
1 

 

 

Università degli Studi di Milano 

PhD Course in  
Experimental Medicine 

 

Cycle XXXIV 
 

PhD thesis 

 

“Endothelium in Petri dish (2D) or on-a-chip 
(3D): studies on endothelial function / 

dysfunction” 
 

 

Candidate: Dr. Roberta Scrimieri 

Matricola: R12363 

  

Tutor: Prof. Jeanette A.M. Maier    

Director:  Prof. Nicoletta Landsberger 
 

 

 

Academic Year 2020-2021  



2 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

"I am among those who think that science has great beauty.  
A scientist in his laboratory is not only a technician:  
he is also a child placed before natural phenomena  

which impress him like a fairy tale." 
 

“Io sono tra quelli che pensano che la scienza abbia una grande bellezza.  
Uno scienziato nel suo laboratorio non è solo un tecnico:  

è anche un bambino posto di fronte a fenomeni naturali  
che lo impressionano come un racconto di fiabe.”  

 
– Marie Curie (1867 – 1934) 
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Endothelial cells (ECs) form the inner layer of all the blood vessels and, due to this strategic 

localization, they constantly face oscillating blood glucose concentrations in relation to the 

pre- and post- prandial cycles. They do not represent a passive barrier between blood and 

tissues, but they play a wide variety of pivotal roles to control vascular homeostasis. 

Uncontrolled hyperglycaemia elicits ECs to become dysfunctional, leading to the onset of 

endothelial dysfunction, defined as a shift of properties of the endothelium toward a 

proinflammatory and prothrombotic phenotype characterised by altered release of Nitric 

Oxide (NO) and overproduction of pro-inflammatory cytokines and Reactive Oxygen 

Species (ROS). Endothelial dysfunction is classically described in patients affected by 

diabetes and has a role in the pathogenesis of many cardiovascular complications 

associated with this pathology. In particular, diabetes is a group of life-long chronic metabolic 

disorders characterized by high levels of glucose in the blood and by a predisposition to 

premature atherosclerosis, the main reason for high morbidity and impaired life expectancy 

in patients.  

 

To investigate the effects of high glucose on ECs, Human Umbilical Vein Endothelial Cells 

(HUVEC) were cultured in the presence of either high glucose-containing medium or of 

blood sera collected from diabetic patients. Cells were seeded both in 2D cell culture 

systems on flat dishes, a method which has yielded major advances in our knowledge about 

endothelial pathophysiology, and in 3D microfluidic chips, which show a higher degree of 

structural complexity allowing perfusion, thus generating shear stress fundamental for 

endothelial homeostasis. In 2- and 3- D, the cells were cultured until they reach confluence 

to reproduce the physiological inner layer of a blood vessel as closely as possible.  

 

High glucose rapidly alters the cellular redox balance resulting in a higher production of ROS 

associated with a lower content of the antioxidant glutathione (GSH). ROS induce iNOS, 

which overproduces NO leading to endothelial hyperpermeability. In parallel, mitochondrial 

dysfunction occurs as a result of the imbalance in mitochondrial dynamics in favour of 

mitochondrial fission. This evidence is connected to the higher storage of triglycerides 

caused by both enhanced lipogenesis and reduced β-oxidation.  

 

The next step was to individuate a countermeasure that might prevent the detrimental effects 

of high glucose on HUVEC. Numerous observational studies demonstrated that the 

circulating levels of Vitamin D3 (VitD) are low in patients affected by diabetes. In these 
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experimental models, VitD is capable of blocking the increase of ROS production, thus 

preventing all the harmful effects caused by high glucose on HUVEC.  

 

In summary, the results reveal that it is fundamental to keep glycaemia within the 

physiological range in diabetic patients, preventing hyperglycaemic peaks, and that VitD 

could represents a serviceable tool to control the redox equilibrium, thus re-establishing NO 

levels and permeability and mitochondrial fitness, to limit or at least delay the insurgence of 

endothelial dysfunction caused by high fasting glucose concentrations.  

 

 

DISCLOSURE FOR RESEARCH INTEGRITY 
 

This research was conducted following the European Code of Conduct for Research 

Integrity, which includes the values of reliability, rigor, honesty, respect and transparency.  
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ABBREVIATIONS 

α-ketoglutarate, α-KG; Arachidonic acid, AA; Asymmetric dimethylarginine, ADMA; Angiopoietins, Ang; 

Carnitine Palmitoyl-Transferase 1A, CPT1A; Cellular Adhesion Molecules, CAM; Circulating NO metabolites, 

NOx; Coronary heart disease, CHD; cyclic Guanosin Monophosphate, cGMP; Cyclophilin D, CYP D; Cryo Soft 

X-ray Transmission Tomography, Cryo-SXT; Deoxynucleotides, dNTPs; Dynamin-Related Protein 1, DRP1; 

Endothelial cells, ECs; Endothelial Differentiation-related Factor 1, EDF1; endothelial Nitric Oxide Synthases, 

eNOS; Endothelin-1, ET-1; Extracellular matrix, ECM; Fatty Acid Oxidation, FAO; Fetal Bovine Serum, FBS; 

Fibroblast Growth Factor, FGF; Fluorescein isothiocyanate labelled-albumin, FITC-BSA; Forkhead box O1, 

FOXO1; Fractional Anisotropy, FA; Free fatty acids, FFA; Fructose-2,6-bisphosphate, F2,6P2; Full-width-at-

half-maximum, FWHM; Gestational Diabetes Mellitus, GDM; Glycated haemoglobin, HbA1c; Glucokinase, 

GCK; Glucose Transporter 1, GLUT1; Glutamic acid decarboxylase 6, GAD65; Glutaminase-1, GLS1; 

Hepatocyte nuclear factor-1A, HNF1A; Hexokinase 2, HK2; Hydrogen peroxide, H2O2; Human Umbilical Vein 

Endothelial Cells, HUVEC; Krüppel-like Factor 2, KLF2; inducible NOS, iNOS; insulin autoantibodies, IAA; 

Islet-Associated protein -2/-2β, IA-2/IA-2β; Islet cell autoantibodies, ICA; Lipoprotein lipase, LPL; Low-density 

proteins, LDL; L-Nω–Nitroarginine-Methyl-Ester, L-NAME; N6–(1-Iminoethyl)-L-Lysine, L-NIL; Matrix 

Metalloproteinases, MMPs; Maturity Onset Diabetes of the Young, MODY; MHC, Major Complex of 

Histocompatibility; mitochondrial DNA, mtDNA; mitochondrial ROS, mtROS; N-acetylcysteine, NAC; neuronal 

NOS, nNOS; Nitric Oxide, NO; Nitric Oxide Synthases, NOS; Nonessential amino acid, NEAA; Nuclear Factor 

Kappa Beta, NFkB; Nuclear respiratory factor, NRF; Optic Atrophy 1, OPA-1; Oxaloacetate, OAA; Oxidized 

glutathione, GSSG; Oxidative phosphorylation, OXPHOS; Oxygen Consumption Rate, OCR; Paraoxonase 2, 

PON2; Pentose phosphate pathway, oxPPP; Peroxisome Proliferator-Activated Receptor γ, PPARγ; Perilipin 

2, PLIN2; Phosphate buffered saline, PBS; Phosphofructokinase-1, PFK1; Plasminogen activators, PAIs; 

Platelet activating factor, PAF; Platelet-Derived Growth Factor, PDGF; Platelet-endothelial cell adhesion 

molecule 1, PECAM-1; Proliferator-activated receptor gamma coactivator-1α, PGC-1α; Reactive Oxygen 

Species, ROS; Reduced glutathione, GSH; Retinoid X Receptors, RXRs; ribulose-5-phosphate, Ru5P; Sirtuin 

1, SIRT1; Sirtuin 2, SIRT2; small interfering RNA, siRNA; Smooth muscle cells, SMCs; Sodium nitrite standard, 

