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mechanisms contributing to hyperglycemic-vascular damage is the increased production of 

advanced glycation end products (AGEs) that by binding to their cellular receptors augment 

oxidant stress and induce a state of endothelial cell activation contributing to endothelial 

impairment (Yan et al., 1994; Tan et al., 2002). Hyperglycemia also contributes to alterations 

in the balance between vasodilators and vasoconstrictors, as it enhances the secretion, in 

vitro, of endothelin-1 and decreases NO production in the aorta of diabetic rats and coronary 

microvessels in humans (Derosa and Maffioli, 2016). Interleukin (IL) 1 and 6, 

proinflammatory signaling molecules, also showed to play an important role in mediating 

vascular endothelial dysfunction, by exacerbating oxidative stress and reducing 

phosphorylation of endothelial nitric oxide synthase (eNOS) (Lee et al., 2017). 

The microvasculature and macrovasculature are two essential components of the 

circulatory system, each with distinct roles and structural features. The microvasculature, 

consisting of small vessels such as arterioles, capillaries, and venules, facilitates the exchange 

of gases, nutrients, and waste products at the cellular level (Cade, 2008). These vessels are 

typically smaller than 150 micrometers in diameter, with capillaries being the smallest, 

allowing for direct exchange between blood and tissues (Climie et al., 2019). The primary 

function of the microvasculature is to maintain tissue health by enabling efficient nutrient and 

oxygen delivery and waste removal, which is essential for cellular metabolism. In contrast, 

the macrovasculature refers to the larger blood vessels such as arteries, veins, and large 

venules that transport blood across longer distances in the body. The macrovasculature is 

made up of large elastic arteries that buffer the increases in pulsatility that occurs because of 

intermittent left ventricular contraction, and more muscular arteries that act as a conduit to 

deliver a steady flow of blood to the microvasculature (Climie et al., 2019). These vessels are 

typically greater in diameter and have thicker walls with more muscle and elastic fibers to 

manage the higher pressures of systemic blood flow. The macrovasculature is responsible for 

transporting oxygenated blood from the heart to peripheral tissues (via arteries) and returning 

deoxygenated blood back to the heart (via veins). It plays a crucial role in maintaining overall 

circulatory dynamics and blood pressure. Dysfunction in either system can lead to significant 

health issues, such as the vascular complications seen in conditions like diabetes and 

hypertension (Dal Canto et al., 2019) . 

Diabetes is a major risk factor for peripheral artery disease, leading to an accelerated 

disease course and several complications (Paneni et al., 2013). More recently, a link between 

diabetes, especially T2D, and the development of pulmonary vascular disease, particularly 
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pulmonary arterial hypertension (PAH) which can lead to right ventricular failure and death 

was suggested (Lopez-Lopez et al., 2008; Takahashi et al., 2018; Humbert et al., 2019). It is 

also well-recognized that systemic hypertension is associated with impaired vasorelaxation 

(Kang, 2014). 

Diabetic macrovascular disease resembles atherosclerotic lesions, both in terms of 

morphology and function. Atherosclerotic plaques do not typically form in the 

microvasculature. These lesions primarily affect the macrovasculature, particularly the larger 

arteries such as the coronary, carotid, and femoral arteries, where the accumulation of lipids, 

inflammatory cells, and other substances leads to plaque formation (Poznyak et al., 2020). 

These plaques narrow the vessel lumen and disrupt blood flow, potentially leading to 

significant cardiovascular complications like heart attacks or strokes, and peripheral arterial 

disease. In contrast, diabetic microvascular disease predominantly affects smaller vessels and 

is primarily seen as retinopathy, nephropathy, neuropathy, and vascular abnormalities in the 

lower extremities (Gilbert, 2013; Crasto et al., 2021). These complications result in severe 

consequences, such as visual impairment, kidney failure, stroke, diabetic cardiomyopathy, 

and lower extremity dysfunction (Faselis et al., 2019). The diabetic macrovascular disease 

resembles atherosclerotic lesions both morphologically and functionally, whereas diabetic 

microvascular disease is present primarily as retinopathy, nephropathy, neuropathy, and 

vascular abnormalities in the lower extremities. 

It is believed that macrovascular disease starts before the development of diabetes. 

Several studies have confirmed the increased risk of CVD in patients with impaired glucose 

tolerance (Tominaga et al., 1999). There is a growing body of evidence that insulin resistance 

in the absence of overt diabetes has been associated with endothelial dysfunction, an initial 

process of atherosclerosis (Deedwania, 2003). Therefore, atherosclerotic processes may begin 

earlier in the spectrum of insulin resistance. The atherosclerotic arterial disease may be 

manifested clinically as CVD. It is responsible for about 70 % of all causes of death in 

patients with T2D (Laakso, 1999). The incidence of CVD is 2-4 times greater in diabetic 

patients than in the general population, and in fact, cardiovascular disease is the principal 

cause of mortality in individuals with T2D, accounting for approximately 80% of deaths 

(Haffner et al., 1998; Abdul-Ghani et al., 2017; Raghavan et al., 2019). CVD represents the 

principal cause of death and morbidity among people with diabetes, especially in those with 

T2D. Adults with diabetes have 2-4 times increased cardiovascular risk compared with adults 

without diabetes, and the risk rises with worsening glycemic control. Diabetes has been 
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associated with 75% increase in mortality rate in adults, and cardiovascular disease accounts 

for a large part of the excess mortality (Htay et al., 2019). 

1.1.4. Mechanisms of diabetic vascular complications 
 
Chronic hyperglycemia is the major initiator of diabetic vascular complications. 

Although there is increasing evidence that the venous tree regulates cardiac output and total 

body circulating fluid, the majority of the pathology occurs within the arterial circulation 

(Strain and Paldánius, 2018). One of the hallmarks of diabetic vascular damage is increased 

arterial stiffness in the large elastic arteries (Niiranen et al., 2016). Several mechanisms have 

been proposed to account for the greater arterial stiffness in patients with T2D. Elevated 

glycemia is a major determinant of both arterial stiffness and carotid intimal media thickness 

(IMT), the latter of which is another well-established measure of blood pressure (BP)-related 

damage independently predictive of CV events (Tropeano et al., 2004; Rubin et al., 2012).  

Various hyperglycemia-induced metabolic and hemodynamic derangements, 

including increased AGEs formation, enhanced production of ROS, activation of protein 

kinase C (PKC), stimulation of the polyol pathway and the renin-angiotensin system (RAS), 

contribute to the characteristic histopathological changes observed in diabetic vascular 

complications (Ahmed, Majeed and Obaid, 2020). 

Chronic hyperglycemia is known to be associated with the build-up of AGEs, which, 

lead to arteriosclerosis (Stirban, Gawlowski and Roden, 2014). This could account for the 

impact of glycemia on endothelial function. A meta-analysis reported that an increase in 

carotid IMT by 0.13 mm is associated with an increase in CV risk by nearly 40% in patients 

with T2D compared with control subjects (Brohall, Odén and Fagerberg, 2006).  

Oxidative stress is an alternative mechanism that has been suggested to exacerbate 

macrovascular damage in patients with diabetes. ROS can be induced by multiple 

biochemical pathways including activation of the polyol pathway and the non-enzymatic 

formation of AGEs (Madonna and De Caterina, 2011b, 2011a), each of which could damage 

the endothelial system. Supportive evidence includes the observation that antioxidant drugs 

inhibit the pathological neovascularisation of endothelial cells by attenuating the production 

of ROS under hyperglycemic conditions (Park et al., 2017).  

An alternative, possibly complementary, mechanism of vascular damage is the 

inactivation or suppression of NO by oxygen-derived free radicals; interestingly this has been 

associated with glycemic variability rather than by glycemia itself (Monnier et al., 2006). 

