta and Gnaiger, 2012). Mitochondrial dysfunction is detected as a
significant contributing factor to B-cell failure in type 2 DM. Metabolic stress activates the ROS
production in the mitochondria of B-cell and affects the mitochondrial structure and function.
ROS production also activates the proton leak, uncoupled protein-2 (UCP-2), ATP synthesis,
impair integrity of mitochondrial membrane and releases the cytochrome c to the cytosol. Also,
mitochondria in -cell from type 2 DM exhibit morphological and functional abnormalities. ROS
also promotes the mitochondrial DNA fragmentation, protein cross-linking, and further activates
stress pathways (Ma et al., 2012).

Exploring the mitochondrial function in type 2 DM is a interesting area of research work.
Various in-vitro, in-vivo and in-situ experiments are available to determine the mitochondrial
function. Mitochondrial bioenergetics determines ATP synthesis and ion homeostasis in cells.
ATP synthesis through oxidative phosphorylation is the principal function of mitochondria. ATP
synthesis can be assessed through measuring mitochondrial oxygen consumption or respiration.
Mitochondria play a central role in regulating the cellular redox homeostasis. The mitochondrial
respiration can be evaluated through the respirometric oxygen flux by different methods using
amperometric oxygen sensors or phosphorescent probes. Amperometric measurements using
Clark electrode are commonly used to measure respiration (Perry et al., 2013). Mitochondrial
dysfunction is detected in type 2 DM. Mitochondrial dysfunction contributes to raised lipid

storage in the skeletal muscle, heart, and liver. The skeletal muscle biopsy of the offspring of
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type 2 DM showed an impairment in mitochondrial function and a tendency of reduced in-vivo
mitochondrial function in first degree relative suggesting a compromised mitochondrial defect
can occour earlier in type 2 DM (Phielix et al., 2008). Mitochondria are involved in the
physiological signaling that, regulates energy and redox metabolism. They are dynamic
organelles with two membranes, is the site of the redox reaction, electron transfer, and nutrient
oxidation. The free energy transferred from electron transfer generates the proton motive force,
resulting in ATP production (Garcia-Souza and Oliveira, 2014). Dysfunction in platelets has a
significant role in type 2 DM and its associated vascular complication. Higher content of ATP
and lower membrane potential in mitochondria are observed in type 2 DM (Guo et al., 2009).
The oxygen consumption measurements in the peripheral blood mono-nuclear cells (PBMC)
obtained from diabetic patients were detected with an increased basal, maximal and uncoupled
respiration (Hartman et al., 2014).

Platelets are derived from megakaryocytes, and they are anucleate with functionally
active mitochondria. During quiescent state, platelets have higher ATP turnover, and its
respiration is coupled to ATP production. Mitochondrial disorders are usually incurable and
caused by nuclear or mitochondrial DNA mutations. The classical method of measuring
mitochondria function is by muscle biopsy, which is invasive and has risk for infections. The
alternative methods for assessing mitochondrial function using blood cells possess several
advantages over the classical method (Garcia-Souza and Oliveira, 2014), which avoid biopsy and
is more acceptable by patients. Platelets isolated from peripheral blood samples are an
appropriate model for the clinical assessment of mitochondrial respiration activity (Hroudova et

al., 2013; Sjovall et al., 2013; Sjovall et al., 2010). In this study, we propose to evaluate the
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potential application of platelet mitochondrial function assay in healthy subjects with and

without family history of heart disease or diabetes.
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2.11 Research questions
1. What is the impact of glyLDL on eNOS in cultured HUVEC and related transmembrane
signaling pathway?
2. How does glyLDL influence the mitochondrial function in cultured HUVEC?
3. Do gender, age, body mass index and family history of chronic metabolic diseases

influence the platelet mitochondrial bioenergetics in healthy subjects?
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2.12. Hypothesis

1.

3.

GlyLDL may inhibit eNOS expression in HUVEC by activation of membrane receptor
and small G protein.

GlyLDL may impair mitochondrial function by impairing the respiratory chain activity
and mitochondrial bioenergetics profile in cultured HUVEC.

Abnormalities may exist in platelet mitochondrial bioenergetics of healthy human
subjects with variation in gender, age, body mass index and family history of chronic

metabolic diseases.

19



2.13. Objectives

1.

To examine transmembrane upstream signaling events in glyLDL-stimulated expression
of eNOS in cultured HUVEC.

To determine the effect of glyLDL on mitochondrial complex activity and bioenergetics
profile in cultured HUVEC.

To assess the impact of variation in gender, age, body mass index and family history of
chronic metabolic diseases on the platelet mitochondrial bioenergetics in healthy

subjects.
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Chapter 3
Materials and Methods

3.1 Chemicals

Acrylamide, Bis-acrylamide, Tween-20, Sodium dodecyl sulfate (SDS), Tris-Base,
Sodium Chloride, Dimethyl sulfoxide (DMSO) and Fetal Bovine Serum (FBS) were obtained
from Fisher Scientific® ON, Canada. F-12K Nutrient mixture was obtained from Gibco® Life
Technologies Inc. ON, Canada. Primary and secondary antibodies (RAGE, H-Ras, goat-anti
mouse IgG HRP, control goat 1gG, goat-anti rabbit used in protein detection were obtained from
Santa Cruz Biotechnology Inc. Santa Cruz, U.S.A. eNOS antibody was procured from BD
Biosciences ON, Canada and Cell Signaling Technology® Inc. Denver, USA. Beta actin antibody
was obtained from Abcam® Inc. Cambridge, U.S.A. H-Ras siRNA and control siRNA were
obtained from Santa Cruz Biotechnology Inc. Santa Cruz, USA. Farnesyltransferase inhibitor,
FTI-276 was obtained from Calbiochem® Millipore, Canada. Ultrasensitive nitric oxide synthase
assay kit-NB78 was obtained from Oxford Biomedical Research® Oxford, UK, Trizol reagent
and real-time polymerase chain reaction kit was obtained from Invitrogen, Inc. Canada. eNOS
custom oligonucleotides and power SYBR® green dye were obtained from Applied Bio-
Systems® Inc., USA. Beta actin custom oligonucleotides were obtained from ACGT Corp, ON,
Canada. ECL Prime detection solution was obtained from Amersham® Inc, GE Healthcare USA,
SiLentFect® Lipid for Transfection studies were obtained from Bio-Rad Laboratories Inc, USA.
Western Blotting PVDF membrane was obtained from Roche Diagnostics Inc, USA. 4-
phenylbutyric acid (4-PBA), an ER stress inhibitor and all other chemicals used throughout the
experiments were of standard reagent grade and are obtained from Sigma-Aldrich® Inc, ON,

Canada unless otherwise indicated.
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3.2 Equipments

Class 11A/B3 biological safety cabinet, water-jacketed CO, incubator used were from
Forma Scientific Inc., Canada. Chemical weighing balance was from Denver Instruments Inc.,
USA. Haemocytometer was from (Spencer ® Bright light Improved Neubauer, Sahli Adams,
USA). Analytical weighing balance was from Sartorius Research, Germany. Benchtop pH Meter
Orion® was from Thermo Scientific Inc, Canada. Nikon TMS inverted microscope was from
Nikon Instruments, USA and Olympus Infinity 2-BX-40 microscope was from Carson Group
Inc. ON, Canada. Titre-plate shaker was from Lab Line Instruments Inc., USA. 3D-Rotator
mixer was from Southwest Science Inc, New Mexico. Magnetic stirrer/hot plate was from
Thermo Scientific Inc., Canada. Electrophoresis and electric transfer power supply was from
Fisher Biotech Inc., Canada. Bio-Rad mini protean tetra cell was from Bio-Rad Laboratories Inc,
USA. Oroboros Oxygraph-2k was from Oroboros, Austria. Digital vortex-VersaMix®, Vortex
Genei-2 Isotemp-210 temperature controlled water bath, digital vortex mixer were from Fisher
Scientific. Eppendorf centrifuge-5424 was from Eppendorf, ON, Canada. Optima TLX-
Ultracentrifuge, Beckman LE-80 Ultracentrifuge Optima, Allegra X-12R Centrifuge were from
Beckman Coulter Inc., USA. IEC Centra GP-8R Centrifuge was from DJB Labcare Ltd,
England. Fluostar Optima 96 well plate fluorimeter was from BMG LabTech®, Germany.
Ultrospec 2000 UV-VIS spectrophotometer was from Pharmacia Biotech-Scinteck Instruments
Inc, USA. NaNopure Infinity® Ultra-pure water systems were from Barnstead Thermolyne Inc,

USA.

22



3.3 Cell culture

Seed cells of human umbilical vein EC (HUVEC) were obtained from American Type
Culture Collection® (ATCC-Manassas, USA). The cells were grown in supplemented F12K
medium as described previously (Ren and Shen, 2000). HUVEC medium was prepared by
supplementing 500 ml of F12K nutrient mixture with the following supplements. 10% heat-
inactivated FBS, 1% penicillin/streptomycin (Life Technologies Inc, Canada), 30 pg/ml EC
growth factor and 0.1 mg/ml of heparin (Sigma-Aldrich® Inc, Canada). The cells were grown in
a humidified incubator with 95% air, 5% CO,, and 37 °C with supplemented F12K media and
used within 3-7 passages from seed cells. The cells were cultured in a 200mm polypropylene cell
culture dish (Corning Incorporated Inc, USA). During each sub-culture, confluent cells were
cultured at 1:2 or 1:3 ratios by using cell dissociation agents, Trypsin/EDTA. HUVEC cultures

were monitered for appropriate morphology under microscopy.
3.4 LDL isolation

LDL (density 1.019-1.063 g/ml) was isolated from freshly collected blood from healthy
human volunteers. After collection of 250 ml of blood aseptically in a Teruflex® blood bag
containing anticoagulant citrate phosphate, dextrose, and adenine solution, blood was centrifuged
at 2000 rpm for 30 min at 4 °C to separate plasma. This plasma obtained was adjusted for the
appropriate density (double distilled water and potassium bromide solution) using a digital
density meter DMA-35 (PAAR Instruments Inc., Austria). The plasma was the filled into
polyallomer Quick Seal® centrifuges tubes (Beckman Instruments Inc., Canada). Sequential
floating ultracentrifugation at 40,000 rpm was performed using Beckman LE-80 Ultracentrifuge
Optima (Beckman Coulter Inc., Canada) for 48 h. After ultracentrifugation, 2-3 ml of pale

yellow layer on the top of Beckman tubes were collected. This LDL fraction is dialyzed using
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the dialyzing buffer containing EDTA in a sealed dialyzing tube overnight to remove potassium
bromide and prevent auto-oxidation of LDL (Ren et al., 1997). This purified and concentrated
LDL preparations were collected in sterile corning tubes, sealed with para film and stored at 4 °C
in the dark with nitrogen gas incubated over the LDL to avoid oxidation. Blood was withdrawn
from the healthy donors for LDL isolation after obtaining informed consent signed from all
donors. The studies conducted were in accordance with the Helsinki Declaration and the protocol

and consent form were approved by the Research Ethics Board, University of Manitoba.
3.5 LDL glycation

GlyLDL was prepared from LDL by incubation with 50 mM glucose and 50 mM sodium
cyanoborohydride in the presence of 0.01% EDTA for 14 days at 37 °C as described (Zhang et
al., 1998). After two weeks of incubation, glyLDL preparations were dialyzed thoroughly using
dialyzing buffer containing EDTA to eliminate free glucose or any chemicals in the preparation.
Dialyzing helps in concentrating or purifying the glyLDL preparation. The glycation of lysine in
glyLDL was analyzed using 2, 4, 6-trinitrobenzenesulfonic acid (TNBS) assay (Duell et al.,
1990). Approximately 30% of lysine residues glycated in the preparations were used in the
experiments. The glyLDL prepared are stored at 4 °C in the dark in Corning tubes sealed under a
layer of nitrogen.