NaNO2; Superoxide-dismutase 2, SOD2; Tissue Factor Pathway Inhibitor, TFPI; Thioredoxin Interacting 

Protein, TXNIP; t-PA, Plasminogen Tissue Activator; Transcription factor A/B, TFAM/TFBM; Transforming 

Growth Factor β, TGFβ; Tricarboxylic acid cycle, TCA; Trombin-Activatable Fibrinolysis Inhibitor, TAFI; Type 

1 Diabetes Mellitus, T1D ; Type 2 Diabetes Mellitus, T2D; Type 3 Diabetes, T3D; u-PA, Plasminogen Urokinase 

Activator; Vascular endothelial-cadherin, Ve-Cadherin; Vascular Endothelial Growth Factor, VEGF; Vascular 

endothelial growth factor-1, VEGF-1; VEGF receptor type 2, VEGFR-2; Vitamin D3, VitD; Vitamin D3 Receptor, 

VDR; Vitamin D Response Elements, VDRE; Von Willebrand Factor, vWF; Wheat Germ Agglutinin, WGA; 

Zonula Occludens 1, ZO-1; 1,25-dihydroxivitamin D3, 1,25-(OH)2-D3; 2’-7’-dichlorofluorescein diacetate, 

DCFH; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3, PFKFB3; 25-hydroxyvitamin D3, 25-(OH)-

D3. 
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2.1 BLOOD VESSELS  

 

The human vascular tree is characterized by arteries, veins and capillaries, three different 

types of blood vessels, whose differences in the function and in the pressure to which they 

are subjected are reflected on their structure (Figure 1) [Aird 2012]. However, it is possible 

to identify a common structural organization. Indeed, the wall of the vessels is constituted 

by three layers, named tunicae, which, from the inside to the outside, are identified 

respectively as tunica intima, tunica media and tunica adventitia [Tabrizchi 2005].  

The tunica intima, the innermost one, is composed by a covering layer of ECs held up by a 

connective tissue (called lamina propria) and, in the large arteries, an internal elastic lamina, 

a network of elastic longitudinally oriented fibers that present perforations named fenestrae. 

The tunica media corresponds to the muscular layer. Depending on the type of vessel, it 

consists mainly of smooth muscle cells (SMCs) for medium and small caliber arteries, of 

elastic fibers arranged in spiral layers to resist to the high pressure of the blood coming from 

the heart for large arteries or of fibrous component for veins. This layer is totally absent in 

the capillaries. 

The tunica adventitia, the outermost layer, connects the vessels with the surrounding 

environments. Collagen and elastic fibers are the major components of the adventitia that 

provides an additional protective layer to the vessels.  In the veins and in the arteries its 

thickness is proportional to the size of the vessels while in the capillaries it exists only in the 

form of a network of mesenchymal cells called pericytes. Because of its thickness, this layer 

is nourished by vasa vasorum, a network of small blood vessels necessary to provide 

additional supply of blood. In contrast, the tunica intima and tunica media are fed by diffusion 

directly from the blood.  

Shear stress, i.e. the frictional force generated by blood flow, and different blood pressure 

diversify the endothelium in arteries, arterioles, post-capillaries venules and capillaries [Van 

Hinsberg 2012]. 
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Figure 1: Schematic representation of blood vessels’ structure and list of parameters differently exhibited, i.e. the number 

and types of junctions, the alignment or not to the flow and the expression of specific markers [Aird 2012].  

 

 

2.2 ENDOTHELIUM 

 

ECs form the inner lining of all the vessels, playing a wide variety of critical roles in the 

control of vascular integrity and functions [Sena 2013]. It has been estimated that 

endothelium surface covers about 3000-6000 m2 for approximately 720 g in an adult 

[Gimbrone 1986]. Most of it is represented by microvascular ECs that line the capillaries 

[Van Hinsberg 2012].  

Endothelial and haematopoietic cells derive from haemangioblasts [Choi 1998], bipotent 

blasts which can differentiate either in pre-endothelial cell or in hematopoietic cell (Figure 2) 

[Psaltis 2011].  
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Figure 2: Generation of heamangioblast either from blastocyst-derived Embryonic Stem cell, or from the Yolk sac, the 

Aorta-Gonad-Mesonephros (AGM) region of the early embryo [Aird 2012]. Heamangioblast can differentiate in 

Hematopoietic Stem Cells (HSCs), giving rise to both Lymphoid and Myeloid lineages, or in Angioblast (AB), the precursor 

of ECs [Psaltis 2011].  

 

Von Willebrand Factor (vWF), platelet-endothelial cell adhesion molecule 1 (PECAM-1), 

endothelial Nitric Oxide Synthases (eNOS) and vascular endothelial-cadherin (Ve-Cadherin) 

are specific markers of mature endothelial cells [Huang 2008, Bai 2010].  

 

ECs are normally quiescent in vivo with a turnover rate of approximately once every three 

years [Foreman 2003]. Most of ECs in the adult have a cell cycle variable from months to 

years, unless injury to the vessel wall or angiogenesis occurs, with the exception of the 

endothelia of endometrium and corpus luteum, which have a turnover rate of weeks. ECs 

differentiation relies on different stimuli, including Vascular Endothelial Growth Factor 

(VEGF), highly specific for the endothelium, and Fibroblast Growth Factor (FGF).  

 

 

2.3 ENDOTHELIAL CELL HETEROGENEITY  

 

The endothelium is highly heterogeneous between different tissues, segments and even in 

the same organ [Regan 2012]. This heterogeneity can be detected at different levels 

(morphology and structure, function, gene expression and antigen composition) and it is 

mediated by two mechanisms: the effect of the surrounding environment and epigenetics 

(Figure 3) [Regan 2012].  
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Figure 3: Mechanisms of endothelial cell heterogeneity. Starting from the haemangioblast precursor to the terminally 

differentiated cells, the effects of microenvironment and epigenetic are different. The effect of the microenvironment is 

predominant in differentiated cells while epigenetics is fundamental in defining the genotypic and phenotypic features of 

the precursor cells and it is then transmitted to the progeny through mitosis [Aird 2012].  

 

Concerning the microenvironment, ECs located in different districts of the body are 

subjected to a variety of stimuli that orchestrate specific reactions and functions on ECs. 

This type of mechanism is dynamically regulated.  

 

On the other hand, epigenetics modifications define ECs gene expression through 

inheritable changes of their phenotype determined by DNA and histone methylation, histone 

acetylation or deacetylation. Even if these epigenetic modifications are triggered by signals 

from the surrounding environment, as the first mechanism of heterogeneity, they can also 

persist after the removal of the signals and they are transmitted during mitosis [Aird 2012].  

 

These two mechanisms are responsible for the huge variety of roles and specific functions 

of ECs at the different levels of the vascular tree.  

 

 

 



15 

 

2.3.1 STRUCTURAL HETEROGENEITY 

 

The shape of ECs can vary very deeply across the vascular tree. They can display a flat 

morphology or they can appear plump and cuboidal as in venules. Even the thickness can 

differ, from 0.1 μm in capillaries and veins to 1 μm in big arteries, e.g. aorta [Regan 2012].  

In addition, shear stress and different blood pressure along the vascular tree direct the 

alignment of ECs in straight segments of arteries but not at the level of the ramifications. 

The vessels length is an important characteristic in determining the effect alignment to the 

blood flow.  

 

ECs express different types of intercellular junctions: the tight junction (also called zonula 

occludens) and the adherens junction (also named zonula adherens). The former type is 

fundamental for the function of endothelial barrier and allows the cell to maintain a polarity 

of luminal and apical side [Aird 2012]. For example, the microvasculature of the blood brain 

barrier is particularly rich in tight junctions, absent in post-capillary venules, to allow the 

extravasation of leukocytes during inflammation.  

 

Moreover, the endothelium could be continuous, fenestrated or discontinuous (sinusoid), 

depending on the needs of the surrounding tissue (Figure 4) [Van Hinsberg 2012]. 