This observation is supported by the association between glycaemic variability, as measured 
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Figure 1.1. Advanced glycation end products (AGEs) formation. The condensation of the carbonyl 

group of a reducing sugar with the amino group of an amino acid forms a Schiff base, which is then 

rearranged through the Amadori reaction to produce a stable Amadori product (early glycation). This 

glycation process involves the modification of amino-terminal groups of proteins, phospholipids, or 

nucleic acids by glucose or other monosaccharides, leading to the generation of the Schiff base and 

Amadori product. Some Amadori products are converted to AGEs via the Hodge pathway, while 

others are oxidized and cleaved into active dicarbonyl compounds, which are further cross-linked with 

proteins to form AGEs. These carbonyl intermediates are also generated through Wolff, Namiki, and 

Polyol pathways. The auto-oxidation of glucose, along with rearrangements of the Schiff base and 

Amadori product, as well as the oxidation of amino acids, lipids, ketone bodies, and inflammation, 

promotes the generation of oxoaldehydes such as glyoxal, methylglyoxal, and glycolaldehyde. These 

intermediates rapidly and irreversibly form AGEs, including pentosidine, argypirimidine, pyrraline, 

and carboxymethyl lysine (CML) (Adapted from (Chen et al., 2022).   
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1.2.4. Interaction of AGEs with cellular receptors 

1.2.4.1. The receptor for AGEs (RAGE) 

The ingestion of exogenous AGEs and the formation of endogenous AGEs activate 

various signaling pathways through several AGE receptors. While RAGE (Receptor for 

AGEs) is the primary receptor in mediating the biological responses to AGEs, others, 

including AGE-R1, AGE-R2, AGE-R3, and scavenger receptors such as Stabilin-1 (Stab-1) 

and Stabilin-2 (Stab-2), are also involved. They are expressed on a wide range of cells 

including smooth muscle cells, monocyte, macrophage, endothelial cells, podocyte, astrocyte 

and microgalia (Thornalley, 1998). The expression of some of these receptors, such as 

RAGE, is upregulated in conditions like diabetes. For example, RAGE expression is 

increased in the blood vessels and kidneys of diabetic patients (Watanabe et al., 2003; Linden 

et al., 2008). 

RAGE: 

RAGE Structure and Function:  

RAGE is a well-characterized, multi-ligand receptor primarily involved in AGE 

recognition and signal transduction. It is a single-pass type I transmembrane protein 

belonging to the immunoglobulin superfamily(Xie et al., 2013). RAGE is encoded by the 

AGER gene and consists of three main regions: 

1. Extracellular domain: consists of three extracellular domains which includes one "V"-type 

and two "C"-type immunoglobulin domains, crucial for ligand binding. is composed of 

multiple immunoglobulin-like subdomains, including the variable (V) domain and two 

constant domains (C1 and C2). The V domain serves as the principal binding site for a 

wide range of ligands, such as AGEs, S100 proteins, and high mobility group box 1 

(HMGB1), which trigger downstream signaling pathways essential for inflammatory 

responses(Juranek et al., 2022).  

2. Transmembrane domain: a single transmembrane helical region which anchors the 

receptor in the cellular membrane, ensuring that the receptor remains available to interact 

with extracellular ligands and transmit signals into the cell (Juranek et al., 2022). 

3. Cytosolic tail: also referred to as the cytosolic domain, contains a 43-amino acid sequence 

involved in intracellular signal transduction. It has been observed that the absence of the 
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Figure 1.2. Proposed mechanisms for the deleterious effects of AGEs on vascular tissues. 

 

1.3. PI3K/Akt/mTOR signaling pathway  
 

AGEs have been implicated in the dysregulation of various cellular processes, 

including the mechanistic (previously called mammalian) target of rapamycin (mTOR) 

pathway. Studies have shown that AGEs can activate mTOR signaling, thereby promoting 

cellular responses associated with aging and disease progression. For instance, research by 

(Liu et al., 2020; Mao et al., 2022) demonstrated that AGEs induce mTOR activation in 

vascular smooth muscle cells, leading to enhanced proliferation and migration, which are key 

events in the development of vascular complications associated with diabetes. AGEs inhibit 

autophagy in a time-dependent manner by simultaneously upregulating the expression of p-

mTOR, increasing the osteogenic differentiation and vascular wall calcification of VSMCs 

(Liu et al., 2020). Similarly, the study by Tan et al. (Tan et al., 2002) revealed that AGEs 

stimulate mTOR signaling in renal tubular epithelial cells, contributing to the progression of 

diabetic nephropathy. These findings suggest a significant interplay between AGEs and 

mTOR, highlighting the role of mTOR activation in mediating the deleterious effects of 

AGEs on cellular function and disease pathogenesis. The PI3K/Akt/mTOR signaling 

pathway, which promotes cell growth and survival in response to mitogenic signals, is the 

most important intracellular signal pathway that negatively regulates autophagy (Figure 1.5) 
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(Makhov et al., 2014). The mTOR is an atypical serine/threonine kinase, belonging to the 

phosphoinositide kinase-related kinase (PIKK) family (Laplante and Sabatini, 2009, 2013). It 

is an evolutionarily conserved protein that plays a master role in the regulation of cellular 

physiology, metabolism, and stress responses (Saxton and Sabatini, 2017). mTOR interacts 

with specific adaptor proteins and forms the catalytic subunit of two distinct macromolecular 

complexes, named mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) 

(Laplante and Sabatini, 2009; Johnson, Rabinovitch and Kaeberlein, 2013). Previous studies 

in mTOR biology included the involvement of mTOR in the regulation of protein synthesis, 

cellular growth, and ribosomal biogenesis, and sensing and integrating different upstream 

inputs, such as growth factors, nutrients, amino acids, starvation, and hypoxia (reviewed in 

(Sciarretta, Volpe and Sadoshima, 2014)). However, it is now known that the mTOR pathway 

also controls other important cellular processes, including cell survival, mitochondrial 

biogenesis and function, lipid synthesis, and autophagy (Saxton and Sabatini, 2017). 

 

1.3.1. Link between RAGE and PI3K in AGEs-induced signaling pathway 

 

Upon binding of AGEs, RAGE undergoes conformational changes that activate 

intracellular signaling pathways. One key event is the activation of Src kinase, a non-receptor 

tyrosine kinase, which is a central mediator of RAGE signaling. It has been demonstrated that 

Src, phosphorylated at Tyr 419, transduces the signal of AGEs through the ligation of RAGE 

to focal adhesion kinase (FAK) (Zhang et al., 2015). As illustrated in Figure 1.2, activated 

Src kinase phosphorylates FAK (Mitra and Schlaepfer, 2006; Bolós et al., 2010). This 

phosphorylation creates docking sites for PI3K, another key signaling molecule. Following 

the phosphorylation of FAK, PI3K is recruited to the cell membrane. Once at the membrane, 

PI3K is activated by binding to these phosphorylated docking sites on FAK (Wu et al., 2020). 

Once activated, PI3K catalyzes the conversion of Phosphatidylinositol 4,5-bisphosphate 

(PIP2) into Phosphatidylinositol 3,4,5-trisphosphate (PIP3), which is a crucial second 

messenger. This activation leads to the recruitment and activation of AKT, triggering 

downstream signaling pathways. The RAGE/Src/PI3K pathway plays a critical role in 

pathological angiogenesis, such as in diabetic retinopathy (Lu et al., 2023). Inhibitors 

targeting RAGE, Src, or FAK have the potential to reduce PI3K/AKT activation, offering 

therapeutic strategies for conditions like cancer and diabetes-related vascular complications. 

Li et al. found that RAGE interacts with AGEs to activate Src kinase, and the downstream 

signal transduction pathways of Src include FAK, PI3K, and MAPK. Activated Src not only 
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promotes angiogenesis through downstream signaling pathways, but also transmits signals to 

moesin, vascular endothelial cadherin and FAK causing damage to the endothelial cell barrier 

and increased vascular permeability (Li et al., 2018). 