3.6 Protein estimation by Lowry assay

The protein concentrations of the lipoproteins and modified lipoproteins stimulated, and
non-stimulated HUVECs were estimated from aliquots of their corresponding samples by Lowry
assay. Bovine serum albumin (BSA, 1mg/ml) was used as standard and the absorbance was read
using UV-VIS spectrophotometer at 650 nm. The concentration of the aliquot was calculated and

reported in pg/pl of the protein in the sample.
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3.7 Measurement of non-enzymatic glycation (TNBSA Assay)

The extent of protein glycation occurred in modified lipoproteins were measured from
aliquots of their samples by TNBSA (2, 4, 6-Trinitrobenzene sulfonic acid) assay (Duell et al.,
1990). Aliquots of the lipoprotein was mixed with 4 % sodium bicarbonate and 0.1% TNBSA
for one hour at 37 °C and the absorbance was noted at 340 nm using Ultrospec-2000 UV-VIS
spectrophotometer. The percentage of glycation of lysine was calculated from their absorbance
value compared to that of LDL and greater than 30% is considered for glycated LDL to be

appropriate to use in experiments to treat HUVEC.
3.8 Experimental incubation

GlyLDL and LDL were used in physiological concentrations to stimulate HUVECs. LDL
(100 pg/ml) or glyLDL (0-150 pg/ml) were treated with HUVEC for 24 h or as indicated in
experiments. Equivalent volume of the vehicle (control) was used for equivalent time of
stimulation. 8-10 % SDS-PAGE was used in separating the proteins by Western Blotting.
Polyclonal RAGE-blocking antibody (10 pg/ml) was gifted by Dr. A.M. Schmidt, Columbia
University, USA) was pre-incubated for 30 min. Also, FTI-276 (farnesyltransferase inhibitor) H-
Ras inhibitor and 4-PBA, an ER stress inhibitor were used in experiments with a pre-incubation
of 30 minutes. Substrates and inhibitors for mitochondrial respiratory chain complexes were used
in mitochondrial function studies using Oxygraph. The complex specific substrate, inhibitors and
uncouplers were used in Oxygraph studies to evaluate the mitochondrial respiratory chain

activities and the mitochondrial bioenergetics in HUVEC.
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3.9 Protein separation using Western blotting

After experimental incubation, cells were lysed using ice-cold lysis buffer and cellular
proteins were extracted. Cell lysate was mixed with equal quantity of 2X SDS loading dye and
heated for 5 minutes at boiling temperature. The protein extracted (40 pg) was separated on an 8-
12 % SDS-PAGE gel using a mini protean tetra cell depending on the molecular weights of
protein. Further, it is electrotransferred to methanol activated PVDF membrane using a mini
protean cell transfer apparatus for 1h at a constant current of 100 V. These membranes were then
blocked with 5% non-fat dry milk in Tris-buffered saline with 0.25% v/v Tween-20 (TBS-T) for
1h at room temperature. Blocked membrane was incubated for 1h with appropriate primary
antibody. After appropriate incubation period, the membranes are cleaned three times for 5
minutes in 1X TBS-T and further incubated with secondary antibody with horseradish
peroxidase (HRP) for appropriate time and temperature. Again after secondary antibody
incubation for an hour, the membranes were cleaned three times for 5 minutes in 1X TBS-T
buffer. The primary antibodies and the secondary antibodies used were listed in (Table: 1). The
proteins precisely bounded on the membrane are detected by enhanced chemiluminescence
(ECL) detecting reagent. The relative intensity of protein band in the electrotransferred PVDF
membranes were detected on a Chemi-Doc system (BioRad Laboratories Inc, USA) or by
autoradiography on a transparent blue X-ray film (Thermo Scientific Inc, USA). The band
intensities were normalized with the level of beta-actin, a house-keeping protein and detected by

Quantity One software from Bio-Rad® Laboratories Inc. U.S.A.
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Dilution

S.No Antibody used Incubation Obtained from
Primary antibody
. BD Transduction
1 Antl-erlr\llc())ussep:ogclonal 1500 Room terr;pﬁrature for laboratories, Inc
g Cat.No. 610296
. Santa cruz
2 Antl-l-:;llggist[:ogclonal 1:200 Room terrlpﬁrature for Biotechnology, Inc Cat:
g No.SC-520
3 Anti-p-actin monoclonal 1:20.000 Room temperature for | Abcam laboraories Inc
mouse IgG e 1h Cat.No. 49900
Secondary antibody
Room temperature for Santa cruz
1 Goat anti-mouse IgG HRP |  1:1000 1ph Biotechnology, Inc Cat:
No0.SC-2005
Room temperature for Santa cruz
2 Goat anti-rabbit IgG HRP 1:1000 1h Biotechnology, Inc Cat:
No0.SC-2004

Table: 1 Primary and secondary antobodies used in the Western blotting experiments to

detect the expression of specific proteins.
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3.10 Detection of H-Ras translocation

After treatment of HUVECs with glyLDL for 24 h, the cells were collected and
homogenized in a dounce homogenizer (Fisher scientific Inc., Canada). The membrane and
cytosolic fractions were separated in Optima TLX ultracentrifuge at 100,000xg at 4 °C for 1h as
described (Sangle, Zhao, et al., 2010). The expression of H-Ras in membrane fraction and
cytosolic fraction separated in the PVDF membrane were detected by Western blotting technique
using antibody against human polyclonal H-Ras antibody. The relative intensity of protein band
in the electrotransferred PVDF membrane was determined by Chemi-Doc and Quantity One

software from Bio-Rad Inc. USA.
3.11 Quantitative real time-polymerase chain reaction (Real Time-PCR)

The levels of human eNOS mRNA gene were quantified using the Real Time-PCR
(Applied Bio-systems or ABI, TX) and ABI 7500 Real-Time PCR system using previously
described protocol (Nguyen et al., 2011; Saluja et al., 2011; Zhao et al., 2009). Total RNA was
extracted from cultured HUVECs (stimulated versus control) using Trizol Reagent (Invitrogen
Inc, Canada). cDNA were synthesized from 5ug of total RNA using reverse transcriptase and
oligo (dt) primer. The eNOS and B-actin mRNA gene expressions were amplified by using
primer sequences as mentioned below;

eNOS mRNA Forward: 5'- GTT TGT CTG CGG CGA TGT -3’

eNOS mRNA Reverse: 5'- GTG CGT ATG CGG CTT GTC -3

B-actin mMRNA Forward: 5'- ATT GCC GAC AGG ATG CAG GAA -3

B-actin mMRNA Reverse: 5'- GCT GAT CCA CAT CTG CTG GAA -3

The primers were synthesized and obtained from AGCT Corp, Canada and Applied

Biosystems Inc, USA as performed in (Chen et al., 2009). Real Time-PCR was performed using
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fluorescent dye Power SYBR® Green PCR Master Mix. The conditions used were following; (95
°C for 5 min, 95 °C for 15s, 60 °C for 20s, and 72 °C for 40s for 40 cycles). Relative
quantification of eNOS mRNA levels was determined from the cycle threshold (Ct) and
normalized to the B-actin mRNA levels obtained simultaneously in the samples. The Ct and

melting curve analysis were performed to verify the consistency of results obtained.
3.12 NO synthase (NOS) Assay

The NOS activity was performed by using ultrasensitive colorimetric assay kit obtained
from Oxford Biomedical Research Inc, UK. The assay utilizes the NADPH recycling system to
measure the nitric oxide derived from nitrate and nitrite linearly. NO, rapidly degrades to nitrate
and nitrite. This assay involves the enzymatic conversion of nitrate to nitrite by enzyme nitrate
reductase and quantification of nitrite using Griess Reagent. The reaction absorbance was read
spectrophotometrically at 540 nm using 96 well flat bottom microtiter plate readers in Fluostar-
Optima (BMG LabTech®, Germany). Cultured HUVECs were plated in a 100 cm culture dish
and treated with glyLDL (100 pg/ml) and control vehicle for 24 h. Following stimulation, the
cells are homogenized, and the cell homogenates were prepared. The cell homogenates were
incubated in 96 well microtiter plates for estimating the NOS activity. 100 ug of the protein from
the cell homogenates were used in the assay and performed as described in the protocol (Oxford

Biomedical Research® Inc, Oxford, UK).
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3.13 Assessment of mitochondrial respiratory chain complexes in

permeabilized HUVEC using Oxygraph-2k

The oxygen consumption rate in permeabilized HUVEC mitochondria was determined
using a highly resolution respirometer with Clark-type oxygen electrode, Oxygraph-2k
(Oroboros Instruments, Innsbruck, Austria). The permeabilized cells were used to measure the
activities of the individual respiratory chain complexes as described in (Roy Chowdhury et al.,
2010; Sangle, Chowdhury, et al., 2010).

After the treatment of the cultured HUVECs (75% confluent) with glyLDL for 24 h, the
cells were trypsinized, washed with PBS and counted using hemocytometer. The freshly
harvested cells were re-suspended in KCI medium (80 mM KCI, 10 mM Tris-HCI, 3 mM MgCl,,

1 mM EDTA, 5 mM potassium phosphate, pH 7.4) (Sangle, Chowdhury, et al., 2010). HUVEC

suspension (2 ml) in KCI medium was incubated at a concentration of 2.5 x10° cells/ml in each 2
ml glass chamber with a titanium stopper. The cells were continuously stirred in the KCI medium
by magnetic stirrer bar at the bottom of the chamber. The air calibration of the polarographic
oxygen sensors, cleaning of chambers, background correction and temperature setting at 37 °C
was performed in a glass chamber before start of each experiment. After incubation, the cells
were observed in the chamber to stabilize at a basal state (physiological coupling state-without
any additions of substrate or inhibitor). The basal level of oxygen consumption rate denotes the
normal cellular energy demands on oxidative phosphorylation.