Continuous endothelium is abundant in vessels of brain, heart, lung and skin; fenestrated 

endothelium is mostly located where filtration or trans-endothelial transport are fundamental 

(e.g. capillaries of glands and kidney) and discontinuous endothelium is typical of sinusoidal 

beds [Van Hinsberg 2012]. 

  

Figure 4: Types of endothelium. In continuous capillaries, small solutes and fluids pass constitutively between ECs, while 

larger solutes are carried through trans-endothelial channels or transcytosis. Fenestrated endothelium is highly permeable 

to water and small solutes but not to larger macromolecules. Discontinuous endothelium is characterized by fenestrae and 

it is rich of clathrin-coated pits, which play an important role in receptor-mediated endocytosis [Van Hinsberg 2012].  
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2.3.2 FUNCTIONAL HETEROGENEITY 

 

ECs are able to perform different functions to control vascular homeostasis, such as 

regulation of vascular tone, coagulation and fibrinolysis, leukocytes’ trafficking and immune 

response, most of which are performed by specific subset of blood vessel or vascular beds 

(Figure 5) [Sena 2013].  

 

 

Figure 5: Functions of endothelium.  ECs are able to perform different functions in order to maintain tissue homeostasis, 

among which the regulation of coagulation, immune response, permeability, angiogenesis and metabolism [Sena 2013].  

 

Indeed, since the early 1980s, the concept of endothelium as an inert barrier lining the inner 

side of blood vessels has been overcome by the finding that ECs are involved in a variety 

of biological responses and physiological functions. Indeed, nowadays is clear that it is a 

dynamic and heterogeneous system fundamental in maintaining the integrity of vessels and 

tissues homeostasis [Galley 2004]. ECs have synthetic, metabolic, secretory and 

immunologic roles [Cines 1998] that allow the interaction of ECs with the environment and 

their response after stimuli [Galley 2004]. These functions include fluid filtration, regulation 

of blood vessel tone and blood vessel formation, neutrophil recruitment, coagulation and 

fibrinolysis. By virtue of its structural properties, the endothelium is a semipermeable barrier 

that controls fluids and solutes exchanges between blood and the surrounding tissues 
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through the regulation of permeability. Fluids and small solutes can cross passively the 

endothelium through the paracellular pathway. It is mediated by the homophilic adhesion of 

Ve-Cadherin which can be either stably associated to the membrane or translocated to the 

cytosol in response of extracellular stimuli, through the remodelling of actin cytoskeleton, 

mediating the increase of permeability. Particularly, three types of stimuli can induce Ve-

Cadherin translocation: c-Src and RhoA activation and/or increased calcium concentration 

(Figure 6) [Komarova 2010].  

 

 

Figure 6: Pathways regulating Ve-Cadherin translocation, thus mediating the variation of permeability [Komarova 2010].  

 

On the other hand, macromolecules are shuttled through the trans-cellular pathway, which 

can involve receptors (receptor-mediated transcytosis) or can be receptor-independent 

(fluid-phase transcytosis). This last mechanism is arbitrated by the presence of Caveolae, 

carrier vesicles composed by Caveolin-1, a scaffold protein on the cytosolic side of the 

membrane that mediates the internalization of the cargo through the fusion with the plasma 

membrane. This pathway is well known to be involved in the activation / inactivation process 

of eNOS in ECs. The binding and the translocation of eNOS from the membrane to the 

cytosol through Caveolae internalization is associated with enzyme inhibition, while on the 

contrary SRC-mediated phosphorylation of Caveolin-1 stimulates Caveolae scission, eNOS 

release and activation, and NO synthesis (Figure 7) [Frank 2006].  
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Figure 7: Effect of shear stress on Caveolae translocation. Upon stimulation (e.g. shear stress), Caveolae may induce the 

proper organization of various signal transduction pathways or organize different regulatory proteins essential for rapid 

eNOS activation [Frank 2006].  

 

In this context, the junctional and structural heterogeneity and the presence of various types 

of transcytosis in ECs at different vascular beds define variations in basal permeability. For 

instance, permeability is inversely proportional to the amount of tight junctions and directly 

proportional to the presence of fenestrae. Additionally, when acute or chronic inflammation 

occurs, ECs are capable to mediate inducible leakage mostly in post-capillary venules.  

 

 

2.4 ANGIOGENESIS  

 

Angiogenesis is a complex multistep process of vascular growth derived by sprouting of pre-

existing vessels. Physiologically, it is a highly regulated process driving quiescent ECs into 

a series of events that culminate with the organization of a vascular network in response to 

the demands of growing or healing tissues. 

Metabolic stress has an impact on angiogenesis since environmental stimuli, including low 

oxygen tension, low extracellular pH and low glucose concentration, trigger 

neovascularization. Angiogenesis occurs physiologically not only during fetal development 



19 

 

but also during development and growth, in menstrual cycle and in wound healing / repair 

or pathologically, particularly in neoplastic and inflammatory diseases. 

The steps leading to angiogenesis require cell proliferation, production of molecules to 

degrade the extracellular matrix (ECM), modulation of adhesion and migration and, finally, 

differentiation into new functional vessels [Galley 2004].  

A balance between pro- and anti- angiogenic factors tightly controls all the steps of 

angiogenesis. Indeed, components of ECM and soluble molecules can activate or inhibit it. 

Some angiogenic factors are endothelial-specific, e.g. the members of VEGF, angiopoietin 

families, Ephrin B2 and 4B. Other growth factors modulate the functions of ECs, including 

members of the FGF, Platelet-Derived Growth Factor (PDGF) or Transforming Growth 

Factor (TGF)β families. Additionally, many other gene products – from Notch to transcription 

factors – have been shown to be crucial for vessel development. In this context, VEGF plays 

a crucial role as driver of vascular formation being necessary in both vasculogenesis, i.e. 

the formation of primitive vascular structures during embryogenesis via the differentiation of 

ECs precursors, and angiogenesis, during early development as well as in the adult. 

Basically, VEGF binds to its receptor type 2 (VEGFR-2) and generates a tyrosine kinase 

signalling cascade that stimulates the production of factors regulating vessel permeability 

(eNOS, producing NO), proliferation/survival, migration (Matrix Metalloproteinases, MMPs) 

and finally differentiation into mature blood vessels. Therefore, VEGF is a protagonist in all 

phases of angiogenesis since it increases vascular permeability, stimulates ECM 

remodelling, induces endothelial proliferation and migration, inhibits apoptosis, enhances 

branching of the neo-formed vessels and regulates lumen diameter (Figure 8). Indeed, 

disruption of even a single VEGF allele in mice leads to embryonic death. However, VEGF 

alone is unable to direct blood vessel organization and maturation and it works in concert 

with other factors, such as Angiopoietins (Ang) that bind the Ties, a family of receptor 

tyrosine kinases selectively expressed on the vascular endothelium. Specifically, Ang1 

stabilizes the vessel, maximizes interactions between endothelial cells and the surrounding 

cells and matrix and maintains endothelial quiescence [Fan 2006].  
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Figure 8: Steps of angiogenic pathway [Fan 2006].  

 

 

2.5 VASCULAR TONE   

 

The regulation of the vascular tone is another fundamental function of the endothelium, 

exerted by the production of vasoactive molecules acting on SMCs of the tunica media, 

mediating either relaxation or contraction. Particularly, ECs produce both vasodilator 

molecules (e.g. NO and prostacyclin) and vasoconstrictor molecules (e.g. endothelin-1, ET-

1, and platelet activating factor, PAF).  