 

1.3.2. The role of mTORC1 complex  
 

While the mTORC2 system is closely associated with the actin cytoskeleton, cell 

polarity, and arylation of Akt. mTORC1 responses are initiated by Akt (part of the 

phosphatidylinositol3-kinase (PI3K) system). Akt phosphorylates and inhibits the tuberous 

sclerosis protein complex (TSC1/2), thereby suppressing the upstream small GTPase 

regulator Rheb (Ras homolog enriched in brain). This, in turn, promotes the kinase activity 

of the mTORC1 complex by binding to FKBP38, a member of the FK506-binding protein 

family and an endogenous inhibitor of mTOR (Zoncu, Efeyan and Sabatini, 2011). The 

resulting activation of the mTORC1 complex then leads to phosphorylation of elongation 

factor 4E-binding protein (4E-BP) and 70 kDa ribosomal protein S6 kinase (p70 S6K), 

leading, respectively, to increased ribosome biogenesis and protein synthesis. In this way, 

mTOR can influence cell cycle progression, growth, metabolism, and homeostasis as well as 

autophagy (Sciarretta et al., 2018). 

 

1.3.3. DDIT4, a negative mTOR regulator 
 

The deoxyribonucleic acid (DNA) damage-inducible transcript 4 (DDIT4), also 

known as regulated in development and DNA damage response 1 (REDD1), is a stress-

induced negative regulator of mTOR signaling. DDIT4 up-regulation results in activation of 

TSC1/2 leading to suppression of mTOR activity through reduced phosphorylation of p70 

S6k 1 for decreased cell proliferation. 

Signaling via the mTOR pathway provides a versatile system for responding to a 

variety of cellular stimuli. Factors such as insulin or toll-like receptor ligands promote mTOR 

by inhibiting TSC1/2 and Rheb, leading, in turn, to enhanced cell growth or suppressed 

autophagy (Zoncu, Efeyan and Sabatini, 2011). 
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(Kamada et al., 2000; Kabeya et al., 2005). The mammalian counterpart of this complex 

is ULK-ATG13-FIP200 (200 kDa focal adhesion kinase family-interacting protein) (Jung 

et al., 2009; Ganley et al., 2009). ULK (UNC-51-like kinase) is the homologue of yeast 

Atg1 in mammals and exists as two isoforms: ULK1 and ULK2 (Chan, Kir and Tooze, 

2007; Hara et al., 2008). Knockdown of ULK1 but not ULK2 inhibited macroautophagy 

suggesting that of the two isoforms, ULK1 is functional in mammalian cells (Chan, Kir 

and Tooze, 2007). FIP200 was shown to be an inter-acting partner of ULKs in mammals 

which contributes to the stability and kinase activity of ULK1 and was identified as the 

functional homologue of Atg17 (Hara et al., 2008). Upon Atg1 complex activation, Atg9 

is stimulated to recruit Atg9 vesicles to the phagophore assembly site to begin 

autophagosome nucleation. mTOR participates in the inhibitory phosphorylation of 

ULK-1 on Ser-757. ULK-1 autophosphorylates at Thr-180 to facilitate self-activation.  

(2) Autophagosome nucleation is the first step of autophagosome formation. Activation of 

the class III PtdIns3K complex contributes to the vesicle nucleation during 

autophagosome biogenesis. This complex is comprised of Atg6 (Beclin 1 in mammalian 

cells), Atg14 (mATG14 in mammalian cells), PtdIns3K vacuolar protein sorting 34, and 

15 (Vps34 and Vps15, also called PIK3C3) (Nakatogawa et al., 2009). The activation of 

Vps34 is important for autophagosome formation which generates a complex consisting 

of Vps15, Beclin 1, AMBRA1 (activating molecule in Beclin 1-regulated autophagy 

protein 1), UVRAG (ultraviolet irradiation resistance-associated gene), and BIF-1 (Bax-

interacting factor-1). Dissociation of Beclin 1 from its interaction partner, Bcl-2 (B-cell 

lymphoma/leukemia-2), an antiapoptotic protein, is an important step for the activation 

and promotion of the catalytic activity of Vps34 and the formation of 

phosphatidylinositol 3-phosphate (PtdIns3P) (Kang et al., 2011). In yeast, PtdIns3P 

formation is thought to mediate the recruitment of effector molecules to the 

preautophagosomal structure needed for autophagosome formation (Obara, Sekito and 

Ohsumi, 2006; Nakatogawa et al., 2009).  

For vesicle elongation, two ubiquitin-like conjugation systems are required in both 

yeast and mammals (Mizushima et al., 1998; Ichimura et al., 2000). Herein, Atg7 activates 

Atg12 which is then transferred to Atg10 leading to the binding of Atg12 to the lysine residue 

of Atg5. The Atg12-Atg5 conjugate interacts with Atg16, and the resulting Atg12-Atg5-

Atg16 complex attaches to the phagophore (Mizushima, Noda and Ohsumi, 1999). The 

second conjugation system begins with the activation of Atg8 with an exposed C-terminal 

lysine residue by a cysteine protease Atg4. Cleaved Atg8 is then transferred to Atg3 along 
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with Atg7 which adds a phosphatidylethanolamine group (PE) to Atg8, which is also 

facilitated by the Atg12-Atg5-Atg16 complex (Hanada et al., 2007; Walczak and Martens, 

2013). The mammalian homolog of Atg8, microtubule-associated protein 1 light chain (LC3), 

exists as LC3-I and LC3-II (Kabeya, 2000). LC3-I is the cleaved form of LC3 generated by 

ATG4, and LC3-II is the lipidated form similar to Atg8 bound to PE. LC3-II participates in 

vesicle elongation as well as substrate selection. LC3-II level has been shown to correlate 

with autophagosome formation and has been used as a marker of autophagy (Kabeya, 2000; 

Kuma, Matsui and Mizushima, 2007). Following the elongation process, mature 

autophagosomes fuse with late endosomes to form amphisomes and then fuse with 

lysosomes, called autolysosomes (Eskelinen, 2005). The Atg-LC3 conjugation system helps 

in the organization of autophagosomes (Lin, Chu and Liu, 2021). Deletion of the autophagy-

related genes (Atg) in various model organisms has proved that autophagy plays a decisive 

role in adaptive responses to stress, cellular differentiation, and development (Mizushima and 

Komatsu, 2011). 

 

Figure 1.4. Comparison of known molecular mechanisms involved in autophagosome formation 

in yeast and mammals. Macroautophagy is initiated by the formation of an Atg1 protein kinase 

complex which allows the recruitment of Atg9 and activation of other autophagy proteins required for 

autophagosome formation. This is followed by the vesicle nucleation which requires the activation of 

the class III PtdIns3K complex leading to the formation of PtdIns3P. PtdIns3P is responsible for 
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recruiting effector molecules to the preautophagosomal structure needed for autophagosome 

formation. Autophagosome elongation and maturation are carried out by two ubiquitin-like 

conjugation systems: Atg12-Atg5-Atg16 and Atg8/LC3-II. LC3-II participates in vesicle elongation 

and substrate selection (Adapted from (Ghosh and Pattison, 2018)). 

 

1.4.5. Autophagy and LC3 
 

The hallmark of autophagy is the de novo formation of autophagosomes, which are 

double-membrane vacuoles originating from a largely undefined structure, known as the 

phagophore or isolation membrane (Parzych and Klionsky, 2014). Indeed, many proteins are 

involved in the process of autophagy. Among them, LC3 is critical to autophagosome 

formation (Mizushima and Yoshimori, 2007). LC3 is a soluble protein with a molecular mass 

of approximately 17 kDa that is distributed ubiquitously in mammalian tissues and cultured 

cells. During autophagy, autophagosomes engulf cytoplasmic components, including 

cytosolic proteins and organelles. Concomitantly, a cytosolic form of LC3 (LC3-I) is 

conjugated to phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate 

(LC3-II), which is recruited to autophagosomal membranes. Autophagosomes fuse with 

lysosomes to form autolysosomes and intra-autophagosomal components are degraded by 

lysosomal hydrolases. At the same time, LC3-II in the autolysosomal lumen is degraded. 