HUVECs were permeabilized using digitonin, which keeps the mitochondrial outer
membrane intact. The effect of glyLDL on individual complexes in mitochondrial ETC of
HUVECs was studied in the presence of respiratory substrates and inhibitors of mitochondrial

complexes. The manual titrations performed using mitochondrial substrates and inhibitors were
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illustrated in (Table: 2 ) Glutamate (10 mM) combined with malate (5 mM), succinate (10 mM),
ascorbate (5 mM) combined with N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD, 0.5 mM) are used as specific substrates for Complex I, Complex 1I/11l and Complex 1V
respectively. Rotenone (1 uM), antimycin A (1 pg/mL) and potassium cyanide (KCN, 0.25 mM)
were used as inhibitors for Complex I, Complex Ill and Complex IV respectively. DatLab-4
software from Oroboros was used for digital recording and analysis of the data obtained. Oxygen
consumption rate was normalized using the cell number and expressed in pmol/sec/10° cells.
Respiratory control index (RCI) was assessed from oxygen consumption rate induced by
glutamate combined with malate and adenosine diphosphate (ADP, 2 mM) divided by the

oxygen consumption rate after inhibited by rotenone.
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Final L
' ; . concentration | ltration
Chemicals Abbreviated | Concentration (M)
of 2 ml .
used Event (solvent used) 0.2k into 2 ml
2 chamber
chamber
Digitonin ]
(mild detergent) D 5 mg/ml (Hz0) | 8 ug/10°cells 8
Substrates
Glutamate
(Complex I) G 1M (H0) 10 mM 20
Malate
(Complex 1) M 1M (H0) 5 mM 10
Adenosine-diphosphate
(ATP synthase) ADP 0.5 M (H:0) 2mM 8
Succinate
(Complex I1) S 1M (H0) 10 mM 20
Ascorbate
(Complex 1V) A 1M (Hz0) 5 mM 10
N,N,N',N'-tetra methyl-
p-phenylenediamine-
dihydrochloride TMPD 0.1 M (H20) 0.5 mM 10
(co-substrate for
Complex V)
Inhibitors
Rotenone One mM
(Complex 1) R (EtOH) 1uM 2
Antimycin-A 1 mg/ml
(Complex 111) A (EtOH) One pg/ml 2
Potassium cyanide
(Complex IV) KCN 0.1 M (H20) 0.25 mM 5

Table: 2 Oxygraph-2k manual titrations for determining the mitochondrial complex
activity. The optimum concentrations of digitonin, all substrates and inhibitors were determined

by titration.
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3.14 Assessment of mitochondrial bioenergetics profile in intact non-

permeabilized HUVECs using Oxygraph-2k

The mitochondrial bioenergetics profile in nonpermeabilized intact HUVECs was
assessed using Oxygraph-2k (Oroboros, Austria) (Brand and Nicholls, 2011). The freshly
harvested HUVECs were suspended in 2 ml of mitochondrial respiratory (MiR) medium 80 mM
KCI, 10 mM Tris-HCI, 3 mM MgCl,, 1 mM EDTA, 5 mM potassium phosphate, pH 7.4 (Sangle,

Chowdhury, et al., 2010) supplemented with ImM sodium pyruvate and 10mM D-Glucose.

HUVEC suspension (2 ml) at a concentration of 2.5 x10° cells/ml were incubated glass chamber
with continuous magnetic stirring.

The mitochondrial bioenergetics profile is measured from the oxygen consumption rate
(control versus treated) in intact cells without permeabilization and in the absence of any
substrates. The protocol initially measures the basal respiration, which indicates the resting state
of cells. Then the cells were injected sequentially with oligomycin (1 uM), FCCP (1 uM) and
rotenone (1 pM) combined with antimycin-A (1 pg/mL). The manual titrations performed using
uncopler and inhibitors were illustrated in (Table: 3). Oligomycin was used as an ATP synthase
inhibitor to reveal the ADP phosphorylation independent of respiration. This reduced OCR
indicate respiration maintained for ATP consumption. The Carbonyl cyanide p-trifluoro-
methoxyphenyl hydrazone-FCCP was used as mitochondrial uncoupler (protonophore) to
evaluate the maximal capacity of electron transfer system (ETS) to reduce oxygen by
uncoupling of the respiratory chain and measure the raised ATP demand. Rotenone combined
with antimycin-A was used as inhibitor of Complex I and I11 respectively to inhibit the electron
flux. The non-mitochondrial oxygen consumption was substracted from other mitochondrial

oxygen consumption rates to obtain their mitochondrial specific respiration. The residual
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respiration is the proton leak which generates heat. Bioenergetics parameters including, basal
respiration, maximal respiration, ATP linked respiration, non-mitochondrial respiration, coupling
efficiency, respiratory control ratio and spare respiratory capacity were determined from the
oxygen consumption rate obtained from Oxygraph-2k as previously described (Roy Chowdhury
et al., 2012). Data obtained were collected, analyzed graphically presented using Oroboros
DatLab-4 software. The oxygen consumption rate was normalized using the cell number and

expressed as pmol O/sec/10° cells.
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Chemicals Concentration e
Event concentration | Titration (ul)
used (solvent used)
of 2 ml
Uncoupler
Carbonyl cyanide
p-trifluoro methoxy-phenyl | FCCP | 1 mM (EtOH) 0.5 uM 1-2
hydrazone
Inhibitors
Oligomycin
(ATP synthase inhibitor- @) 5 mM (EtOH) 2.5 uM 1-2
Complex V)
Rotenone
(Complex I inhibitor) R 1 mM (EtOH) 0.5uM 1-2
Antimycin-A i
(Complex 11 inhibitor) AA | SmM (EtOH) 2.5 UM 1-2

Table: 3 Oxygraph-2k manual titrations for determining the mitochondrial bioenergetics

profile. Titration determined the optimum concentrations of uncoupler and inhibitors
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3.15 Human donors

Peripheral blood was withdrawn from forty-eight Caucasian healthy blood donors at the
Diabetic Research Clinic, University of Manitoba. This study was approved by the research
ethics board of the University of Manitoba. Informed consent was signed by all participants
before the withdrawal of blood by venipuncture. The donors in the study were not continuing any
medications or smoking or alcohol one week prior to blood withdrawal.

3.16 Blood collection and platelet preparation

Blood (20-30 ml) was withdrawn from 48 healthy donors at 07:00-09:00 h after 12 h of
overnight fasting at Diabetes Research Group Clinic, University of Manitoba. The blood were
collected into BD vacutainer® blood collection tubes buffered with 3.2% sodium citrate (BD
Franklin Lakes, USA). The platelets were freshly isolated by centrifugation at 200xg (Allegra X-
12R Centrifuge, Beckman Coulter Inc, USA) for 15 minutes at room temperature to yield a
platelet-rich plasma (PRP) as previously described (Sjovall et al., 2010). This PRP was further
centrifuged at 2500xg for 10 minutes at room temperature (IEC Centra GP-8R centrifuge, DJB
Labcare Ltd, England). The platelets obtained were washed with PBS and counted using a
hemocytometer and microscope (Olympus Infinity 2-BX-40). The platelets were used

immediately for measuring the mitochondrial oxygen consumption using Oxygraph-2k.

3.17 Assessment of mitochondrial bioenergetics profile in intact non-

permeabilized human platelets using Oxygraph-2k

The mitochondrial bioenergetics in healthy human platelets were determined using
Oxygraph-2K (Oroboros, Austria) as described in section 5.14. The freshly isolated platelets
were resuspended in mitochondrial respiratory (MiR) medium. Platelet suspension (2 ml) in MiR
medium at a concentration of 100 x 10° platelets/ml was incubated in each 2 ml glass chamber
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with continuous magnetic stirring. The intact platelets were incubated in the chambers within 2-3
h of blood withdrawal as long hours may lead to platelet aggregation. Then platelets were
sequentially injected with oligomycin (1 puM), FCCP (1 puM) and rotenone (1 uM) combined
with antimycin-A (1 uM) to evaluate the mitochondrial bioenergetics profile as described
previously in experimental section 5.14.

3.18 Statistics:

All the data obtained from experiments were expressed in mean + standard deviation
(SD). The differences between groups were evaluated by Student’s t-test and among multiple
groups were evaluated by one-way analysis of variance (ANOVA). All statistical analyzes were
performed using GraphPad Prism-6 (GraphPad Software, San Diego, USA). The level of

significance was defined as p<0.05.
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Chapter 4

Results

The results of the present study are presented in following three sections:

1. Expression of eNOS and transmembrane upstream signaling events in HUVEC treated
with glyLDL
2. Mitochondrial function in HUVEC treated with glyLDL

3. Platelet mitochondrial bioenergetics in healthy subjects

4.1 Expression of eNOS and transmembrane upstream signaling events in
HUVEC treated with glyLDL.

4.1.1 Effect of glyLDL on eNOS protein in HUVEC

We examined the effects of physiological range of glyLDL (0-150 pg/ml) for 4-36 h on
the content of eNOS protein in HUVEC using Western blotting. The results demonstrated that
glyLDL (100 pg/ml) for 24 h down-regulated eNOS protein expression in a dose and time
dependent manner in HUVECs compared to unstimulated HUVEC as control (EC medium at
equivalent volume used as vehicle). Stimulation of HUVEC with glyLDL (100 pg/ml) for 24 h
induced maximal downregulation of eNOS protein (p<0.05 or 0.01, Figure 1A, and 1B). The
band intensity of eNOS was normalized by B-actin as illustrated in (Table: 4 and 5).

The similar eNOS expression at 36 h control (without glyLDL incubated with equal
volume of EC media at) and 36 h glyLDL may be due to the consequence of depleted basal
eNOS in aged HUVEC or reduced eNOS due to endothelial apoptosis or arrest of cell growth at

confluence (Artwohl et al., 2003; Rogers et al., 2013)
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Normalised

Control 25 g 50 ug 100 ug 150 ug

1 0.6391 0.4008 0.1893 0.2352

1 0.6983 0.5811 0.761 0.6421

1 1.2054 0.9575 0.494 0.5622
Average 0.8476 0.646467 0.481433* 0.479833*
SD 0.311274 0.284048 0.286057 0.215592

Table: 4 Dose-dependence of glyLDL on eNOS protein expression in HUVEC in terms of
normalized arbitrary value

HUVECs were treated with 25-150 pg/ml of glyLDL or vehicle (control) for 24 h for
measurement of eNOS protein using Western blotting (Figure 1A). Data were expressed in the
folds of control after normalization with B-actin (mean £ SD, n = 3 experiments) *, **: p<0.05 or

0.01 versus control (vehicle).