NO is a soluble gas with a half-life of about 30 seconds, synthetized from L-arginine by Nitric 

Oxide Synthases (NOS) enzymes. In mammals, three different isoforms of NOS have been 

identified: neuronal NOS (nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS). 

eNOS and nNOS are Ca2+-dependent constitutively active enzymes, whereas the inducible 

isoform is a Ca2+-independent enzyme involved in inflammation and immune response 

[Shulz 2008]. In particular, NO, spreading rapidly from ECs to SMCs, determines relaxation 

and vasodilation through the modulation of the activity of soluble Guanylyl Cyclase, 

producing increased concentrations of cyclic Guanosin Monophosphate (cGMP). cGMP 

interacts with three types of intracellular receptors: i) cGMP-dependent protein kinases; ii) 

cGMP-regulated ion channels and iii) cGMP-regulated cyclic nucleotide 

phosphodiesterases [Moncada 1991] (Figure 9).  



21 

 

 

Figure 9: NO production from eNOS in EC and its effect on SMCs [Tang 2017]. 

 

The vascular protective action of endothelium-derived NO has expanded beyond its 

capability to regulate vascular tone. Indeed, NO inhibits endothelial-leukocyte interaction, 

platelet reactivity, smooth muscle proliferation and the expression of pro-inflammatory and 

pro-atherogenic cytokines [Tousoulis 2012]. Interestingly, laminar flow and pharmacological 

agents, such as estrogens, statins and angiotensin-converting enzyme inhibitors, are 

vascular protective because they enhance endothelium-derived NO synthesis. 

Consequently, an adequate production of NO through eNOS is a marker of endothelial 

function to the point that in clinical practise the examination of vasodilation in response to 

stimuli that release NO is routinely employed to assess endothelial function [Tousoulis 

2012]. The continuous basal synthesis of NO from vascular endothelium is crucial to 

maintain resting vascular tone. On the other hand, in case of endothelial dysfunction, 

reduced synthesis of NO can be ascribed either to the deficiency of NOS co-factors, such 

as BH4, or to the overproduction of endogenous inhibitors of NOS, such as asymmetric 

dimethylarginine (ADMA), while reduced NO availability is mainly due to oxidative stress 

because ROS oxidize NO and transform it into peroxynitrite [Virdis 2009]. Diminished NO 

release because of the inhibition of eNOS is associated with many pathological conditions 

such as atherosclerosis, hypertension, hypercholesterolemia, smoking, diabetes mellitus 

and heart failure. Under physiological conditions, iNOS is not activated in ECs. Its 

overexpression determines a high output NO synthesis, with detrimental effects on 
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endothelial function. As an example, iNOS is expressed in atherosclerotic plaques where it 

seems to contribute to plaque development [Zhang 2021].  

Another vasodilator molecule produced by ECs is the prostacyclin PGI2, produced from 

arachidonic acid (AA), which, once secreted, acts both on SMCs, inducing vasodilatation, 

and on platelets, delaying their aggregation. AA is also the precursor of the vasoconstrictor 

PAF, a phospholipid located in the membrane where it mediates the adhesion of leukocytes 

to the endothelium.  

Another vasoconstrictor molecule is endothelin, which exists in three isoforms but vascular 

ECs produce only ET-1, whose biological actions are mediated by two types of receptors: 

ETA, expressed on SMCs mediating vasoconstriction and cell proliferation, and ETB, 

expressed predominantly at the endothelial level regulating vasodilation through production 

of NO and prostacyclin [Galley 2004]. ETB receptors are also present on the surface of 

SMCs where they exert the same vasoconstrictive role as ETA. ET-1 stimulates cell 

proliferation and increases the expression of some genes such as collagenase and PDGF 

[Barst 2007] (Figure10). 

 

 

Figure 10: Schematic mechanism of action on endothelin on ECs and SMCs [Barst 2007]. 

 

 

2.6 COAGULATION  

 

The endothelium is also important for the control of the coagulation. In the absence of tissue 

damage, ECs express antithrombotic and fibrinolytic proteins to avoid the erroneous 
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triggering of the coagulation process. In the presence of a vessel injury, the endothelium 

triggers a cascade of events leading to the arrest of blood loss through clot formation and 

wall repair [Cines 1998; Levi 2002]. In basal conditions, ECs express Tissue Factor Pathway 

Inhibitor (TFPI), a molecule able to bind the Xa factor forming the TF – FVIIa – FXa complex, 

hence preventing the conversion of prothrombin into thrombin and inhibiting the conversion 

of fibrinogen in fibrin. ECs also express Trombomodulin, a membrane glycoprotein that 

directly binds thrombin and addresses it to degradation, thus preventing its proteolytic 

activity on fibrinogen and the activation of platelets, factor V and XIII. Furthermore, the 

endothelium is able to produce Protein S, a cofactor that increases the activity of the C 

protein implicated in the blocking of factor VII and V of coagulation (Figure 11) [Badimon 

2012].  

 

 

Figure 11: Antithrombotic properties of healthy vascular endothelium. Abbreviations: PGI2, prostacyclin; NO, nitric oxide; 

ATIII, antithrombin III; ADP, adenosine diphosphate [Badimon 2012]. 

 

However, thereupon a vascular damage, ECs express a pro-coagulant phenotype by 

exposing TF on the surface to initiate the coagulation cascade. Consequently, a cap of 

platelets adheres to the sub-endothelial surface. Moreover, in this phase, the binding of 

thrombin to thrombomodulin expressed by ECs leads to the activation of the Trombin-

Activatable Fibrinolysis Inhibitor (TAFI), a molecule responsible for slowing down of 

fibrinolysis speed, in order to allow the complete resolution of the lesion.  

Once repaired the lesion, the clot removal is triggered by the activated plasmin, a serin 

protease produced from the plasminogen by proteolytic cut to mediate the degradation of 

the fibrin. ECs participate to this process exposing receptors for t-PA (Plasminogen Tissue 
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Activator) and u-PA (Plasminogen Urokinase Activator) and blocking plasmin degradation 

mediated by the α2-Plasmin Inhibitor [Cines 1998].  

 

The fibrinolysis is also regulated by the levels of inhibitors of plasminogen activators (PAIs). 

Physiologically, the liver is the major producer of PAIs but chemicals, among which 

thrombin, can increase their production by ECs, inhibiting fibrinolysis (Figure 12) [Fitzgerald 

2000].  

 

Figure 12: Coagulation and fibrinolytic cascades [Fawzy 2015]. 

 

 

2.7 IMMUNE RESPONSE  

 

ECs are also important mediators of immune response since they actively participate in 

leukocyte extravasation at the site of infection acting as antigen-presenting cells. Thanks to 

their ability to express different adhesion molecules, ECs mediate the four phases of 

leukocyte extravasation: rolling, integrin activation, stable adhesion and trans-endothelial 

migration (Figure 13) [Lagarrigue 2016].  
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Figure 13: Leukocyte trafficking during immune response [Lagarrigue 2016].  

 

Initially, the ECs express cell adhesion molecules called selectins, belonging to the Cellular 

Adhesion Molecules (CAM) family. During the rolling phase, weak bonds are established 

between the selectins of the ECs and the leukocyte membrane’s carbohydrates. Since the 

strength of the blood flow is greater than the bond strength between the adhesion molecules, 

leukocyte rolls on the endothelial surface. Moreover, other membrane molecules of the ECs, 

the integrins, change their conformation from the inactive to the active form exposing the 

binding sites to which leukocytes link with high affinity during the stable adhesion phase. 

This event generates a stable adhesion that allows the leukocyte to cross the vessel wall 

reaching the tissue where they are recruited (transendothelial migration). ECs can also act 

as antigen-presenting cells because they express the MHC (Major Complex of 

Histocompatibility) class I on their surface, thereby operating as antigen-presenting cells to 

effector lymphocytes CD8+. Furthermore, in the presence of an intense inflammatory 

response, ECs also express class II MHC, necessary for the activation of the CD4+ 

lymphocytes [Mai 2013, Goldsby 2000]. 
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2.8 ENDOTHELIAL METABOLISM  

 

The 85% of the energy produced by ECs derives from glycolysis, since most of ATP is 

produced by converting glucose to lactate [De Bock 2013]. ECs do not continue generating 

ATP through oxidative phosphorylation (OXPHOS), i) to protect themselves from oxidative 

stress, keeping ROS under control and ii) to preserve oxygen for the diffusion in perivascular 

tissue that need oxygenation [De Bock 2013; Helmlinger 2000]. Moreover, glycolysis is 

fundamental in hypoxic tissue, where ECs need to rapidly produce ATP to avoid tissue 

damage and necrosis. The enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 

3 (PFKFB3) is the key stimulator of glycolysis in ECs. It produces fructose-2,6-bisphosphate 

(F2,6P2), a strong allosteric activator of phosphofructokinase-1 (PFK1), a rate-limiting 

enzyme of glycolysis. Another glycolytic regulator in ECs is Hexokinase 2 (HK2) that 

phosphorylates glucose to glucose-6-phosphate (Figure 14) [Rohlenova 2018].  