Thus, lysosomal turnover of the autophagosomal marker LC3-II reflects the autophagic 

activity, and detecting LC3 by immunoblotting or immunofluorescence has become a reliable 

method for monitoring autophagy and autophagy-related processes (Tanida, Ueno and 

Kominami, 2008). 

 

1.4.6. Autophagy and endothelial function 

There is a growing body of literature that suggests that loss of autophagy may be a 

central mechanism through which risk factors elicit endothelial dysfunction and that 

autophagy may be involved in the regulation of NO bioavailability. For example, in 

endothelial cells, shear stress-induced increases in eNOS phosphorylation and NO production 

are markedly blunted in autophagy-deficient cells (Table 1.2). Coincident with a reduction in 

NO, loss of autophagy promotes an increase in endothelial ROS and inflammatory cytokine 

production, suggesting that autophagy may regulate shear stress-induced vascular 

homeostasis, in part, through an eNOS-dependent pathway (Bharath et al., 2014). These data 
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have recently been confirmed using an ex-vivo model of steady laminar shear stress, wherein 

autophagy inhibition with 3-Methyladenine (3-MA) inhibits eNOS expression (Table 1.2), 

while autophagy stimulation (with rapamycin) increases endothelial eNOS expression (Guo 

et al., 2014).  

Another potential link between autophagic flux and endothelial function comes from 

recent studies involving angiotensin-II (Ang-II). It is well-established that Ang-II contributes 

to the development of a diverse array of vascular pathologies. Recent evidence suggests that 

autophagy may limit the detrimental effects of Ang-II on endothelial dysfunction (Shan et al., 

2014). Another important cardiovascular risk factor, namely diabetes, elicits vascular injury 

through diverse mechanisms, including hyperglycemia, augmented Ang-II production, and 

increased oxidative stress. It may therefore be clinically relevant that preliminary in-vitro 

studies point towards a protective effect of autophagy in limiting glucose-induced endothelial 

damage (Chen et al., 2014).  

1.4.7. Autophagy and smooth muscle biology 

Autophagy may modulate smooth muscle biology during vascular calcification. It is 

well appreciated that chronic renal failure is associated with hyperphosphatemia. Phosphate 

levels appear to correlate with degrees of vascular calcification and are important contributors 

to the high mortality seen in patients with end-stage renal disease (Block and Port, 2000). 

Using an in vitro system of calcification, it was shown that exogenous phosphate stimulates 

autophagy in VSMC (Dai et al., 2013). This induction appears to be a result of phosphate-

induced mitochondrial ROS production. Interestingly, previous observations in the setting of 

starvation have suggested a link between mitochondrial ROS production and autophagic flux 

(Table 1.2) (Sena and Chandel, 2012). The authors also observed evidence for increased 

autophagy in the vessel walls of rats with elevated serum phosphate levels that again appear 

to be sensitive to antioxidant intervention. Pharmacological inhibition of autophagy increases 

calcification, while agents that increase autophagy appear to reduce calcification (Table 1.2). 

This mechanism may also explain the clinical observation that statins can slow or prevent 

vascular calcifications (Achenbach et al., 2002).  

A critical determinant in the VSMC stress response and phenotypic switching is 

autophagy, which is activated by various stimuli, including reactive oxygen and lipid species, 

cytokines, growth factors, and metabolic stress. Successful autophagy stimulates VSMC 

survival, whereas reduced autophagy promotes age-related changes in the vasculature 

(Grootaert et al., 2018). 
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 Figure 1.5. Schematic diagram of a putative mechanism of action of the active form of vitamin 

D 1,25(OH)2D3 via PI3K/mTORC1 signaling. DDIT4 (DNA-damage-inducible transcript 4, DDIT4 

(DNA-damage-inducible transcript 4, also known as REDD1) facilitates the assembly and activation 

of the tuberous sclerosis complex (TSC)1/2 complex for eventual suppression of downstream mTOR 

activity through actions on Ras homolog enriched in the brain (Rheb). DDIT4 mRNA and protein is 

upregulated by 1,25(OH)2D3 treatment resulting in reduced phosphorylation of S6K1 and decreased 

cell proliferation and growth. Other abbreviations: PIP2, phosphatidylinositol-bisphosphate 2; PIP3, 

phosphatidylinositoltriphosphate; PTEN, phosphatase and tensin homolog; Akt, protein kinase B; 

mLST8, mTOR, Raptor, LST8 homolog; PRAS40, proline-rich Akt substrate 40 kDa; DEPTOR, DEP 

domain-containing mTOR-interacting protein. 

 

1.5. Vitamin D 

1.5.1. Overview of vitamin D function 

 
Calcitriol, the active form of vitamin D, is produced through a multi-step process 

involving the skin, liver, and kidneys. Initially, UVB radiation from sunlight converts 7-

dehydrocholesterol in the skin to vitamin D3 (cholecalciferol). This precursor is then 
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vascular dysfunction associated with diabetes. 

1.6. Experimental hypothesis and aims 

 
The relationship between AGEs and diabetic vascular complications is well-

established. AGEs, which are formed through non-enzymatic glycation and oxidation of 

proteins and lipids, accumulate in various tissues, including vascular endothelial cells, in 

individuals with diabetes. This accumulation contributes to the pathogenesis of diabetic 

vascular complications through several mechanisms. Vitamin D holds promise as a 

therapeutic agent for treating diabetic vascular complications by targeting the PI3K/mTOR 

pathway and promoting beneficial effects such as anti-inflammatory responses, antioxidant 

activity, cell survival, autophagy induction, and inhibition of vascular smooth muscle cell 

proliferation. In this thesis, the hypothesis that vitamin D exerts protective effects via 

inhibition of mTORC signaling pathways is investigated. Isolated rat aortic and main 

pulmonary preparations are used as an in vitro model of AGE-induced vascular injury, which 

could play a role in hyperglycemic vascular complications in diabetes. 

     Aims: 

1. To establish and validate an in vitro vascular tissue model to characterize acute (short-

term) effects of AGEs on vascular reactivity. 

2. To develop a functional organ culture model in order to explore the long-term effects of 

AGEs and vitamin D on vascular reactivity.  

3. Using the organ culture model to evaluate the contribution of the PI3K/mTOR pathway to 

AGE-mediated effects and whether it contributes to the potential protective effects of 

vitamin D. 

4. To investigate whether the effects of AGE-mediated vascular impairment and protective 

action of vitamin D are implicated in autophagy. 
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Chapter 2 
 

2.1. Tissue preparation 
 

Male Wistar rats aged 8-9 weeks (200-250g) from the University of Bath 

Biological Services Unit (Bath, UK) were used. Animal housing and caring were carried out 

in accordance with UK Home Office legislation and guidelines [Animals (Scientific 

Procedures) Act 1986]. Standard animal housing facilities were used, including constant 

temperature (20±2°C), relative humidity (55±10%), alternating 12 h light and dark cycles, 

and providing food and water ad libitum. 

Rats were humanely killed by cervical dislocation followed by exsanguination under 

Schedule 1 of humane killing. The descending thoracic aortae and pulmonary artery (PA) 

were dissected out and placed in ice-cold 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES)-buffered physiological salt solution (PSS) (see Table 2.1 for composition). The 

vessels were dissected free of fat and connective tissue and cut into rings (2-4 mm in length). 

Each thoracic aortae yielded typically 3-4 rings. One vascular ring was utilized from each 1st 

generation branch in experiments involving the primary PA. 