4 h 4 h 12 h 12 h 24 h 24 h 36 h 36 h
control glyLDL control glyLDL control glyLDL control glyLDL
1 1.26 1.1 1.171 0.53 0.33 0.143 0.164

1 1.03 0.84 0.87 0.61 0.39 0.103 0.091

1 0.301 0.63 0.67 1.17 0.47 0.159 0.111
Average 1 0.86366 0.85666 0.90366 0.77  0.396** 0.135 0.122**
SD 0 0.50067 0.23544 0.25219 0.34871 0.07023 0.028844 0.037723

Table: 5 Time dependence of glyLDL on eNOS protein expression in HUVEC in terms of
normalized arbitrary value.

HUVECs were treated with 100 pug/ml of glyLDL or vehicle (control) for (4-36) h for
measurements of eNOS protein using Western blotting (Figure 1B). Data were expressed in the
folds of control after normalization with f-actin (mean + SD, n = 3 experiments) *, **: p<0.05 or

0.01 versus control (vehicle).
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Figure 1 A
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Figure 1 A: Dose dependence of glyLDL on eNOS protein expression in HUVEC.

Dose-dependence of glyLDL on eNOS protein in EC HUVECs were treated with 0-150 pg/ml of
glyLDL or vehicle (control) for 24 h for measurements of eNOS protein. The protein expression
of eNOS and B-actin were examined using Western blotting. Integrative data were expressed in
folds of control after normalization with f-actin (mean + SD, n = 3 experiments) *, **: p<0.05 or

0.01 versus control (vehicle).
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Figure 1B

Time dependant eNOS expression
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Figure 1 B: Time dependence of glyLDL on eNOS protein expression in HUVEC.

Time-dependence of glyLDL on eNOS protein in EC HUVECs were treated with 100 pg/ml of
glyLDL or vehicle (control) for 4-36 h for measurement of eNOS protein. The protein expression
of eNOS and B-actin were examined using Western blotting. Integrative data were expressed in
folds of control after normalization with B-actin (mean £ SD, n = 3 experiments) *, **: p<0.05 or

0.01 versus 4 h control; +, ++: p<0.05 or 0.01 versus 24 h control (vehicle).
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Further we examined the effects of glycation on LDL compared to unmodified LDL for
24 h at similar dose (100 pg/ml). GlyLDL enhanced the inhibition of eNOS protein in HUVEC
compared to unmodified LDL or in unstimulated condition as control (vehicle) (Figure 2 A).

We also investigated the effects of low (5 mM) and high glucose (25 mM) in HUVEC for
24 h to observe the eNOS protein expression. High glucose exposure inhibited the eNOS protein
more significantly than the low glucose in EC, which shows the downregulation of eNOS due to
increased glucose stress in the cells as shown (Figure 2 B). These experiments indicate the

impact of glucose and glycation independently in enhancing the eNOS downregulation in EC.

4.1.2 Effect of glyLDL on eNOS mRNA in HUVEC

We further investigated the effects of glyLDL (100 pg/ml) or vehicle for 24 h on steady
levels of eNOS mRNA (gene expression) in HUVEC using quantitative real-time PCR (p<0.05,
Figure 3). Total RNA were extracted from EC and real-time PCR was performed to measure the
relative gene expression of eNOS in HUVEC. The results suggest that, stimulation of HUVECs

with glyLDL significantly decreased eNOS mRNA level in EC (p<0.01, Table: 6).

4.1.3 NOS activity in HUVEC treated with glyLDL

The impact of glyLDL (50-150 pg/ml) for 24 h on the activity of NOS in HUVECs was
examined using ultrasensitive calorimetric NOS assay. The results suggest that, stimulation of
HUVECs with glyLDL (100 pg/ml) for 24 h significantly attenuated the NOS activity in
HUVECs (p<0.05, Figure 4), which supports the finding of glyLDL on eNOS protein and

MRNA.
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Real Time -

PCR MRNA level
Control glyLDL
Trial 1 1 0.156
Trial 2 1 0.131
Trial 3 1 0.061
Average 1.0036 0.160333**
SD 0.131097 0.056181

Table: 6 Decreased eNOS gene (MRNA) expression in HUVEC treated with glyLDL in

terms of normalized arbitrary value.

HUVECs were treated with 100 pg/ml glyLDL and vehicle for 24 h. The mRNA expression of

eNOS and B-actin in total RNA from HUVEC were measured using quantitative real-time PCR.

Integrative data were expressed in the fold of controls after normalization with B-actin (mean +

SD, n = 3 experiments). *, **: p<0.05 or 0.01 versus control (vehicle).
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Figure 2 A
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Figure 2 A: Effect of LDL and glyLDL on eNOS protein expression in HUVEC

HUVECs were treated with 100 pg/ml of LDL, glyLDL and vehicle (control) for 24 h. The
protein expression of eNOS and B-actin in total cellular proteins were examined using Western
blotting. Integrative data were expressed in folds of control after normalization with (-actin
(mean £ SD, n = 3 experiments) *, **: p<0.05 or 0.01 versus control (vehicle); +, ++: p<0.05 or
0.01 versus LDL.
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Figure 2 B: Effect of glucose on eNOS protein expression in HUVEC

HUVECs were treated with 5 mM glucose (control) and 25 mM of glucose for 24 h. The protein

expression of eNOS and B-actin in total cellular proteins were examined using Western blotting.
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Integrative data were expressed in folds of control after normalization with B-actin (mean + SD,

n = 3 experiments) *, **: p<0.05 or 0.01 versus 5mM glucose (control).
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Figure 3: Decreased eNOS gene expression levels in HUVEC treated with glyLDL

HUVECs were treated with 100 pg/ml glyLDL and vehicle for 24 h. The mRNA expression of
eNOS and f-actin in total RNA were examined using quantitative real-time PCR. Integrative
data were expressed in the fold of controls after normalization with B-actin (mean = SD, n = 3

experiments). *, **: p<0.05 or 0.01 versus control.
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Nitric oxide assay
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Figure 4: Effect of glyLDL on NOS activity in HUVEC

HUVEC were treated with glyLDL (50-150 pg/ml) or vehicle (control) for 24 h. Nitric oxide in
cell lysate was measured using ultrasensitive calorimetric nitric oxide synthase (NOS) assay.
Integrative data were expressed in folds of control as pmol/ug/min (mean + SD; n = 3

experiments). *,** p < 0.05 or 0.01 versus control; +, ++: p<0.05 or 0.01 versus 100 pg/ml

glyLDL.
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4.1.4 RAGE involvement in the downregulation of eNOS in HUVEC treated
with glyLDL

The participation of RAGE in glyLDL-stimulated downregulation of eNOS protein in
HUVECSs was investigated using blocking polyclonal antibody against RAGE. RAGE blocking
antibody (10 pg/ml) as optimized in our lab (Sangle, Zhao, et al., 2010) prevented glyLDL-
induced downregulation of eNOS protein in HUVEC. The results suggest that receptor, RAGE

mediate glyLDL-induced transmembrane upstream signaling on the inhibition of eNOS in

HUVECs (p<0.01, Figure 5).

4.1.5 H-Ras translocation and protein expression in HUVEC treated with
glyLDL

The impact of glyLDL on translocation of H-Ras in from cytosol to cell membrane in
HUVEC was examined at basal or glyLDL stimulated condition. HUVECs were treated with
glyLDL (100 pg/ml) or vehicle for 24 h with or without the addition of 10 uM FTI-276, a
farnesyltransferase inhibitor. The H-Ras protein in the membrane fraction was significantly
upregulated with glyLDL treatment and FTI-276 prevented glyLDL-induced expression of H-
Ras protein in HUVEC, but did not affect H-Ras in EC without exposure to glyLDL (p<0.01,
Figure 6).
4.1.6 H-Ras involvement in glyLDL-stimulated downregulation of eNOS in

HUVEC

The participation of H-Ras in glyLDL-induced inhibition in eNOS protein in HUVEC

was studied using FTI1-276. HUVECs were pre-incubated with FTI-276 (10 pM) for 30 min.
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subsequently, HUVECs were exposed to glyLDL (100 pg/ml) for 24 h in an incubator. The
protein levels of eNOS and B-actin were assessed using Western blotting. FTI-276 inhibited
glyLDL-induced inhibition of eNOS in HUVEC. The results propose that glyLDL-induced

eNOS downregulation in HUVEC is regulated by H-Ras protein (p<0.01, Figure 7).

4.1.7 ER stress involvement in glyLDL-stimulated downregulation of eNOS in

HUVEC

The ER stress involvement in glyLDL-stimulated downregulation of eNOS protein in
HUVEC was determined using Western blotting. 4-PBA, an ER stress antagonist (2.5 mM), was
used to verify the involvement of ER stress (Liu et al., 2015; Wiley et al., 2010). 4-PBA
prevented glyLDL induced downregulation of eNOS protein in HUVECs (p <0.01, Figure 8).
The results indicate ER stress involvement in glyLDL-stimulated downregulation of eNOS in

HUVEC.
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Figure 5: Receptor for advanced glycation end products (RAGE) mediates glyLDL-induced

inhibition of eNOS in HUVEC

HUVECSs were pre-incubated with 10 pg/ml RAGE blocking antibody for 30 minutes and then
exposed to 100 pg/ml of glyLDL for 24 h. The protein expression of eNOS and B-actin were
detected using Western blotting. Integrated data were expressed in folds of control after
normalization with B-actin (mean = SD, n = 3 experiments). *, **: p<0.05 or 0.01 versus control;

+, ++: p<0.05 or 0.01 versus glyLDL; #, ##: p<0.05 or 0.01 versus glyLDL + IgG.
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Figure 6
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Figure 6: Effect of glyLDL on H-Ras translocation and protein expression in HUVEC

HUVECSs were pretreated with vehicle (control) or FTI-276 (10 uM), an H-Ras inhibitor for 30
min and then treated with 100 pg/ml of glyLDL or vehicle for 24 h. The protein expressions of
H-Ras and B-actin in membrane fractions were determined using Western blotting. Values are
expressed in fold of controls after normalization with B-actin (mean + SD n = 3 experiments). *,

**: p<0.05 or 0.01 versus control; +, ++: p<0.05 or 0.01 versus glyLDL.
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Figure 7
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Figure 7: Involvement of H-Ras in glyLDL-induced eNOS downregulation in HUVEC