 

 

Figure 14: Glycolysis is the main energy source in sprouting endothelium. Abbreviations: F1,6P2, fructose-1,6-

bisphosphate; F2,6P2, fructose-2,6-bisphosphate; F6P, fructose-6-phosphate; FGF, fibroblast growth factor; FGFR1/3, 

fibroblast growth factor receptor 1/3; FOXO1, forkhead box O1; G6P, glucose-6-phosphate; glc, glucose; GLUT, glucose 

transporter; HK2, hexokinase 2; KLF2, Krüppel-like factor; lact, lactate; MCT, monocarboxylate transporter; MYC, c-MYC; 

PFKFB3, phosphofructokinase-2/fructose-2,6-bisphosphatase; VEGF, vascular endothelial growth factor; VEGFR2, 

vascular endothelial growth factor receptor 2 [Rohlenova 2018]. 

 

When subjected to laminar shear stress, ECs are kept in a resting state through the 

activation of Krüppel-like Factor 2 (KLF2), a transcription factor responsible for the inhibition 
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of the above-mentioned key genes and others [Doddaballapur 2015]. Another transcription 

factor that keeps ECs in resting state is Forkhead box O1 (FOXO1), since indirectly reduces 

glycolysis by inhibiting the transcription factor MYC. It is well known that ECs metabolism is 

a driving and controlling force of angiogenesis. For instance, VEGF stimulates PFKFB3 

levels and FGF signalling promotes MYC expression, thereby stimulating HK2 levels and 

glycolysis. Moreover, PFKFB3 and other glycolytic enzymes are compartmentalized in 

filopodia and lamellipodia in the so-called “ATP hot-spots”, co-localizing with F-actin in 

membrane ruffles [Rohlenova 2018].  

In this context, mitochondria in ECs are more used as a biosynthetic centre than energy 

generators. Proliferating ECs metabolize fatty acids to sustain the tricarboxylic acid cycle 

(TCA), producing the precursors aspartate and glutamate from its intermediates 

oxaloacetate (OAA) and α-ketoglutarate (α-KG), fundamental for deoxynucleotides (dNTPs) 

synthesis (Figure 15) [Falkenberg 2019].  

In addition, ECs use amino acids for their metabolism. Particularly, they can metabolize 

glutamine, the most abundant non-essential amino acid (NEAA) in blood [Mayers 2015]. 

Indeed, the presence of the enzyme glutaminase-1 (GLS1) in ECs allows using glutamine 

as a source of carbons to sustain TCA cycle for protein and nucleotide synthesis. 

Furthermore, glutamine is essential for the production of GSH, a key regulator of redox 

homeostasis.  

However, glucose, once converted in glucose-6-phosphate by the hexokinase, can also be 

destined to the glycogen synthesis or can enter in pentose phosphate pathway (oxPPP) to 

generate ribulose-5-phosphate (Ru5P), used for nucleotide synthesis and NADPH, 

fundamental to convert glutathione from its oxidized form, GSSG, to its reduced form, GSH, 

a key antioxidant [Riganti 2012]. 
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Figure 15: Role of mitochondria in ECs metabolism. A) Quiescent ECs adapt their metabolism to maintain redox 

homeostasis to cope with the oxidative-stress-prone high-oxygen environment. B) Angiogenic ECs rewire their metabolic 

pathways for energy and biomass production essential for cell proliferation and migration. Abbreviations: CI, mitochondrial 

complex I; CIII, mitochondrial complex III; GLRX2, glutaredoxin 2; GPX3, glutathione peroxidase 3; PRDX1, peroxiredoxin 

1 [Falkenberg 2019]. 

 

 

2.9 MITOCHONDRIA IN ECs  

 

Notwithstanding their secondary role in the energy production process, mitochondria in ECs 

are considered signalling integrators from the environment, thus orchestrating cell response 

(Figure 16) [Caja 2017].  
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Figure 16: ECs mitochondria as signalling organelles for environmental cues. In response to different kind of stimuli such 

as oxygen, haemodynamic and nutrients mitochondria in ECs modify their biogenesis, dynamics and programmed 

degradation. Here the effects of LSS and PSS on EC mitochondria are shown as examples. Abbreviations: LSS, laminar 

shear stress; PSS, pulsatile shear stress; OSS, oscillatory shear stress [Caja 2017].  

 

Mitochondrial dynamics is determined by the balance between mitochondrial biogenesis and 

degradation (through the so-called process of mitophagy). Biogenesis requires replication 

of mitochondrial DNA (mtDNA) and expression of mitochondrial and nuclear genes. The 

master regulator of this process is the peroxisome proliferator-activated receptor gamma 

coactivator-1α (PGC-1α), a transcription factor responsible for the activation of nuclear 

respiratory factor (NRF) -1 and -2, and transcription factor A (mitochondrial TFAM) and 

transcription factor B (mitochondrial TFBM) that coordinate the expression of genes 

necessary for the process of biogenesis (the former activate genes encoded by nuclear 

genes, the latter by mitochondrial genes).  

PGC-1α expression is affected by several factors (such as hypoxia and caloric restriction), 

while it is activated in case of energy demand to increase ATP production by ECs, 

modulating several genes related to lipid and glucose metabolism [Leone 2011; Patten 

2012]. PGC-1α also modulates the expression of vascular endothelial growth factor-1 

(VEGF-1) and stimulates angiogenesis [Widlansky 2012]. Additionally, PGC-1α coordinates 

cellular defences against oxidative stress, protects against apoptosis, limits inflammation 

and improves NO bioavailability [Valle 2005, Shulz 2008].  
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Moreover, mitochondrial organization is dynamic because they constantly undergo cycles 

of fusion and fission. Mitochondrial fusion allows the distribution of metabolites, proteins and 

mtDNA within the cell and contributes to maintain electrical and biochemical connectivity, 

while mitochondrial fission is fundamental for typical cell functions like cell division, 

movement and elimination of damaged or senescent mitochondria (Figure 17). Cytoskeletal 

organization is fundamental in orchestrating cycles of fusion and fission and determines 

mitochondrial network spatial organization [Moore 2018].  

In particular, mitophagy is the process of degradation of mitochondria and it represents a 

form of autophagy specific for mitochondria. Autophagy is a well-controlled process that 

provides energy to the cell through degradation of damaged organelles. The process 

involves the formation of the double-membrane autophagosome where the cellular 

components targeted for degradation are engulfed, and the fusion with a lysosome, where 

the contents and inner membrane are degraded by acid hydrolases and recycled. The 

stimuli that activate mitophagy also activate PGC-1α and biogenesis to supply new 

mitochondria as a replacement of the degraded ones.  

 

 
Figure 17: Mitochondrial life cycle [Kluge 2018].  

 

 

2.10 ENDOTHELIAL DYSFUNCTION  

 

Endothelial dysfunction is defined as a shift of properties of the endothelium toward a 

proinflammatory and prothrombotic phenotype, characterized by altered release of NO and 
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overproduction of inflammatory cytokines and ROS. These alterations are associated with 

most forms of cardiovascular diseases, such as atherosclerosis, hypertension, coronary 

artery disease, chronic heart failure, peripheral vascular disease, diabetes, chronic kidney 

failure and severe viral infections (Figure 18).  