2.2. Measurements of vascular reactivity 
 

Arterial rings were suspended in an organ bath between 2 stainless steel parallel 

hooks, one of which was fixed and the other attached to an isometric force transducer. The 

organ bath was filled with 18 ml of Krebs-Henseleit solution (Table 2.1) at 37°C and 

continuously bubbled with a mixture of 95% O2 and 5% CO2. Rat aortic and PA rings were 

mounted at resting tension of 1.2, and 0.8 g respectively, and allowed to equilibrate for 30 

minutes, during which time the bath solution was replaced every 15 minutes, and the resting 

tension was readjusted when necessary. Tension responses were recorded with LabChart 

software (v.7, AD Instruments Ltd) at acquisition rates of 20/s, a sensitivity of 2 mV, and 

with a cut-off filter of 20 Hz to minimize electronic noise. 
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with PE. An appropriate vehicle control experiment was also conducted.  

2.4. Immunoblotting 

Immunoblotting or Western blotting is a technique that allows visualization of the 

relative amounts of specific proteins in a given sample. Samples are lysed using a buffer 

containing detergent, solubilizing agents, and different protease inhibitors. To fully dissociate 

proteins into their polypeptide subunits, samples were heated with sodium dodecyl sulfate 

(SDS) and thiol reagent. The bound detergent's negative charge associated with protein 

enables proteins to migrate through a polyacrylamide gel strictly according to polypeptide 

size. Following electrophoresis, separated proteins were transferred into a membrane, and 

then probed with primary antibodies raised against specific proteins of interest. Fluorescent 

dye-labeled secondary antibodies are then added to bind specifically to the primary 

antibodies. The fluorescence intensity was imaged with the LI-COR Odyssey CLx infrared 

imaging system (LI-COR Biosciences, USA).  

2.4.1. Tissue lysis 

After 20 h of incubation with either control or different treatments, aortic rings were 

rapidly frozen in dry ice and then stored at -80°C until used. Vascular tissue was 

mechanically homogenized using PowerGen 125 homogenizer (Fisher Scientific, UK) in 10 

volumes per weight of an ice-cold lysis buffer (see Table 2.2 for composition). Homogenates 

were centrifuged (12000 g for 20 min at 4°C) and supernatant was used as described below. 
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Table 2.2. Composition of buffers for immunoblot analysis 
 
 

Buffer Composition 

Lysis buffer 150mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 50mM 

Tris HCl pH 7.5, 1% Nonidet-P40, 10% glycerol, 1mM sodium 

orthovanadate, 10mM sodium fluoride, protease and phosphatase 

inhibitor cocktail. 

Laemmli sample 

buffer 

4% SDS, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris HCl, pH 

approx. 6.8 and 5% 2-mercaptoethanol (added just prior use). 

Running buffer 10x premixed electrophoresis buffer, contains 100 mM Tris, 100 mM 

Tricine, 0.1% SDS, pH 8.3 (following 1:10 dilution in ddH2O). 

Transfer buffer 25mM Tris, 192mM glycine, 15mM SDS, pH approx. 8.3, 200 ml 

methanol make to 1000 ml with water. 

Tris-buffered saline 

(TBS) 

20mM Tris, 150mM NaCl, pH to 7.4, make to 1000 ml with water. 

Tween 20 containing 

TBS (TBS-T) 

0.1% of Tween 20 in TBS. 

    2.4.2. Determination of protein concentrations in lysates 

In order to provide similar amounts of proteins in the same volume of each sample, 

supernatant protein concentration was quantified by the Thermo Scientific Pierce 

bicinchoninic acid (BCA) protein assay (Thermo Scientific, UK) which combines the well-

known reduction of Cu2+ to Cu1+ by protein in an alkaline medium with the highly sensitive 

and selective colorimetric detection of the cuprous cation (Cu1+) by BCA. It is a two-step 

procedure with the biuret reaction to reduce cupric to cuprous ion by the interaction of the 

former with the amino acid residues of proteins in an alkaline environment containing sodium 

potassium tartrate. The second step involved the interaction of chelated cuprous ions with 

BCA. This BCA/copper complex is water soluble and exhibits a strong linear light 

absorbance with increasing protein concentration.  

The reaction is strongly influenced by four amino acid residues (cysteine, cystine, 

tyrosine, and tryptophan) in the protein's amino acid sequence. However, the universal 

peptide backbone also contributes to color formation, helping to minimize variability caused 

by protein compositional differences. A 1 mg ml-1 solution of bovine serum albumin (BSA) 
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was used to construct the standard curve at concentrations of 20 - 2000µg ml-1. Equal 

volumes (25 µl) of each diluted lysate sample or the standard were added to 200 µl of 

working reagent in a 96-well microtiter plate. All samples including BSA standard were run 

in triplicates. The absorbance of samples was measured at 595nm using a microplate reader 

(FLUOstar OPTIMA microplate readers, BMG LABTECH, Germany) with Omega MARS 

software. Absorbance values of the BSA standards were averaged and corrected for that of 

the buffer-containing blanks and plotted against BSA concentrations. This relationship was 

fitted to the linear regression function (Figure 2.1) using computer software. The derived 

equation was used to calculate the amount of protein in lysate samples from measured 

averaged absorbance (corrected for the blanks) and for any applied dilutions where necessary. 

In the equation: Y = b X + a. Y represents the absorbance; X represents the concentration; a is 

the y-intercept (the absorbance when the concentration is zero); b is the slope of the line (the 

change in absorbance per unit change in concentration). 

Figure 2.1. Representation of BSA Standard Curve: Absorbance plotted against various 

concentrations of BSA. 

2.4.3. Immunoblotting sample preparation 

Protein samples were then mixed with 4x SDS Laemmli sample buffer (Table 2.2) to 

achieve a 25-30 µg concentration of protein per sample, heated at 95°C for 5 min using 

Techne dri-block DB-2D (Bibby Scientific Limited, UK), and then placed on ice for 5 min 

before loading on a gel for electrophoresis. 

2.4.4. Polyacrylamide gel electrophoresis 

BioRad Mini-Protean TGX precast gels with attached PowerPac 300 unit (Bio-Rad 
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Labs, Hemel Hempstead, UK). It was assembled according to manufacturer guidelines. The 

percentage of polyacrylamide varied depending on the size of the proteins of interest. A 7.5% 

gel was used for high molecular weight proteins (>100 kDa) while 4-20% gel was used for 

proteins studied with molecular weight (<100 kDa). Protein samples at 25-30 ug in 20 uL per 

well. One well loaded with 10 µl of pre-stained molecular weight markers. Pre-cast gels were 

then placed into a gel tank with the top and bottom reservoirs filled with 1x SDS-PAGE 

running buffer (Table 2.2) and electrophoresis was run at 90 volts. Electrophoresis stopped 

when bromophenol blue dye (present in Laemmli buffer) reached the bottom of the resolving 

gel or the desired separation bands in reference to the molecular weight markers were 

achieved as deemed necessary. 

2.4.5. Turbo transfer of proteins 

Following gel electrophoresis, the separated proteins were transferred onto 

polyvinylpyrrolidone (PVDF)/ nitrocellulose membranes by turbo-transfer using a Bio-Rad 

Trans-Blot Turbo Transfer System (2.5A, 25V, 7min). PVDF membranes are ideal for high 

molecular weight proteins due to their higher binding capacity and superior mechanical 

strength, which ensures effective protein transfer and retention. In contrast, nitrocellulose 

membranes are better suited for low molecular weight proteins, as they provide a lower 

background and higher sensitivity, making them particularly effective for detecting smaller 

proteins. This methodology uses a gel and a PVDF/nitrocellulose membrane sandwich 

techniques placed between two buffer-saturated ion reservoir stacks (each comprises seven 

layers of filter pads) in the turbo transfer cassette. Air bubbles were removed with a blot 

roller. The two stacks and the membrane were supplied as a vacuum-sealed, ready-to-use 

transfer pack. The system integrates a high amperage power supply that directs current 

between a built-in platinized titanium anode and a stainless-steel cathode. This enables highly 

efficient and rapid transfer of proteins.  