HUVECs were pre-treated with vehicle or FT1-276 (10 uM) for 30 min and then treated with
vehicle (control) and 100 pg/ml of glyLDL for 24 h. eNOS and B-actin protein expressions in
cellular proteins were detected using Western blotting. Integrated data were expressed in folds
of control after normalization with B-actin (mean = SD, n = 3 experiments). *, **: p<0.05 or 0.01

versus control; +, ++: p<0.05 or 0.01 versus glyLDL.
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Figure 8
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Figure 8: ER stress involvement in glyLDL-induced downregulation of eNOS protein in

HUVEC

HUVEC’s were pre-incubated with 4-PBA (2.5 mM) for 30 min with and then exposed to
vehicle (control) or glyLDL for 24 h. The protein expression of eNOS and B-actin in total
cellular proteins were examined using Western blotting. Integrative data were expressed in folds
of control after normalization with -actin (mean £ SD; n = 3 experiments). *, **: p<0.05 or 0.01
versus control; +, ++: p<0.05 or 0.01 versus glyLDL; #, ##: p<0.05 or 0.01 versus 4-PBA alone

treated.
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4.2 Mitochondrial function in HUVEC treated with glyLDL
4.2.1 Oxygen consumption in mitochondrial respiratory chain complexes in

HUVEC treated with glyLDL

In this section of the study, the functionality of the individual mitochondrial respiratory
chain complexes was determined from oxygen consumption rates in permeabilized HUVEC
using Oxygraph-2k. Oxygen consumption rate is marker for mitochondrial respiration.
Representative Oxygraph tracing of the mitochondrial oxygen consumption in permeabilized
HUVEC is represented in Figure 9. HUVEC were treated with glyLDL (100 pg/ml) and control
(vehicle) for 24 h. The cells were permeabilized using digitonin (2 pg/10° cells), a mild detergent
which permeabilizes plasma membrane but keeps the mitochondrial membrane intact and expose
to miotchomdrial inhibitors and substrates. The sequential addition of complex-specific
substrates and inhibitors (Rotenone for Complex I, which inhibits NADH oxidation, antimycin A
for Complex IlI and KCN, a competitive inhibitor of cytochrome c¢ oxidase-Complex V) were
used as described in Methods. The results suggest that, treatment with glyLDL (100 ug/ml) for
24 h significantly reduced the specific oxygen consumption rate in Complex I, 1I/11l1 and IV in
HUVEC compared to that of oxygen consumption rate of control HUVEC (p<0.05 or <0.01,
Figure 10 A-C).

4.2.2 Respiratory Control Index (RCI) in HUVEC mitochondria treated with
glyLDL

RCI is determined from the oxygen consumption level in HUVEC while ADP is added to
the glass chamber. RCI is the ratio of state 3 and state 4. The state 3 is the ADP excess and state

4 is ADP limited respiration. The results indicate that glyLDL (100ug/ml) treatment in HUVEC
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for 24 h induce a significant decline of RCI in HUVEC compared to the control (vehicle) for

equivalent time (p<0.01, Figure 10. D).

4.2.3 Mitochondrial bioenergetics profile in intact non-permeabilized

HUVECs treated with glyLDL

The mitochondrial bioenergetics profile parameters used in our studies are detailed below.
Basal respiration indicates the minimal or baseline oxygen consumption/respiration to support
essential cellular process before addition any substrates or inhibitors in the chamber. Maximal
respiration is the respiration induced due to ADP or an uncoupler to estimate the maximal
electron transport system (ETS) in the mitochondria of a cell. ATP linked respiration is the rate
of mitochondrial ATP synthesis in a defined basal state after inhibition of ATP synthase by
oligomycin. Non-mitochondrial respiration is the residual respiration rate obtained in presence
of electron transport inhibitors. Respiratory control ratio is the ratio of the uncoupled state
(state 3) to the state of oligomycin present (state 4) which is analogous to RCI in permeabilized
mitochondria. Spare respiratory capacity is the response to ETC accelerator respiration and
dividing it by the basal respiration that indicates the maximum ATP production in the
mitochondria of the cells. It is the extra amount of ATP that can be produced in an increased
energy demand (Desler et al., 2012). Proton leak is non phosphorylating resting state of the
intrinsic uncoupled state of respiration, where heat production occurs and inhibition of the
phosphorylation system. Coupling efficiency measures the ATP turnover in mitochondria. It is
the fraction of basal respiration used for ATP synthesis.

The present study investigated the mitochondrial bioenergetics profile in intact non-
permeabilized mitochondria of cultured HUVEC induced with of glyLDL (100 pg/ml) and

vehicle (control) for 24 h. The representative Oxygraph tracing of the altered mitochondrial
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bioenergetics profile in intact non-permeabilized HUVEC (Control versus glyLDL) obtained
from Oxygraph-2k were represented in (Figure 11).

Mitochondrial bioenergetics measures the cellular respiration and the utilization of
energy in the cells. Bioenergetics profile was assessed by quantifying the oxygen consumption
from intact HUVEC using Oxygraph-2k without permeabilizing the cells. Oxygen consumption
was determined in intact cells suspended in mitochondrial respiratory medium in order to
simulate in-vivo condition at 37 °C in Oxygraph chambers. The bioenergetics parameters were
assessed to characterize the cellular aerobic energy production in EC. In order to evaluate the
bioenergetics parameters, HUVECs were sequentially treated with oligomycin, FCCP, and
rotenone combined with antimycin-A as described previously (Roy Chowdhury et al., 2012).

The oxygen consumption without any addition of substrates or inhibitors reveals the
physiological respiration in cells. Addition of oligomycin inhibits the ATP synthesis and shows
the non-phosphorylating respiration in the inner mitochondrial membrane. FCCP stimulates the
oxygen consumption by uncoupling the oxidative phosphorylation and measures the maximum
electron transport system (ETS).

The effect of glyLDL on mitochondrial bioenergetics in EC has not been documented to
our knowledge. The results indicate a significant reduction in bioenergetics parameters including
basal, maximal and ATP linked respiration, coupling efficiency and spare respiratory capacity in
glyLDL treated HUVECs compared to control HUVECs. However, no significant alterations in
non-mitochondrial respiration and respiratory control ratio were detected. Impaired
mitochondrial electron transport system in HUVECs exposed to glyLDL is represented in

(Figure 12. A-G).
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Figure 9
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Figure 9: Representative Oxygraph tracings of mitochondrial oxygen consumption in
permeabilized HUVEC using complex specific substrates and inhibitors

The oxygen consumption in HUVEC was measured using oxygraph-2k. Arrows indicate addition
of 2.5 x10° cells/ml and following substrates or inhibitors as abbreviated. D: digitonin (2 pg/10°
cells); G: glutamate (10 mM); M: malate (5 mM); ADP: adenosine diphosphate (2 mM); R:

rotenone (1 uM); S: succinate (10 mM); AA: antimycin A (1 pg/mL); A: ascorbate (5 mM);
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TMPD: N,N,N',N'-tetramethyl-p-phenylenediamine dihydrochloride (0.5 mM); KCN: potassium
cyanide (0.25 mM). Y1 (thin blue line): Decline of oxygen concentration in the chamber of
Oxygraph containing live EC. Y2 (thick red line): Oxygen consumption rate in response to
substrates and inhibitors for mitochondrial respiratory chain Complexes I-1V in HUVEC

mitochondria.
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Figure 10
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Figure 10: Effect of glyLDL on the mitochondrial respiratory chain complexes and
respiratory control index (RCI) in permeabilized HUVEC mitochondria by Oxygraph-2k
Effect of glyLDL on O, consumption in Complex I, Il + 111, and IV in mitochondria of HUVEC
was assessed using oxygraph-2k. HUVEC was treated with 100 pg/ml of glyLDL for 24 h. Panel
A: Oxygen consumption in Complex I, evaluated in the presence of glutamate + malate + ADP
followed by the addition of rotenone. Panel B: Complex II/Ill respiration assessed with

succinate-coupled oxygen consumption followed by addition of antimycin A. Panel C: Complex
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IV respiration evaluated by KCN-sensitive oxygen consumption induced by ascorbate + TMPD.
Panel D: Respiratory Control Index was measured from oxygen consumption rate in HUVEC.
RCI= ratio of state 3 and state 4 respiration. Integrated data were expressed in pmol O/s/10°

cells after normalization with cell number (mean + SD, n = 3 experiments) *, **; p<0.05 or 0.01

versus control.
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Figure 11: Representative Oxygraph tracings of altered mitochondrial bioenergetics profile
in cultured HUVEC treated with control and glyLDL

HUVECs were incubated with 100 pg/ml of glyLDL or vehicle (control) for 24 h.
Mitochondrial bioenergetics profile was assessed in HUVECs by measuring the oxygen
consumption rate using oxygraph-2k. Arrows indicate addition of HUVEC at a concentration of
2.5 x 10° cells/ml and following substrates, uncoupler or inhibitors. O: oligomycin (1 pM);
FCCP: carbonyl cyanide p-trifluoromethoxy phenylhydrazone (1 uM); AA: antimycin A (1

pg/mL) R: Rotenone (1 pM).
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Figure 12
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Figure 12
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Figure 12: Effect of glyLDL on the mitochondrial bioenergetics profile in intact

mitochondria of control and glyLDL-treated HUVEC

HUVECs were treated with 100 pg/ml of glyLDL and control (vehicle) for 24 h. The oxygen
consumption rate in intact mitochondria of HUVECs was measured using Oxygraph-2k.
Mitochondrial bioenergetics profile was assessed from the oxygen consumption rate values
obtained from control versus glyLDL treated HUVEC. The mitochondrial bioenergetics profile
including, basal respiration (A), maximal respiration (B), ATP-Linked respiration (C), non-
mitochondrial respiration (D), coupling efficiency (E), respiratory control ratio (F) and spare
respiratory capacity (G) were determined after sequential addition of oligomycin, FCCP and

rotenone combined with antimycin-A in HUVEC as represented as in Figure 12. Integrated data
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were expressed in pmol O,/s/10° cells after normalization with the cell number (mean + SD, n =

3 experiments) *, **; p<0.05 or 0.01 versus control.
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4.3 Platelet mitochondrial bioenergetics in healthy subjects
4.3.1 Assessment of mitochondrial bioenergetics profile in intact healthy

human platelets

This study investigated the mitochondrial bioenergetics profile in intact non-
permeabilized platelet mitochondria from healthy human donor by measuring the oxygen
consumption rate using Oxygraph-2k. Platelets were freshly isolated from blood plasma of 48
healthy donors (after 12 h fasting) using centrifugation and counted on a hemocytometer. The
platelets were incubated in Oxygraph chambers at a concentration of 100 x 10° platelets/ml.
These were treated sequentially with oligomycin, FCCP and rotenone combined with antimycin-
A as substrates and inhibitors as described in the Methods using similar parameters explained
under section 6.2.3. Non-permeabilized cells can be used for determining the mitochondrial
bioenergetics parameters as the substrates and inhibitors involved in these studies can easily
access or cross through the cell membrane without permeabilizing using digitonin.