 

 
Figure 18: Schematic representation of consequences of endothelial dysfunction.  

 

Oxidative stress is an important factor contributing to endothelial dysfunction, often observed 

in cardiovascular diseases and linked with increased ROS production and decreased 

availability of antioxidants such as GSH [Shrestha 2018]. ROS production results from the 

reduction of molecular oxygen (O2) to water in a reaction catalysed by Cytochrome C 

oxidase, a process that leads to the formation of partially reduced oxygen species. Indeed, 

2% of total oxygen consumption is converted to superoxide anion radical (•O2
-) [Grishnam 

1992]. Excessive production of ROS damages the endothelium and leaves it overly 

permeable, allowing toxins, various other molecules and, eventually, cells to cross-

endothelial barrier and penetrate into the surrounding tissues [Rubanyi 1986, Raiendran 

2013]. Physiologically the human body has an adequate supply of antioxidants, in part 

obtained from the diet, to neutralize these free radicals. However, in case of depletion of the 

antioxidant defences or of exposure to high amount of pro-oxidants, the endothelium 

acquires a dysfunctional phenotype, with severe pathophysiological consequences. 

Moreover, several factors can contribute to the accumulation of free radicals, including 



32 

 

obesity, smoking, sleep deprivation, acute microbial infections, high glucose intake and 

exposure to metals and air pollutants [O’Donnell 2008].  

 

 

2.11 ATHEROSCLEROSIS  

 

Endothelial dysfunction is a primary event that forerun the process of atherosclerosis, which 

is a progressive multifactorial disease characterized by the deposition of fatty material in the 

wall of arteries. This process entails different stages in response to a damage in the vascular 

wall, including the formation of fatty streak within the intima, the migration of leukocytes into 

the vessel wall, the maturation of the macrophages into foam cell and the degradation of 

extracellular matrix. The formation of atherosclerotic lesions is accelerated in diabetes and 

metabolic syndromes.  

In greater detail, the initial stage of atherosclerosis is characterized by the adhesion of 

monocytes to the inner layer of the vessels, followed by their transmigration into the sub-

endothelial space. Particularly, high glucose levels enhance atherogenesis through the 

activation of Nuclear Factor Kappa Beta (NFkB), leading to the expression of several 

inflammatory genes, such as genes encoding for adhesion molecules [Piga 2007]. 

Subsequently, monocytes differentiate into macrophages able to take up modified low-

density proteins (LDL) maturating into foam cells, which accumulate in the wall of the vessel 

leading to the generation of a fibrous plaque (Figure 19) [Steinl 2015]. Foam cells are 

capable to release cytokines, which stimulate SMCs migration in the intima where they 

proliferate and deposit fibrin driving the formation of a fibrous cap [Johansson 2008]. 

Interestingly, glucose alone can affect monocyte/macrophage activation in vitro. Indeed, 

monocytes cultured in high glucose show an increased expression of proinflammatory 

cytokines, such as Interleukin-1β and Interleukin-6 [Shanmugam 2003]. These changes can 

lead to the induction of protein kinase C, to the activation of NFkB and to an increased 

release of superoxide, which may play a role in glucose-mediated oxidative stress 

[Venugopal 2002]. Moreover, the endothelium itself is sensitive to high glucose. For 

instance, diabetes determines an abnormal endothelium response that precedes the 

development of atherosclerosis. It is known that hyperglycaemia augments the production 

of proteins modified by advanced-glycation-end-products (among which LDL) and induces 

oxidative stress and inflammation, leading to the development of endothelial dysfunction 

[Domingueti 2016]. 
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Figure 19: Pathogenesis of atherosclerosis. (A) Low density lipoprotein-cholesterol (LDL) is deposited in the endothelium 

and undergoes oxidative modification, resulting in oxidized LDL (oxLDL), which stimulates ECs to express adhesion 

molecules, i.e. VCAM-1 and P-Selectin, and several chemokines that recruit monocytes, which transmigrate into the intima 

and differentiate to pro-atherogenic macrophages. (B) Macrophages harvest residual oxLDL via their scavenger receptors 

and induce leukocyte recruitment with the secretion of Tumor Necrosis Factor α (TNF-α) and IL-6. (C) The increasing 

plaque volume promotes neovascularization. Proliferating SMCs stabilize the nascent fibrous plaque, depositing fibrin and 

activating platelets on the endothelium that expresses tissue factor (TF) and von Willebrand factor (vWF). (D) Foam cells 

can undergo apoptosis and release cell-debris and lipids, resulting in the formation of a necrotic core. In addition, proteases 

secreted from foam cells can destabilize the plaque. This can lead to plaque rupture, catalysing thrombosis [Steinl 2015].  

 

 

2.12 DIABETES  

 

Diabetes Mellitus comprehends a group of life-long chronic metabolic disorders 

characterized by hyperglycaemia in the blood stream over a prolonged period. In the light of 

the fact that the endothelium is the gatekeeper of vascular health, it is not astounding that 

endothelial dysfunction is the crucial event leading to the development of atherosclerotic 

lesions, associated with a huge number of complications affecting different organs, such as 

eyes, kidneys, brain and heart [Stepan 2014]. Diabetes is currently a major public health 

problem since the number of patients rose from 108 million in the late ’80s to 422 million in 

2014, according to the World Health Organization epidemiological investigations. Several 

pathogenic processes are involved in the development of diabetes, ranging from 
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autoimmune destruction of pancreatic β-cells with consequent insulin deficiency to a series 

of defects, i.e. inadequate insulin secretion and/or diminished tissue responses to insulin, 

eventually resulting in insulin resistance. On these bases, diabetes is classified mainly in 

three types: Type 1 Diabetes Mellitus (T1D), Type 2 Diabetes Mellitus (T2D) and Gestational 

Diabetes Mellitus (GDM).  

 

T1D, also called “insulin-dependent diabetes mellitus” or “juvenile diabetes”, accounts for 5-

10% of the cases of diabetes and it arises from a T cell-mediated autoimmune attack of the 

pancreatic β-cells, which culminates with the suppression of insulin production [Thomas 

2015]. Markers of T1D include islet cell autoantibodies (ICA), autoantibodies against the 

tyrosine phosphatases of Islet-Associated protein -2 (IA-2) and -2β (IA-2β), insulin 

autoantibodies (IAA), autoantibodies against glutamic acid decarboxylase 65 (GAD65). 

Usually more than one of these autoantibodies are present in 85–90% of individuals when 

fasting hyperglycaemia is initially detected. Additionally, T1D has strong HLA associations, 

with linkage to the DQA and DQB genes, and it is influenced by the DRB genes [Chen 2021].  

In this form of diabetes, the rate of β-cell destruction is quite variable, being rapid in some 

individuals (mainly infants and children) and slow in others (mainly adults). Some patients, 

particularly the youngest, may present ketoacidosis as first manifestation of the disease. 

Others have modest fasting hyperglycaemia that can rapidly evolve to severe 

hyperglycaemia and/or ketoacidosis in the presence of infection or other stress. Adult 

patients, on the other hand, may retain residual β-cell function sufficient to prevent 

ketoacidosis for many years.  

Besides the multiple genetic predispositions, the autoimmune destruction of β-cells is also 

related to environmental factors that are still poorly defined. Moreover, these patients are 

prone to other autoimmune disorders, including Graves' disease, Hashimoto's thyroiditis, 

Addison's disease, vitiligo, celiac sprue, autoimmune hepatitis, myasthenia gravis and 

pernicious anaemia [Lanzinger 2021].  