2.4.6. Antibody probing and immunoblot developing 

Once the transfer was completed, the membrane was removed from the transfer 

cassette and washed in TBS-T (See Table 2.2) prior to the addition of water-soluble Revert 

total protein (700) stain to confirm a successful and even transfer of proteins and to mark the 

molecular weight standards. Excess of Revert stain was removed by washing the membrane 

in TBS-T. The non-specific binding of antibody was blocked by incubation of the membrane 

for 1 h in TBS-T containing 5% BSA with gentle shaking on a Stuart rocking platform 
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(Sterilin LTD, Staffordshire, UK) at room temperature. The membrane was then washed 

again in TBS-T before incubation overnight at 4°C with an appropriate primary antibody (See 

Table 2.3 for conditions used for different antibodies) with gentle shaking. On the following 

day, the membrane was washed three times (five min each) with TBS-T before being 

incubated for 1 h with fluorescent dye-labeled secondary antibody 1:10000 dilution in TBS-T 

with 5% BSA. The membrane was then washed twice with TBST for five minutes with a 

final 5-minute wash in the TBS buffer. The membrane was kept in a TBS buffer until 

analysis with LI-COR Odyssey CLx imaging system. Fluorescent intensities were analyzed 

using ImageJ software. The antibody dilutions were optimized through trial experiments to 

achieve the best signal-to-noise ratio. For the primary antibody, pan-mTOR, multiple trials 

were performed, and the manufacturer-recommended dilution yielded the most reliable 

results, as outlined in the relevant results section. Based on these findings, the manufacturer-

recommended dilutions (as shown in the table below) were applied to all subsequent 

antibodies in this study to ensure consistency and optimal detection. 

      Table 2.3. List of primary antibodies 

Molecule targeted by 
antibody 

Primary antibody 
species 

MW (kDa) Primary 
antibody 
dilution 

LC3 A/B              Rabbit 14, 16 1:1000 

Pan-Akt Mouse            60 1:2000 

Phospho-Akt 
(Thr-308) 

             Rabbit            60 1:1000 

Phospho-Akt 
(Ser-473) 

 Rabbit 60 1:1000  

m-TOR    Mouse 289 1:1000  

Phospho m-TOR 
(Ser-2448) 

Rabbit 289 1:1000  

ULK-1              Rabbit            150 1:1000 

Phospho Ulk-1 
(Ser-757) 

             Rabbit 150 1:1000 

ß-actin Rabbit            45 1:1000 
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2.7.1. Sample preparation 

 Aorta pieces subjected to different treatments were immersed in fixation solution (4% PFA) 

overnight at 4°C. Each fixed tissue sample was introduced into an individual pencil-labeled 

histology cassette. The aortas were placed between foam biopsy pads inside the cassette. 

Cassettes containing fixed tissues were then immersed in a 70% ethanol (EtOH) container and 

dehydrated by immersing them in solutions with increasing concentrations of EtOH from 70 to 

100%) as shown in Figure 2.3. starting with 70 % EtOH, then 80 % EtOH, followed by 96 % 

EtOH, and finally 100 % EtOH. This process was carried out in a Leica TP1020 tissue 

processor machine (Leica Biosystems, Wetzlar, Germany). The excess dehydrating agents were 

cleared by immersing the tissues in histoclear, an alternative to xylene, a safer histoclearing 

agent that makes tissue less hard and brittle than xylene, and preparing those tissues for the 

embedding agent, paraffin. The tissues were infiltrated with molten paraffin by immersing the 

cassettes in paraffin at 60°C for 2 h. The molten paraffin was discarded, and this step was 

repeated twice each for 2 h.  

Figure 2.3. Overview of the protocol for paraffin embedding and sectioning of the aorta to obtain 

paraffin sections through the aorta. This figure was modified from Figure 4 from Jesús Andrés-

Manzano, Andrés and Dorado, 2015.       
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Scientific  
Trizma-base 1503-500G Sigma-Aldrich 
Trypsin Inhibitor from Soybean 10109886001 MERCK 
Trypsin-EDTA solution T4049-100ML Sigma 
TSA kit with Alexa Fluor 594 tyramide T-20925 Invitrogen 
Tubes 15 ml polypropylene, sterile 
 

339650 ThermoFisher 
Scientific 

Tubes 50 ml polypropylene, sterile 339652 ThermoFisher 
Scientific 

Tween 20, 100% Nonionic Detergent 1706531 Bio-Rad 
ULK1 (D8H5) Rabbit mAb #8054 8054T Cell Signaling 
Ultrapure H2O (MilliQ) - Millipore 
Water Nuclease-Free Water, for 
Molecular Biology 

W4502-1L MERCK (Sigma-
Aldrich) 

Wypall blue tissue CMC-716-013E Science Stores 
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In conclusion, the present organ bath model showed that MG induced endothelial 

dysfunction in both the pulmonary artery and aorta in a time and concentration-dependent 

manner. These vascular effects were not due to the organ bath per se and were not affected by 

changing the tissue type. Increasing MG concentration or the incubation time resulted in 

more profound endothelial impairment. Since only the short-term acute effects of MG were 

studied here, further studies are necessary to explore the chronic effects of MG on vascular 

reactivity in both blood vessels.  
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Chapter 4 
4.1. Introduction 

The results presented in Chapter 3 clearly showed that short-term exposure of isolated 

arteries to high levels of methylglyoxal (MG), a highly reactive dicarbonyl aldehyde and 

precursor of AGEs, affects endothelium-dependent relaxations in different vascular beds. 

Prolonged exposure to hyperglycemia has detrimental effects on endothelial cell function and 

is the primary causal factor in the majority of diabetic complications (Schalkwijk and 

Stehouwer, 2005; Shi and Vanhoutte, 2017). A potential mechanism by which hyperglycemia 

and its immediate biochemical sequelae induce damage in endothelial cells includes an 

increased formation of AGEs. In endothelial cells, the highly reactive dicarbonyl compound 

MG has been identified as a major precursor in forming intracellular AGEs (Shinohara et al., 

1998). Although MG is the precursor of AGEs, recent reports showed that MG is a more 

potent stimulus for vascular injury than AGEs and glucose itself, indicating the involvement 

of MG in the development of diabetic cardiovascular complications (Bourajjaj et al., 2003; 

Yamawaki et al., 2008).  

Experimental models used to estimate the association of MG and MAGEs with 

metabolic disturbances include MG- or fructose-fed animals, genetically modified animals 

that develop obesity, diabetic and atherosclerotic characteristics, as well as glyoxalase1-

deficient or -overexpressing animals (Berdowska, Matusiewicz and Fecka, 2023). Although 

in vivo studies represent real pathological features, it is difficult to control experimental 

conditions due to multiple factor interactions including neurological, blood components, and 

metabolic factors. For instance, studies demonstrated that neurological factors, such as stress, 

could significantly impact cardiovascular responses in animal models (Gavrilovic, Spasojevic 

and Dronjak, 2010; Li and Xia, 2020). In another study, Williams et al. (2018) observed 

variations in blood components like platelets, affecting vascular reactivity in hypertensive 

rats (Williams et al., 2018). Furthermore, a study by Manrique and Sower emphasized the 

role of metabolic factors, such as insulin resistance, in modulating vascular responses 

(Manrique and Sowers, 2014). These studies highlight the complex nature of in vivo 

experiments where numerous variables can influence experimental outcomes. 

On the other hand, using cultures of dispersed endothelial cells or VSMCs, it is easy 

to control the experimental conditions. However, these in vitro models do not represent cell-
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to-cell interaction observed in intact tissues in normal or in pathological conditions. In 

addition, a growing number of studies have testified that AGEs produce a marked effect on 

the function and phenotype of VSMCs in culture. VSMCs in the normal state are 

differentiated, quiescent, and contracted, whereas VSMCs in the damaged state are 

dedifferentiated, proliferated, and synthetic phenotypes (Fang et al., 2019). A growing body 

of evidence suggests that VSMCs exposed to AGEs exhibited a phenotype with proliferation. 