Forty-eight healthy donors were grouped based on their gender, age, body mass index
(BMI) and family history of chronic metabolic diseases as shown in demographic data (Table:
7). The healthy donors consist of 16 males and 32 females with an average age of 35.01 £14.01
years and 41.21 + 13.24 years respectively. The healthy donors were aged between 18-67 years
with a mean age of 37.89 + 13.63 yrs. The average BMI of the healthy donors was 24.81 + 4.67
kg/m?. The first-degree family history of diabetes was self-reported by eight donors; heart
disease by seven donors, and no family history of diabetes or heart disease among 33 healthy
donors. The mitochondrial bioenergetics profile in human platelets can be assessed from
peripheral blood using Oxygraph-2k which is represented as in (Figure 13). This study involves

a non-surgical and minimal pain procedure for determination of mitochondrial function using
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blood cells compared to the classical muscle biopsy, which requires a small surgical procedure.
The assessment of mitochondrial function in platelets can be performed in clinical laboratory
using peripheral blood samples from donors. Platelets can serve as excellent biomarkers for the
determination of mitochondrial function in humans. Mitochondrial bioenergetics profile
including basal respiration, maximal respiration, ATP linked respiration, non-mitochondrial
respiration, coupling efficiency, respiratory control ratio and spare respiratory capacity were not
significantly altered by variation in gender as represented in (Figure 14, A-G), variation in age
as represented in (Figure 15, A-G), and variation in BMI as represented in (Figure 16, A-G),
among healthy subjects. However healthy donors with a first degree family history of diabetes
have significantly impaired mitochondrial bioenergetics profile including basal respiration,
maximal respiration, ATP linked respiration and non-mitochondrial respiration, but coupling
efficiency, respiratory control ratio and spare respiratory capacity were not significantly different
from healthy donors without a first degree family history of diabetes or heart disease (Figure 17,
A-G). These raw oxygen consumption rate (OCR) data is represented in (Table: 8) which
indicates the significant impairment in platelet mitochondrial bioenergetics profile among
healthy donors with a first degree family history of diabetes compared to healthy donors without

any family history of chronic metabolic diseases.
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Demographic Data - Healthy human donors

Average

Males (n=16) 35.01 + 14.01 yrs.

Females (n=32) 41.21 £ 13.24 yrs.

Age (18-67 yrs.) 37.89 + 13.63 yrs.
Mean BMI (kg/m°) 24.81 + 4.67
First-degree family history* Number of healthy donors
Diabetes (male=4, female=4) =8
Heart disease (male=1, female=5) n=6
No Family History (male=11, female=23) n=34
Total healthy donors (male=16, female= 32) n=48

* First-degree family history (self-reported), type 1 Diabetes was not excluded

Table: 7 Demographic data including age, gender, body mass index and family history

obtained from the healthy human donors.
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Mitochondrial bioenergetics

No family history

Diabetes family history

profile Mean oxygen consumption Mean oxygen consumption
rate (OCR) rate (OCR)

Basal respiration 105.25 + 25.25 65.82 + 13.19™
Maximal respiration 129.81 + 29.08 107.14 £ 30.017
ATP- linked oxygen 75.54 + 35.94 45.64 + 16.96™

consumption
Non-mitochondrial respiration 8.77 + 3.44 11.37 +3.44™

Table: 8 The bioenergetics profiles (OCR) data obtained from healthy donors with and

without family history of diabetes.

OCR from individual mitochondrial bioenergetics profile from healthy donors with

family history of diabetes and without any family history of diabetes. Data are represented by

mean + SD,*, **; p<0.05 or 0.01 are considered significant. All values are expressed in pmol

0,/s/10° cells.
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Figure 13
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Figure 13: Representative Oxygraph tracing of mitochondrial bioenergetics profile in

healthy human platelets

Platelets were freshly isolated and incubated in oxygraph-2k chambers in mitochondrial

respiratory medium at a concentration of 100 X 10° platelets/ml for the determination of
mitochondrial bioenergetics. Mitochondrial bioenergetics profile was assessed in platelets by

measuring the oxygen consumption rate. Arrows indicate addition of following substrates,
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uncoupler or inhibitors. O: oligomycin (1 pM); FCCP: carbonyl cyanide p-trifluoromethoxy

phenylhydrazone (1 uM); AA: antimycin A (1 ug/mL) R: Rotenone (1 puM).
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Figure 14
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Figure 14: Gender variation and mitochondrial bioenergetics profile in intact mitochondria

of platelets from healthy donors

The mitochondrial bioenergetics profile including basal respiration (A), maximal
respiration (B), ATP-linked respiration (C), non-mitochondrial respiration (D), coupling
efficiency (E), respiratory control ratio (F) and spare respiratory capacity (G) were determined
after sequential addition of oligomycin, FCCP and rotenone combined with antimycin-A on
mitochondria of platelets from healthy donors. Integrated data were expressed in pmol O./s/10°

cells after normalization with the cell number (mean + SD).
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Figure 135
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Figure 135
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Figure 15: Age variation and mitochondrial bioenergetics profile in intact mitochondria of

platelets from healthy donors

The mitochondrial bioenergetics profile including basal respiration (A), maximal respiration (B),
ATP-linked respiration (C), non-mitochondrial respiration (D), coupling efficiency (E),
respiratory control ratio (F) and spare respiratory capacity (G) were determined after sequential
addition of oligomycin, FCCP and rotenone combined with antimycin-A on mitochondria of
platelets from healthy donors. Integrated data were expressed in pmol 0,/s/10° cells after

normalization with the cell number (mean + SD).
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Figure 16
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Figure 16
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Figure 16: Body mass index variation and mitochondrial bioenergetics profile in intact

mitochondria of platelets from healthy donors

The mitochondrial bioenergetics profile including basal respiration (A), maximal
respiration (B), ATP-linked respiration (C), non-mitochondrial respiration (D), coupling
efficiency (E), respiratory control ratio (F) and spare respiratory capacity (G) were determined
after sequential addition of oligomycin, FCCP and rotenone combined with antimycin-A on
mitochondria of platelets from healthy donors. Integrated data were expressed in pmol O./s/10°

cells after normalization with the cell number (mean + SD).
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Figure 17
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Figure 17
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Figure 17
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Figure 17: Family history and mitochondrial bioenergetics profile in intact mitochondria of

platelets from healthy donors

The mitochondrial bioenergetics profile including basal respiration (A), maximal respiration (B),
ATP-linked respiration (C), non-mitochondrial respiration (D), coupling efficiency (E),
respiratory control ratio (F) and spare respiratory capacity (G) were determined after sequential
addition of oligomycin, FCCP and rotenone combined with antimycin-A on mitochondria of
platelets from healthy donors.. Integrated data were expressed in pmol O./s/10° cells after
normalization with the cell number (mean + SD). *, **; p<0.05 or 0.01versus no family history;

+, ++: p<0.05 or 0.01 versus heart disease family history.
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Chapter 5

Discussion

The results from our studies observed the following significant novel findings:

1. Exposure to physiological concentrations of glyLDL decreased the protein, activity
and mRNA of eNOS in cultured HUVEC.

2. RAGE/H-Ras pathway mediates the upstream signaling for glyLDL-induced
inhibition of eNOS protein in EC.

3. GlyLDL treatment impaired the mitochondrial bioenergetics profile in cultured
HUVEC.

4. Healthy donors with a first degree family history of diabetes have significantly
impaired platelet mitochondrial bioenergetics profile compared to healthy subjects

without a family history of heart disease or diabetes.

5.1 Effect of glyLDL on the eNOS production and transmembrane upstream

signaling events in EC

Previous studies have identified that glycooxided LDL down regulated eNOS in human
coronary artery EC (Napoli et al., 2002). Glyco-oxidized LDL attenuated endothelial function
potently than oxLDL by impairment of endothelium-dependent dilation in rabbit aorta (Galle et
al., 1998). GlyLDL reduced the shear stress-induced NO production and bioactivity in the
porcine aortic EC due to increased release of superoxide (Posch et al., 1999). ‘Heavily oxidized’
glycated LDL (HOG-LDL) attenuated the eNOS protein in bovine aortic EC, without altering
eNOS mRNA levels. Impaired acetylcholine-induced endothelium-dependent vasorelaxation was
observed in isolated mouse aortas, and the activation of protease calpain impaired eNOS function

by its degradation (Dong et al., 2009). OxLDL treatment in human saphenous vein reduced the

80



NOS activity and eNOS mRNA levels, which may result from early transcriptional inhibition or
post-transcriptional mMRNA destabilization (Liao et al., 1995). Glycation of collagen inhibited the
actin fiber filament, eNOS activation, NO release and translocation in EC exposed to shear
stress; moreover it impaired the mechanotransduction in EC (Kemeny et al., 2011). It has not
been documented yet in the literature whether LDL modified by glycation alone without
chemical oxidation altered eNOS protein, activity or gene expression.

The present study demonstrated the significant reduction of the eNOS protein, mMRNA
expression and activity in HUVEC treated with glyLDL compared to vehicle control or LDL.
The down-regulation of eNOS protein and activity is likely due to decreased transcription of
eNOS gene or an increased degradation of eNOS mRNA or both.