 

T2D, also called “non-insulin dependent diabetes mellitus”, is the more prevalent form 

accounting for almost the 90% of all cases of diabetes worldwide. It is a chronic disease 

characterized by insulin resistance associated with obesity due to the release of free fatty 

acids and proinflammatory cytokines from the adipose tissue [Thomas 2015]. There are 

probably many different causes of this form of diabetes. Although the specific etiologies are 

not known, in this case the autoimmune destruction of β-cells does not occurs and patients 
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do not show any of the genetic causes above-mentioned. Most T2D patients suffer for 

obesity, which causes some degree of insulin resistance. Patients not classified as obese 

by traditional weight criteria may have an increased percentage of body fat predominantly 

distributed in the abdominal region [Patel 2013]. Moreover, ketoacidosis seldom occurs 

spontaneously but it usually arises in association with another illness, such as infection. T2D 

frequently remains undiagnosed for many years because, since hyperglycaemia develops 

gradually, the disease is often not severe enough at earlier stages to be noticed. 

Nevertheless, such patients are at increased risk of developing macrovascular and 

microvascular complications [Nazimek-Siewniak 2002]. In this situation, insulin secretion is 

defective and therefore insulin levels are insufficient to compensate insulin resistance that 

may improve with weight reduction and/or pharmacological treatment of hyperglycaemia but 

is seldom restored to normal.  

The risk of developing T2D increases with age, obesity and lack of physical activity. It occurs 

more frequently in women with prior GDM and in individuals with hypertension or 

dyslipidaemia and its frequency varies in different racial/ethnic subgroups. The genetics 

architecture T2D has not been precisely defined yet. The current hypothesis is that T2D is 

the result of multifactorial aetiology where both genetic and environmental factors are the 

underlying basis for the pathology of the disease [Hansen 2002].  

However, recently some subgroups of T2D have been identified. For example, a relatively 

small percentage (less than 5%) of non-autoimmune diabetes, referred as Maturity Onset 

Diabetes of the Young (MODY), is due to monogenic high penetrance mutations in the 

Hepatocyte nuclear factor-1A (HNF1A) or the glucokinase (GCK) gene [American Diabetes 

Association 2013]. Another form of diabetes recently identified, known as Type 3 Diabetes 

(T3D) may lead to abnormalities linked to progressive brain insulin resistance with 

consequent impairment of central insulin signalling processes, accumulation of neurotoxins, 

neuronal stress, finally resulting in a course of neurodegeneration [Nguyen 2020]. These 

forms of diabetes are sometimes misdiagnosed as T2D but clinically they are distinct 

diseases.  

 

GDM is defined as glucose intolerance that appears during pregnancy and may persist after 

delivery. It may have previously undiagnosed diabetes or may have developed diabetes 

coincidentally with pregnancy. It occurs in approximately 7% of pregnancies and women 

with a history of GDM have a significantly increased risk to develop T2D and cardiovascular 

disease after childbirth [Gilmartin 2008].  
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It is widely accepted that diabetes significantly increases the risk of cardiovascular disease 

[Nazimek-Siewniak 2002]. Indeed, macro- and micro- vascular complications are very 

common in patients affected by diabetes. Macrovascular complications, the leading cause 

of mortality associated with diabetes, include coronary heart disease (CHD), 

cerebrovascular disease and peripheral vascular disease [Abougalambou 2011]. 

Microvascular complications affect small vessels (arterioles, capillaries and venules) and 

play an important role in retinopathy and impairment of wound healing [El Asrar 2012].  

 

 

2.13 VITAMIN D3  

 

VitD is a vital regulator of several biological processes, such as proliferation and 

differentiation of various cell types [Pittarella 2015, Gil 2018, Khammissa 2018]. Beyond its 

canonical role in controlling of calcium and phosphate homeostasis and hormonal 

secretions, VitD tunes endothelial function and subsequently exerts beneficial effects on the 

vascular system [Cuenca 2018]. Accordingly, VitD deficiency (circulating 25-hydroxyvitamin 

D3, or 25-(OH)-D3, levels < 20 ng/ml) is considered a risk factor for the development of 

hypertension, atherosclerosis, metabolic disorders and low grade inflammation, all disorders 

that share a common feature, i.e. endothelial dysfunction [Mousa 2018; Saheb 2020; Dalan 

2014].  Indeed, numerous observational studies have shown associations of low 25-(OH)-

D3 concentrations and high risks of cardiovascular diseases [Swart 2018]. Moreover, there 

is a strong correlation between insufficient serum levels of VitD and heart failure, myocardial 

infarction and increased arterial blood pressure [Giovannucci 2008]. In addition, mouse 

models knockout for Vitamin D3 Receptor (VDR) or deficient for 1α-hydroxylase (the enzyme 

responsible for the hydroxylation of VitD into its active form) show elevated arterial blood 

pressure [Zhou 2008, Li 2002]. Furthermore, VitD has a direct effect on ECs, decreasing 

coagulation and increasing fibrinolysis [Wu-Wong 2009].  

VitD necessitates two steps of maturation before being converted in the active form. Firstly, 

cholecalciferol is produced in the skin starting from its biological precursor, 7-

dehydrocholesterol (7-DHC), after the exposure to UV light, but it is biologically inert (Figure 

20). A first hydroxylation in the liver is necessary to form 25-hydroxyvitamin D3 [25-(OH)-D3], 

also known as Calcidiol. Then, a second hydroxylation in the kidneys leads to the formation 

of the biologically active form 1,25-dihydroxivitamin D3 [1,25-(OH)2-D3], also named Calcitriol 

[Jassil 2017]. Both 25-(OH)-D3 and 1,25-(OH)2-D3 are catabolized by CYP24A1, a member 
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of cytochrome P450 family. 1,25-(OH)2-D3 is the ligand for VDR, present in different tissues 

and cells in the human body [De Boer 2008]. VDR is a member of the nuclear hormone 

receptors superfamily of ligand-inducible transcription factors, which includes also the 

receptors of glucocorticoids, mineralocorticoids, sex hormones, thyroid hormones and 

Vitamin A metabolites (retinoids). Upon binding of 1,25-(OH)2-D3, VDR heterodimerizes with 

other nuclear hormones receptors (especially Retinoid X Receptors, RXRs), resulting in the 

dissociation of co-repressor proteins (such as NCoR1, SMRT, Hairless and Alien) and in the 

interaction with co-activators (such as SRC1, TIF2 and RAC3). The complex VDR-RXR 

binds to specific DNA sequences, called Vitamin D Response Elements (VDRE), located in 

the promoter region of VitD-regulated genes, controlling their expression [Carlberg 2009]. 

 

 
Figure 20: Vitamin D3 sources, biosynthesis and possible factors affecting absorption [Šimoliūnas 2019].  

 

 

VitD exerts skeletal and extra-skeletal effects, as summarized in Table 1 [Bover 2015].  
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Table 1: Skeletal and extraskeletal effects of VitD [Bover 2015].  

 

Experimental studies indicate that 1,25-(OH)2-D3 protects against atherosclerosis by 

inhibiting the conversion of macrophages into foam cells and by enhancing cholesterol efflux 

[Yin 2015]. 1,25-(OH)2-D3 also induces the synthesis of VEGF by vascular smooth muscle 

cells and VEGF promotes endothelial repair. Other anti-atherosclerotic properties of VDR 

activation include anti-inflammatory actions such as reduction of NFkB and IL-6 expression 

in ECs, reduction of thrombogenicity – through the downregulation of tissue factor and the 

upregulation of thrombomodulin expression in ECs and macrophages – and increased 

endothelial NO production (Figure 21). Interestingly, in mice with endothelial-specific 

knockout of the Vdr gene, vascular function is significantly impaired [Pilz 2016].  
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Figure 21: Cardiovascular effects of Vitamin D receptor activation [Pilz 2016].  
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3. AIM OF THE 
THESIS 

 
 

 

 

 

 

Understanding endothelial dysfunction is a major focus to generate new tools to prevent and 

treat vascular diseases. The aim of the thesis was to investigate the effects of high glucose 

levels and of blood serum collected from paediatric T1D patients on endothelial cells 

monolayers. Human Umbilical Vein Endothelial Cells (HUVEC), a widely used type of 

macrovascular cells, were cultured either in 2D cell culture systems on flat dishes, a system 

which has yielded major advances in our knowledge about endothelial pathophysiology, or 

in 3D microfluidic chips to closely reflect what happens in vivo, since they show a higher 

degree of structural complexity allowing perfusion, thus generating shear stress 

fundamental for endothelial homeostasis. In 2- and 3- D the cells were cultured until they 

reach the confluence to reproduce the physiological inner layer of a blood vessel as closely 

as possible and were exposed to different concentrations of extracellular glucose or to 10% 

of blood serum from 36 paediatric T1D patients or 14 healthy controls.  
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AND  
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4.1 CELL CULTURE  

 

HUVEC, a widely used model of macrovascular ECs, were purchased from Lonza (Basel, 

Switzerland) and cultured in EGM-2 medium (Euroclone, Milano, Italy) containing 10% of 

Fetal Bovine Serum (FBS) on collagen-coated dishes (50 µg/ml). The cells were routinely 

tested for the expression of endothelial markers and used for 6–7 passages.  