VSMC proliferation has different dual roles during atherosclerotic lesion progression, 

VSMCs proliferation is needed in successful plaque repair and plaque stability; however, 

unregulated proliferation accelerates the progression of diabetic vasculopathy (Chappell et 

al., 2016; Zhang et al., 2018). Excessive proliferation of medial VSMCs results in increased 

aortic stiffness and decreased aortic compliance. Previous studies have shown that the levels 

of AGEs in diabetic patients are significantly higher than in non-diabetes patients, which are 

bound up with the severity of vascular complications (Yamagishi, Nakamura and Imaizumi, 

2005; Nin et al., 2011). 

An organ culture system has the distinct advantage of better preservation of tissue 

architecture, cell-to-cell interactions, extracellular matrix, and cell morphology and function 

(Ozaki and Karaki, 2002). In addition, organ culture has been shown to preserve tissue 

structure and contractility. A study conducted by Guibert et al., showed that the contractile 

phenotype as well as tissue structure integrity of rat vasculature, such as pulmonary artery, 

remain essentially intact during culturing for up to 4 days, making this model suitable for 

pharmaco-mechanical studies (Guibert et al., 2005). Thus, organ culture study has several 

advantages over the classical in vivo, and in vitro methodologies. In addition, it allows the 

study of the effects of different concentrations of drugs and long-acting hormones under 

controlled conditions. Therefore, one of the aims of this chapter was to establish an in vitro 

experimental model that enables investigation of the long-term effects of MG and the 

protective role of calcitriol, an active form of vitamin D. 

Actions of calcitriol extend beyond its classical role in calcium homeostasis and bone 

metabolism. Studies in human umbilical vein cord endothelial cells (HUVEC) suggested a 

significant effect of vitamin D on endothelial cells, in which calcitriol was shown to have an 

anti-inflammatory effect (Talmor et al., 2008). In vitro, human studies have suggested a 

modifying effect of calcitriol on AGEs and their receptors (Sung et al., 2013). In diabetic rats, 

vitamin D reduces the deposition of AGEs in the aortic wall and systemic oxidative stress 



85 

Chapter 4- Calcitriol & Vascular Reactivity  

  

(Salum et al., 2013). vitamin D supplementation can be used as a strategy to ameliorate AGE-

mediated complications by modifying the AGE-RAGE through reducing AGE levels, 

particularly in vitamin D-deficient situations (Kheirouri and Alizadeh, 2020). Lee et al., 

showed that calcitriol (10 nM) has therapeutic potential in treating AGEs-mediated 

cardiovascular complications through the down-regulation of RAGE in cardiomyocytes (Lee 

et al., 2017).  

Despite this, our understanding of the signaling pathways associated with non-

classical responses to calcitriol is remarkably poor. Recently a novel mechanism was 

identified that may act to integrate both immunomodulatory and antiproliferative activities of 

calcitriol through regulation of the mTOR signaling pathway. 

As highlighted in Chapter 1 (Introduction), AGE and their receptors, RAGEs, 

reportedly play critical roles in vascular dysfunction through the activation of mTOR (Yang 

et al., 2024). AGEs stimulate the phosphorylation of Akt in macrophages and trigger 

activation of the PI3K/mTOR pathway in mesangial cells (Yang et al., 2013). Furthermore, in 

a study on VSMCs isolated from rat thoracic aorta, AGEs markedly enhanced p-mTOR 

expression, thus promoting osteoblastic differentiation of VSMCs while concurrently 

inhibiting autophagy in a time-dependent manner (Liu et al., 2020). Recent studies have 

explored the link between the active form of vitamin D and mTOR in diabetic vascular 

complications, demonstrating significant improvements in vascular outcomes associated with 

diabetes by downregulating mTOR gene expression in rat diabetic nephropathy (Wang et al., 

2016; Khodir, Samaka and Ameen, 2020). Similarly, vitamin D was found to protect the liver 

against non-alcoholic fatty liver disease by attenuating hepatic lipid dysregulation in diabetic 

mice by inactivating Akt and ultimately blocking mTOR (Lim, Lee and Lim, 2021). To the 

best of our knowledge, no prior study has investigated the protective role of vitamin D 

against vascular complications, specifically those induced by AGEs, through the suppression 

of the mTOR pathway. 

Inhibition of mTOR signaling is already an established mechanism for the treatment 

of human diseases. Rapamycin is a specific inhibitor of mTOR; it forms a gain-of-function 

complex with the 12-kDa FK506-binding protein (FKBP12), and the complex then binds and 

specifically acts as an allosteric inhibitor of mTORC1. Pretreatment with rapamycin 

effectively counteracted the adverse effects of AGEs on VSMCs by enhancing autophagy 
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levels via mTOR inhibition and reducing the impact of AGEs on VSMC osteoblastic 

differentiation (Liu et al., 2020). 

In light of the aforementioned studies, the present chapter aimed to investigate the 

protective role of calcitriol on MG-dependent vascular impairment, and to evaluate the role of 

mTOR signaling pathway in these effects in the thoracic aorta and pulmonary artery of rats. 

To explore this, an organ culture method was used to study the effects of MG on vascular 

reactivity of the aorta and the pulmonary artery, studied under similar experimental 

conditions. The main objectives were to: 

1. Establish an organ culture model for vascular tissues to examine the long-term effects of 

AGEs by investigating the impact of 20-hour incubation with varying concentrations of 

MG. 

2. Evaluate the long-term effects of MG on aortic rings by assessing the impact of MG at 

varying concentrations on ACh-induced relaxation in rat aortic rings after 20 h of 

incubation. 

3. Assess the long-term effects of MG on pulmonary arteries by determining the differential 

responsiveness of pulmonary arteries to ACh after exposure to varying concentrations of 

MG. 

4. Identify the most effective concentration of MG in attenuating vascular relaxation that 

results in the most profound right shift in the response curves for ACh-induced relaxation 

in rat aortic rings and pulmonary arteries.  

5. Investigate the protective role of calcitriol in MG-induced vascular dysfunction by 

assessing the effects of varying concentrations of calcitriol on vascular reactivity in long-

term incubated aortic rings and determining the most effective concentration of calcitriol 

in restoring endothelial-mediated relaxation function impaired by MG.  

6. Evaluate the protective effects of calcitriol on MG-induced endothelial dysfunction in rat 

pulmonary arteries. 

7. Examine the role of mTOR inhibition on MG-induced effects using the mTOR inhibitor 

rapamycin at varying concentrations on vascular rings incubated with MG.  

8. Assess the timing effect of rapamycin treatment by adding it concurrently with MG and 

after a 7-hour delay to determine its efficacy in attenuating MG-induced effects. 

9. Evaluate the contribution of endothelial cells to MG-induced vascular dysfunction by 

examining the relaxation response of VSMCs after long-term incubation with MG either 
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ensure the complete removal of endothelium, it is important to acknowledge that some 

unavoidable damage to the smooth muscle may have occurred during the denudation process. 
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4.4. Discussion  

Consistent with the short-term results described in Chapter 3, the results obtained 

from long-term incubation with MG confirmed its ability to induce changes in vascular 

reactivity to relaxation response to ACh in a concentration dependant manner while the 

incubation time was fixed indicating that prolonged incubation with MG in vitro resulted in 

progressive relaxation to ACh in both with increased concentration of MG.  

The long-term incubation method used in this chapter did not affect vascular 

reactivity to ACh when compared to fresh control vessels, indicating that tissue 

responsiveness was not adversely affected by incubation. Besides the effect of organ 

culturing, the effects of long-term incubation with different MG concentrations were studied 

as well. Our previous findings showed that short-term treatment with MG led to a reduction 

in the endothelium-dependent vascular relaxation of ACh in both aortic and pulmonary 

vessels. Similarly, the finding in this Chapter showed that the vascular dysfunction induced 

by long-term incubation with MG is concentration-dependent while the incubation time was 

fixed.  