High glucose (25mM) also down-regulated the expression of eNOS protein in EC, which
is consistent with the several studies favoring similar attenuation of eNOS in EC in increased
glucose conditions (Chen et al., 2015; Srinivasan et al., 2004; Zhu et al., 2015). Glucose and
glyLDL have distinct receptors for its entry into the EC. Glucose usually enters most cells
through GLUT receptors, while glyLDL is identified to enter through the RAGE receptors from
our previous lab studies in EC (Sangle, Zhao, et al., 2010). The effect of glucose in down-
regulating the eNOS may also be a consequence of the formation of glycated albumin in the
medium containing fetal bovine serum supplemented in EC. Glycated albumin, as it’s a glycated
protein use the similar RAGE pathway for its action in down-regulating the eNOS protein in EC
(Collison et al., 2002). The eNOS downregulation in eNOS due to high glucose can be RAGE
independent or dependent, which needs further investigation using RAGE specific sSiRNA or

RAGE inhibitors to find out the exact mechanism behind it.
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Studies done previously have demonstrated that the uptake of LDL by the LDLR is
reduced by glycation that may lead to an increased level of glyLDL in circulation (Lyons,
1993).Studies conducted previously in our lab have shown that glyLDL increased the abundance
of RAGE in vascular EC (Sangle, Zhao, et al., 2010). LDLR is the receptor that regulates the
LDL uptake and glyLDL is poorly recognized by the LDLR, LDL-R related protein (LRP) and
the scavenger receptor (SR). Lipoprotein lipase is identified to mediate the glyLDL in
macrophages, fibroblast and EC. Glycation of LDL contribute to increased atherosclerotic risk
for diabetes and hyperlipidemia patients (Zimmermann et al., 2001). Glycated LDL cause injury
to retinal capillary EC and pericytes and it activates extracellular signal-regulated protein kinases
1 and 2, an early mitogenic signal (Nivoit et al., 2003). The receptors for AGEs include RAGE,
AGE-1, AGE-2, and AGE-3, which are detected in monocytes, macrophages, and EC. AGEs-
LDL was also observed to activate Toll-like receptors (TLR-4) (Hodgkinson et al., 2008).
Blockage of RAGE may be considered as a therapeutic strategy for preventing glyLDL-induced
decrease in eNOS expression and decline of endothelium-dependent vasodilation in diabetes.

The effect of glyLDL on the down-regulation of eNOS protein in HUVEC was inhibited
by RAGE antibody in this study. The results indicate that transmembrane signaling in glyLDL-
induced downregulation of eNOS protein in cultured HUVEC is medicated by RAGE.

Previous studies demonstrated that the farnesylation was necessary for the H-Ras protein
translocation from cytosol to cell membrane (Zhang and Casey, 1996). The membrane
translocation and H-Ras activation in human EC is increased by LDL (Zhu et al., 2001). Our lab
studies have also demonstrated previously that oxLDL increased H-Ras protein translocation
from cytosol to membrane in EC. (Sangle, Zhao, et al., 2010). H-Ras inhibitor, farnesyl

transferase inhibitor, FTI-276 was used to verify the participation of H-Ras in glyLDL treated
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HUVEC. FTI targets the protein farnesyltransferase and inhibits its downstream effector H-Ras
and its function. FTI inhibits the post-translation lipid modification of the H-Ras and
alternatively prenylated by geranylgeranyl transferase-1. FTI also prevents membrane
localization and reverse cellular transformation (Basso et al., 2005).

Studies conducted previously in our lab and other group have shown that glyLDL-
induced ROS production and reduced the anti-oxidant enzyme activity in EC (Zhao and Shen,
2005). The source of ROS in glyLDL-treated human EC was due the activation of NADPH
oxidase or impaired mitochondrial respiratory chain enzymes (Sangle, Chowdhury, et al., 2010).
ROS increased the H-Ras and its downstream effector interactions (Kowluru et al., 2004). H-Ras
exist either in an inactive form (GDP-bound cytosolic form) or in an active form (GTP-bound
membrane-associated form). H-Ras post-translationally modifies by farnesylation to translocate
from cytosol to cell membrane (Zhang and Casey, 1996). High glucose exposure leads to
increased H-Ras protein and mRNA levels in EC (Kowluru et al., 2004).

In the present study, FTI-276, farnesyltransferase inhibitor prevented the glyLDL-
stimulated translocation of H-Ras and also prevented glyLDL induced eNOS downregulation
(normalized the eNOS protein in HUVEC. The present study confirms the previous finding that
the incubation of glyLDL with HUVEC increased the H-Ras translocation from cytosol to cell
membrane (Sangle, Zhao, et al., 2010). These finding suggest that H-Ras plays a major role in
the attenuation of eNOS in glyLDL-treated EC.

Increased H-Ras protein expression and translocation towards the cell membrane are
ncessary for glyLDL-treated downregulation of eNOS protein in HUVEC. H-Ras may be
considered as a therapeutic target for endothelium-dependent vasodilation under diabetic

condition.
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Vascular complication in diabetes was linked to ER stress in vascular cells. Previous
studies inour lab have observed increased the accumulation of misfolded proteins as the
elevation of thioflavin T intensity and increased the abundance of ER stress response mediators
including GRP78/94, XBP-1 and CHOP in EC treated with glyLDL (CDA 2014 abstract) (Xie
and Shen, 2014).

The present study demonstrated the involvement of ER stress in glyLDL-induced
downregulation of eNOS in HUVEC by the fact that 4-PBA, an ER stress antagonist, prevented
the glyLDL-induced attenuation of eNOS expression in HUVEC. This finding supports the
hypothesis that ER stress is implicated in glyLDL-induced eNOS downregulation in vascular
EC.

GlyLDL treatment (25-150 pg/ml for 24 h) used in the studies was within the normal
physiological range as reported previously (Tames et al., 1992). GlyLDL preparations used were
glycated in vitro (>30 % lysine residues were glycated). GlyLDL was observed to be pro-
apoptotic after prolonged incubation. Treatment with 100 pg/ml glyLDL beyond 36 h reduced
cell viability in HUVEC. However, no significant alteration in viability of cells was detected in
HUVEC stimulated with glyLDL for 24 h or less, which was used throughout in our studies.

HUVECSs are widely used as a model of cultured human EC in atherosclerosis studies. In
addition to its feasibility, HUVEC is functionally similar to arterial EC than venous EC due to
transport of oxygen and nutrient-rich blood to fetus in the umbilical vein (Ren et al., 1997),
which makes it an appropriate cell line to use in our studies.

The findings from this section of the present studies indicate that glyLDL reduces eNOS
MRNA, protein and activity in vascular EC. Transmembrane signaling mediators, RAGE and H-

Ras regulate glyLDL-induced eNOS downregulation in cultured HUVEC, which provides an
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insight on signaling pathway for diabetes-associated metabolic stress-induced cardiovascular
complications and potenital therapeutic targets for the management and prevention of diabetic

cardiovascular diseases.
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5.2 Mitochondrial respiratory chain activity in HUVEC treated with glyLDL

Previous studies have identified decreased mitochondrial respiration in skeletal muscle of
type 2 DM patients compared to age and BMI-matched control subjects. The lower
mitochondrial respiration may be due to attenuated mitochondrial content (Rabol et al., 2009).
Hyperglycemia increased ROS production, uncoupled electron transfer, increased superoxide
and reduced ATP synthesis in diabetes (Green et al., 2004). The mitochondrial respiratory chain
is a significant source of intracellular oxidative stress in pathological conditions. The imbalance
between antioxidants and ROS production results in oxidative stress (Turrens, 2003).
Hyperglycemia causes mitochondrial superoxide production in EC. In addition, mitochondrial
derived reactive species activate NFkB, which further increases the VCAM-1 expression and
other pro-inflammation mediators in early stage of atherosclerosis. Mitochondrial dysfunction in
EC was involved both oxidative stress and reduced energy generation, which impaired vascular
integrity (Ballinger, 2005).

Glyco-oxidized HDL induced apoptotic mechanisms in EC by increased mitochondrial
apoptotic factors like Bad, Bax, and cytochrome ¢ and activated caspase 9 and 3 (Matsunaga et
al., 2001). Type 2 DM was characterized by age-related significant reduction of mitochondrial
DNA, mitochondrial DNA gene transcription and translation, lower mitochondrial respiratory
capacity and ATP production (Nile et al., 2014).

Mitochondrial dysfunction acts as the central contributor to p-cell failure in type 2 DM.
ROS generated from mitochondria affects its structure and function. Moreover, ROS activated
UCP-2, caused proton leak in the inner membrane, reduced ATP synthesis, oxidized
mitochondrial cardiolipin, impaired membrane integrity and released cytochrome c leading to

apoptosis (Ma et al., 2012). AGEs interaction with RAGE generates oxidative stress as well as
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produces ROS in mitochondria, which induce mitochondrial damage and release cytochrome c
from cells (Wang et al., 2015). This evidence suggests that diabetes-associated metabolic
disorders potentially impair mitochondrial respiratory chain activity.

Impairment of respiratory chain activity in porcine aortic EC treated with glyLDL and
extensively oxLDL have been prevously demonstrated in our lab (Roy Chowdhury et al., 2010;
Sangle, Chowdhury, et al., 2010). We have shown in our present study that the glyLDL exposure
significantly attenuated the mETC function in cultured HUVEC. GlyLDL significantly reduced
the complex specific oxygen consumption rate of Complex I, II/111 or IV in cultured HUVEC.
These results support our hypothesis that diabetes-associated lipoprotein impairs mitochondrial
respiratory chain function in cultured HUVEC. In addition, the study showed that glyLDL
incubation significantly attenuated the ADP-induced oxygen uptake and respiratory control index
(RCI) in cultured HUVEC. RCI is the ratio of state 3 (ADP excess) and state 4 (ADP limited)
respiration (Brand and Nicholls, 2011).

NO interacts with superoxide to form peroxynitrite and also decrease the mETC and
Complex | activity (Cassina and Radi, 1996). Complex | is the primary source of free radical
production and the rate-limiting step in mETC. Inhibition of Complex | produces excess
superoxide (Matsuzaki and Humphries, 2015). Decline in Complex | activity was observed in
normal and high glucose conditions in mesangial cells exposed to AGEs (Coughlan et al., 2009).
This evidence supports the present findings that glyLDL treatment significantly reduced oxygen
consumption at Complex 1.

Complex 1l is a vital enzyme complex in aerobic respiratory chain. The defects in
Complex Il are associated with mitochondrial diseases (Tomitsuka et al., 2003). High glucose

exposure leads to ROS production and involvement of Complex Il in EC (Nishikawa et al.,
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2000), also generation of superoxide, mitochondrial attenuated ATP levels, partial inactivation of
Complex 1ll activity and hyperpolarization in normal rat renal proximal tubular cells.
Mitochondrial superoxide generation is considered as a key early event in the development of
mitochondrial dysfunction (Munusamy and MacMillan-Crow, 2009).

The present study also provide evidence that glyLDL impaired the activity of Complex
/111 in EC as determined using succinate and antimycin-A sensitive oxygen consumption. EC
exposed to laminar shear stress inactivated the mitochondrial Complexes I-1V, due to excessive
generation of reactive nitrogen species and inhibiting electron flux at multiple ETC (Han et al.,
2007). The present study also demonstrated impaired Complex IV activity in HUVEC exposed to
glyLDL as determined from ascorbate/TMPD and KCN sensitive OCR. Since the decrease in the
activity of oxygen consumption in any of mitochondrial respiration chain complex may cause
excess ROS production (Shen, 2012), the impairment of the mitochondrial respiration chain
complex enzyme activities in glyLDL-treated EC induce oxidative stress.