In long-term incubated rat arterial rings, ACh-induced relaxation was significantly 

attenuated by MG in a concentration-dependent manner indicating a reduction in the 

endothelium-dependent vascular function. These results are in accordance with other research 

work which provided several lines of evidence indicating similar observations. In agreement, 

previous studies demonstrated that long-term MG treatment (42 µM, for 3 days) impairs 

ACh-induced endothelial-dependent relaxation in organ-cultured rat mesenteric arteries 

(Chan and Wu, 2008; Mukohda et al., 2013). Moreover, it has been reported that MG-

induced endothelial dysfunction in cultured aortic rings and endothelial cells, has effects 

similar to those of high glucose concentrations (Dhar et al., 2010). 

We have demonstrated that the short-term as well as the long-term treatment with MG 

of rat aortic and pulmonary arterial rings with intact inhibited ACh-dependent relaxation due 

to MG-induced dysfunction. However, what contribution of VSMCs to these responses was 

not clear. To explore this, we examined the effects of MG on SNP-dependent relaxations in 

both endothelium-intact aortic rings were eNOS was inhibited with L-NAME and in aortic 

rings denuded of endothelium.  In these experiments, SNP instead of ACh was used as a 

relaxing agent.  
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5. Incubation of denuded aortic rings with varying MG concentrations revealed 

significant changes in VSMCs' relaxation response, particularly with higher MG 

doses. The effects of MG were attenuated or reversed by both calcitriol and 

rapamycin implying a possible protective role for vitamin D and mTOR inhibition in 

both endothelial and vascular smooth muscle cells.   

The similarity between the effects of MG in short- and long-term experimental 

models and the protective effects of calcitriol and rapamycin demonstrated in this and 

previous results chapters suggest that the two types of arteries have similar mechanisms that 

might be implicated in MG-induced vascular injury. To investigate further cellular and 

molecular mechanisms that could underly these changes, further experiments were performed 

using mainly the rat aorta unless indicated otherwise. 
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Chapter 5 
5.1. Introduction 

The finding from the preceding chapter showed that rapamycin, a well-recognized 

inhibitor of the mTOR signaling pathway had a similar protective effect as calcitriol against 

methylglyoxal (MG), a precursor of AGEs and highly reactive dicarbonyl aldehyde, which 

induced impaired vascular relaxation in cultured rat aortic rings. This implies that the mTOR 

pathway could be involved in both the MG-mediated vascular dysfunction and the protective 

effect of calcitriol in our experimental model which therefore could be utilised to investigate  

molecular mechanisms underlying  the protective effect of vitamin D.   

Several mediators have been suggested to play a major role in AGEs-induced 

vascular complications including mTORC1 complex. In diabetes mellitus, activation of 

mTORC1 has emerged as a key contributor to vascular injury, both in patients with diabetes 

and in experimental models. Notably, dysregulation of this major cellular signaling complex 

not only disrupts glucose homeostasis but also exerts profound effects on cellular responses 

to extracellular stimuli (Yin et al., 2017). Accumulating evidence suggests that mTOR 

signaling serves as a critical regulator of autophagy, a cellular process essential for 

maintaining cellular homeostasis and mitigating stress-induced damage (Duan et al., 2016; 

Zhong et al., 2017). 

However, despite significant progress in the understanding of the role of mTOR and 

autophagy in vascular health, several key questions remain unanswered. One such unexplored 

hypothesis is that impairments in the regulation and/or cellular machinery of autophagy 

caused by AGEs, underlie the development of diabetic vascular endothelial dysfunction via 

down-regulation of NO. Impaired production of NO is a hallmark of endothelial dysfunction 

and promotes the development of CVD. NO is generated by eNOS. The impaired 

endothelium-dependent relaxations, either mediated by eNOS or other factors, have been 

shown in blood vessels from diabetic animals. Furthermore, LaRocca et al. (LaRocca et al., 

2012) showed that impaired vascular autophagy plays an important role in impaired vascular 

tissue endothelium-dependent dilation (EDD) and inhibition of autophagy increased oxidative 

stress and reduced NO production. In both humans and mice, impaired arterial EDD was 

mediated by reduced NO bioavailability and was associated with increased oxidative stress 

and inflammation. Treatment with the autophagy-enhancing agent restored the expression of 

autophagy markers, rescued NO-mediated EDD by reducing oxidative stress, and normalized 
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Table 5.1. Composition of different lysis buffers used for the preparation of rat tissue 

lysates 

Buffer Composition 

Bruchas et 

al.,(Bruchas et al., 

2007) lysis buffer 

50 mM Tris-HCL (stock solution of 1M Tris-HCL/Tris prepared), 

300 mM sodium chloride, 1mM EDTA, 1mM sodium orthovanadate 

(Na3VO4), 1 mM sodium fluoride (NaF), 10% v/v glycerol, protease, 

and phosphatase inhibitor cocktail. 

Triton containing 

Lysis buffer 

150mM (millimolar) sodium chloride, 0.1% v/v Triton, 0.5% w/v 

sodium deoxycholate, 0.1% w/v SDS (sodium dodecyl sulfate), 

50mM Tris at pH 8.0, protease and phosphatase inhibitor cocktail. 

Nonidet-P40 

containing Lysis 

buffer 

150mM NaCl, 1 mM EDTA, 50mM Tris HCl pH 7.5, 1% Nonidet-

P40, 10% glycerol, 1mM sodium orthovanadate, 10mM sodium 

fluoride, protease and phosphatase inhibitor cocktail. 

 

Figure 5.2. The results of lysis buffer optimization on mTOR detection. Images from the 2nd 

western blot trial showing total protein stain (A) and the membrane after incubation with pan-mTOR 

antibodies (B) for 20 µg of control samples from the brain, pulmonary artery, and aorta from the same 

rat, prepared using Bruchas, Triton, or Nonidet-P40 containing lysis buffers loaded on Criterion XT 

Tris-Acetate 3-8% Midi gels. Images were captured using LI-COR Odessey imaging system. 
         Subsequent modifications were made to the experimental protocol to address the 

challenges encountered. These adjustments included transitioning from 3-8% Criterion XT 
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Midi gel to 7.5% Mini Protean TGX gel. This change allowed improved protein separation as 

evident from the ladder but not sufficient signal from tissue samples (Figure 5.3).  

 
Figure 5.3. Images of total protein stain (A) and the membrane after incubation with pan-mTOR 

antibodies (B) for 25 µg of control samples from the pulmonary artery and aortic tissues from the 

same rat prepared using Bruchas, Triton, or Nonidet-P40 containing lysis buffers and loaded on 7.5% 

TGX mini gel. Images were captured using LI-COR Odessey imaging system. 

 
To optimize the loading protocol further in a subsequent trial, for the sake of 

experimental uniformity and consistency, brain samples due to the high yield of the total 

protein per sample were chosen as the focus. Samples were loaded onto two gels at varying 

concentrations (25, 40, and 60 µg) to optimize band visualization. Both gel sets contained 

identical samples from control brain tissue and were subjected to the same running 

conditions. One of the gels underwent Coomassie blue staining to directly detect the protein 

presence (Figure 5.4). Another gel was transferred onto membranes and subsequently 

incubated with specific antibodies for immunoblotting analysis. These adjustments were 

implemented to enhance protein detection sensitivity and refine the experimental procedure. 



134 

            Chapter 5- mTOR & Autophagy  

  

 
Figure 5.4. Optimization of protein loading using rat brain lysates. Coomassie staining for the 

first gel loaded with control samples from brains of two different rats using different loading protein 

concentrations (25, 40 & 60 µg) rat prepared using Bruchas lysis buffer and loaded on 7.5% TGX 

mini gel. 

 

Figure 5.5. Total protein stain (A) and western blot (B) results after incubation with pan-mTOR 

antibodies for control samples from the brains of two different rats using different loading protein 

concentrations (25, 40 & 60 µg) prepared using Bruchas lysis buffer and loaded on 7.5% TGX mini 

gel. Images were captured using LI-COR Odessey imaging system. 

 

 




































































































































































































