Mitochondrial dysfunction caused an increased ROS and decreased bioavailability of
eNOS. EC with damaged mitochondria release high mobility group protein B1 (HMGBL1), heat
shock proteins, and S100 proteins that can induce inflammation by recruiting macrophages that
encourage the atherosclerosis progression. eNOS has a significant part in the regulation of
mitochondrial function and its biogenesis, and mitochondrial dysfunction modulate endothelial
NO and superoxide production. Arterial blood flow is lowered in patients with systemic
mitochondrial dysfunction (Lee and Shim, 2013), which may be consequence of lack of
endothelium-dependant vasodilation.

Mitochondrial function is vital for the proper maintenance of cellular energy status

(Matsuzaki and Humphries, 2015). Abnormal platelet membrane fluidity was observed in type 2

88



DM patients with macrovascular complications (Caimi et al., 1995). Higher ATP content and
lower mitochondrial membrane potential was observed in platelets from type 2 DM (Guo et al.,
2009). Uncoupled electron transfer and oxidative phosphorylation increased superoxide, and
reduced ATP synthesis was found among diabetics (Mehta et al., 2006). Mitochondrial
dysfunction was observed primarily due to reduced mitochondrial content and decreased
function mitochondria in diabetes (Hojlund et al., 2008). However, one study evaluated oxygen
consumption rate from freshly isolated PBMCs and further examined mitochondrial function in
patients with diabetes mellitus. They have observed higher basal, maximal, and uncoupled
oxygen consumption in the diabetic patients and increased mitochondrial ROS production
(Hartman et al., 2014).

Our study have alos shown that exposure of glyLDL on HUVEC significantly reduced
the bioenergetic profile, including basal respiration, maximal respiration, ATP-linked respiration,
coupling efficiency and spare respiratory capacity. Addition of the mitochondrial uncoupler
(FCCP) reduced the oxygen consumption rate in glyLDL treated cells than the control. The result
of the present study suggests that a significant reduction of mitochondrial respiration in glyLDL-
induced cells was due to dysfunction of mETC.

Mitochondrial dysfunction reduced energy generation and raised the mitochondrial stress
and mitochondrial damage which are the risk factors for CVD (Ballinger, 2005). The results of
the present study indicate that glyLDL simultaneously attenuates the energy generation
(mitochondrial bioenergetics profile) and oxygen consumption (the complex-specific oxygen
consumption) in HUVEC treated with glyLDL. These may increase mitochondrial and
intracellular ROS production in HUVEC that has a vital role in the pathogenesis of diabetic

macrovascular complications.
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Increased mitochondrial superoxide, reduced mitochondrial mass, and mitochondrial
hyperpolarization was detected in type 2 DM patients. The alterations in mitochondrial function
were linked to impaired endothelium-dependent vasodilation. Mitochondrial ROS and mass is
predictive for the in-vivo measurement of endothelial dysfunction. Excessive ROS can lead to
endothelial inflammatory signaling activation, NF-kB, protein kinase-C and reduced NO
bioavailability, Moreover increased mitochondrial superoxide was associated with the impaired
endothelial function (Kizhakekuttu et al., 2012). Studies are required further to understand the
relationship between the development of endothelial dysfunction and mitochondrial dysfunction.

Mitochondrial impairment and generation of ROS promotes endothelial damage in
atherosclerotic vascular disease in diabetes. The results of the present study support our
hypothesis that diabetes-associated lipoprotein impairs complex-specific oxygen consumption
and energy production in mitochondria of HUVEC simultaneously. Estimation of mitochondrial

function may be an early marker of the vascular endothelial function.
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5.3 Platelet mitochondrial bioenergetics in healthy subjects

Previous studies have demonstrated the reduction in respiration rate, mitochondrial
enzymatic activities and mitochondrial proteome expression in sensory neurons in diabetes.
Impaired mitochondrial function in diabetic nerves in animals caused cellular energy depletion
despite increased substrate availability (Roy Chowdhury et al., 2012).

Several evidences from the literature suggest the mitochondrial dysfunction in diabetes.
The classical method for the assessment of mitochondrial respiratory chain activity or
bioenergetics profile in-vivo requires tissue sampling via muscle biopsy, which requires a
surgical procedure and may cause adverse effects. Peripheral blood platelets can be an
appropriate alternative for detecting the mitochondrial bioenergetics profile since platelets have
abundant functional mitochondria and primarily depends on oxidative metabolism (Garcia-Souza
and Oliveira, 2014).

Previous studies have reported that, platelets from type 2 DM patients are observed with
higher ATP content and lower membrane potential (Guo et al., 2009). Lower basal and maximal
respiration was observed in platelets in diabetics. The assessment of metabolic function of blood
cells for diagnosis and treatment is an important area of translational research (Kramer et al.,
2014). The measurement of cellular bioenergetics in platelets may serve as index for
mitochondrial function in several pathologies.

Platelets are sensitive markers of mitochondrial dysfunction and have detectable
oxidative phosphorylation that can be studied using polarographic measurements. They are
commonly used in bioenergetics studies in translational research. Sensitive assay protocols for
determining cellular bioenergetics in platelets and leucocytes have been developed and

characterized (Chacko et al., 2013; Kramer et al., 2014). Reduced ATP and mitochondrial
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function are observed in insulin-resistant off-springs with familial type 2 DM (Petersen et al.,
2004). Intrinsic mitochondrial dysfunction in the skeletal muscle biopsy of the type 2 DM
patients were detected and interestingly showed tendency of mitochondrial dysfunction in the
first degree relatives which were not significant when compared to the control subjects (Phielix
et al., 2008). This study supports our findings, that family history has an impact on the
mitochondrial function in healthy subjects. The bioenergetics profile was alone assessed, rather
than any complex-specific studies in platelets due to the fact that, platelets function at near
maximal energetic capacity under basal conditions, which is not the appropriate to measure the
defects in Complexes -1V in platelets as the reserve capacity is too small (Chacko et al., 2013).
Previous studies from different groups have investigated the mitochondrial bioenergetics
or oxygen consumption in platelets of diabetic patients using Oxygraphy or Seahorse plate reader
(Avila et al., 2012; Chacko et al., 2013; Phielix et al., 2008; Rabol et al., 2009). Study by Avila
et.al, have identified that platelets isolated from diabetic patients have lower mitochondrial
function compared to healthy subjects using the similar Oxygraph-2k (Avila et al., 2012). Phielix
et.al, have compared the platelet mitochondrial bioenergetics in healthy subjects with and
without first-degree family history of diabetes and detected no significant difference (Phielix et
al., 2008). Our group has presently established the method for the assessment of platelet
mitochondrial bioenergetics in 48 healthy subjects. We did not found gender; age or body mass
index had a significant impact on platelet mitochondrial bioenergetics. Among healthy subjects
with first-degree family history of diabetes but not heart disease had a significant decrease in
mitochondrial bioenergetics profile compared to those without family history of diabetes or heart

disease.
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Measurement of oxygen consumption rate in the presence of uncoupler, (FCCP)
determined the mETC (maximal respiration). The present study revealed significant attenuation
of maximal respiration in platelets from healthy donors with family history of diabetes compared
to that of healthy donors without any family history of chronic metabolic diseases. The family
history of diabetes significantly reduced the basal respiration and ATP linked respiration,
however, increased non-mitochondrial respiration was observed in healthy donors with family
history of diabetes. The results from these bioenergetics profiles revealed a series of defects and
alterations in platelet mitochondrial function in the platelets of healthy donors with a first-degree
family history of diabetes, which may reflect the early abnormalities in mitochondrial respiration
activities in human blood cells of healthy subjects with genetic defect which favors in the
development of diabetes

Platelets serve as an excellent marker for understanding the human mitochondrial
diseases due to satisfactory non-invasive, safe and, readily available source to investigate
mitochondrial enzymatic activity (Sangiorgi et al., 1994). The classical method of muscle biopsy
IS quite invasive with higher risk for bleeding or infection than regular blood withdrawal.
Alternative approaches to measuring the mitochondrial function using blood cells including
platelets, have several advantages over the classical biopsy method (Garcia-Souza and Oliveira,
2014). Oxygen consumption was evaluated in PBMC from diabetic patients and control which
observed contrary reports suggesting increased basal, maximal and uncoupled oxygen
consumption in diabetic patients (Hartman et al., 2014). The mechanism for the difference in
mitochondrial activity in platelets and PBMC in diabetic patients requires further investigation.

The limitations of the present clinical study could be the modest sample size, imbalanced

gender ratio and self-reported medical history of donors. Further studies are needed to find out
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the mechanisms and supporting evidence involved in the familial diabetes and early
mitochondrial dysfunction in platelets. The measurement of oxygen consumption is necessary to
be performed immediately after the platelet isolation as platelet activation, and aggregation is a
common issue.

The relative disadvantages of Oxygraph over Seahorse plate reader are; the titrations and
sequential injections of mitochondrial uncoupler, substrates and inhibitors are performed
manually using separate micro-syringes and only two chambers are present in Oxygraph-2k
which limits the experimentation of multiple samples simultaneously. The advantages of this
method are it can be adopted in the clinics for the assessment of mitochondrial function from an
acceptable volume of the blood sample (20-30 ml). The operational cost of Oxygraphy is
affordable than Seahorse plate reader, which requires typical plates and reader for the detection
and analysis.

Mitochondrial damage results in reduced energy generation and increased mitochondrial
oxidative stress (Ballinger, 2005). The results from the mitochondrial bioenergetics studies in
healthy human platelets suggest that first degree family history of diabetes has a significant
impact on the platelet mitochondrial function in healthy subjects. Platelet mitochondrial
dysfunction may reflect impaired mitochondrial activity in other types of cells in the body of
diabetic patients. The findings may help to develop feasible and sensitive methods for non-
surgical detection of mitochondrial activity in patients or people with risk for diabetes or other

chronic diseases.
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Chapter 6

Conclusion

1.

The present study for the first time demonstrated an inhibitory effect of glyLDL
on eNOS and NO production in cultured HUVEC. The RAGE/H-Ras pathway is
implicated as the upstream signaling events in the glyLDL-induced eNOS
downregulation in cultured EC.

Moreover, the impairment of mitochondrial complex-specific oxygen
consumption and mitochondrial bioenergetics were detected in EC exposed to
glyLDL.

In addition, we have demonstrated for the first time that, a significant impairment
of mitochondrial bioenergetics in the platelets of healthy individuals with a first-
degree family history of diabetes compared to that of healthy individuals without

first degree family history of diabetes or heart disease.
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