 

To perform the experiments, the cells were trypsinized, stained with 0.4% Trypan blue 

solution and counted using a Luna Automated Cell Counter (Logos Biosystems, Anyang–si, 

Gyeonggi–do, South Korea). Cells were cultured both in 2D cell culture systems on flat 

dishes, a methodology which has yielded major advances in our knowledge about 

endothelial pathophysiology, and in 3D microfluidic chips [Tsvirkun 2017]. In both 2D and 

3D systems, the cells were cultured until they reached confluence to reproduce the 

physiological inner layer of a blood vessel as closely as possible.  

 

 

4.2 CELL TREATMENTS  

 

D-glucose (Sigma Aldrich, St. Louis, Missouri, USA) was added to the culture medium, 

which normally contains 1 mg/ml of glucose (5.5 mM, CTR), to obtain the final concentrations 

of 2 mg/ml (11.1 mM) and 5.4 mg/ml (30 mM) for 24h. L-glucose (Sigma Aldrich) at a 

concentration of 30 mM was utilized as control for osmolarity. In 3D-microfluidic cell culture 

experiments, after 7 days in culture with normal medium, D-glucose and L-glucose were 

added for 24h to the normal medium.  

In some experiments, hydrogen peroxide (H2O2, 100 mM) and N-acetylcysteine (NAC, 5 

mM) (Sigma Aldrich) were used, in combination with D- and L-glucose.  

1,25-(OH)2-D3 (VitD) was used at a concentration of 20 nM. Initially the behavior of HUVEC 

cultured in the presence of various concentration of VitD for 24h was tested to choose the 

proper dose to be used. Figure 22 shows that the maximal dose tolerated by the cells is 20 

nM, since the higher doses (30, 40 and 50 nM) impair cell proliferation.  
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Figure 22: HUVEC were cultured in the presence of various concentrations of VitD for 24h and counted. The results are 

the mean of 3 experiments performed in triplicates ± SD. * p < 0.05.  

 
 

In some experiments, FBS in the medium was replaced with 10% of serum collected from 

36 paediatric T1D patients (T1D) and 14 age-matched non-diabetic healthy donors (CTR). 

In this study population cohort, each participant who fulfilled the inclusion criteria was 

consecutively enrolled. Clinical characteristics of T1D patients and healthy donors are 

summarized in Table 2. None of the T1D patients was affected by other pathologies, such 

as retinopathy (evaluated by stereoscopic fundus photography) or neuropathy (evaluated 

by nervous conduction velocity and autonomic tests) or was under treatment with other 

drugs except insulin. All patients included in the study were non-smokers; none was taking 

antioxidant supplements or drugs with known antioxidant activity. The physiological range 

of glycated haemoglobin (HbA1c) is between 4% and 7.5%. In addition, the expected value 

of glycaemia ranges between 60 and 100 mg/dl, while, in non-adult patients, fasting 

hyperglycaemia is defined for values higher than 100 mg/dl. Informed consent was obtained 

from all subjects included in the study. Sera were collected at the University of Milan–V. 

Buzzi Children’s Hospital. The study was approved by the Buzzi Children’s Hospital (ASST 

Fatebenefratelli–Sacco, Milan, Italy) Ethical Committee (2018/ST/143, 9th October 2018, 

Milano Area 1). All the procedures followed were in accordance with the ethical standards 

of the responsible committee on human experimentation (institutional and national) and with 

the Declaration of Helsinki 1975, as revised in 2008.  
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Table 2: Clinical characteristics of paediatric T1D patients and healthy controls. Regarding the T1D patients, 10 were 
normo-glycaemic, 26 hyper-glycaemic, 11 had high levels of HbA1c (>7.5 %) and 25 had levels of HbA1c within the 
physiological range.  
 

 

4.3 3D-MICROFLUIDIC CELL CULTURE  

 

In 3D experiments, HUVEC were seeded in a microfluidic devices fabricated using a 

standard soft-lithography technique [Tsvirkun 2017] and subjected to a constant flow of 

supplemented medium at 1 μl/min, corresponding to a wall shear stress of about 0.2 Pa 

(representative of physiological conditions for venous endothelial cells) in channels of 

nominal section 30 × 30 μm. Cells were cultured in the microfluidic device for 7 days and, 

after the treatments with physiological (5.5 mM, CTR) or high D-glucose (30 mM) and 30 

mM of L-glucose, were fixed for immunofluorescence.  

 

 

4.4 CRYO SOFT X-RAY TOMOGRAPHY 

 

In Cryo Soft X-ray Transmission Tomography (Cryo-SXT) experiments, HUVEC were 

seeded onto gold Quantifoil R 2/2 holey carbon-film microscopy grids (EMME 3, Rho, Italy) 

at a concentration of 2x104 cell/cm2. Cells were incubated at 37 °C in 5% CO2 for 24h with 

medium containing different concentrations of D-glucose (5.5 mM, 11.1 mM and 30 mM). L-
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glucose (30 mM) was used as control of osmolarity. The samples were then gently rinsed 

with phosphate buffered saline (PBS) for two times and soon thereafter HUVEC were frozen-

hydrated by a rapid plunge freezing in liquid ethane bath cooled with liquid nitrogen using a 

Leica EM GP robot (Leica Microsystems, L’Hospitalet de Llobregat, Spain). Excess water 

was removed before plunge freezing via blotting to obtain a total ice thickness below 5 µm, 

avoiding the formation of vitreous ice upon the samples that causes X-ray absorption. 

Frozen specimens were transferred into the full field Soft X-ray Transmission microscope of 

the Mistral beamline at the ALBA-Light Source [Sorrentino 2015], where Cryo-SXT 

measurements of whole frozen hydrated cells were performed. The cryogenic conditions 

were maintained during all the experiment.  

 

Cryo-SXT images were recorded at the MISTRAL beamline where photons extracted from 

a bending magnet source are directed on the sample by a capillary condenser located facing 

the monochromator exit slit. Behind the sample, a zone plate with an outermost zone width 

of 40 nm acts as an objective lens of the microscope, generating a magnified image on a 

direct illumination CCD detector located nearby the specimen [Sorrentino 2015]. Cryo-SXT 

was carried out at 520 eV to optimize the contrast between the carbon-rich organelles 

membranes and the water-rich cytoplasmic solutions. For each cell, a tilt series was 

acquired using an angular step of 1° on a 140° angular range. The effective pixel size in the 

images was 13 nm. No radiation damage was detected at our spatial resolution. Each 

transmission projection image of the tilt series was normalized using flat-field images of 1-

second acquisition time. The tilt series were manually aligned using eTomo in the IMOD 

tomography software suite [Kremer 1996]. With the aim to decrease as much as possible 

the deviations from an ideal rotation that creates artefacts in the reconstructed tomograms, 

the rotation of Au fiducials of 150 nm (BBI Solutions – Freiburg, Germany) was followed. 

According with the Beer – Lambert law, the transmission T(x,y) is given by:  

 

𝑇(𝑥, 𝑦) =  
𝐼(𝑥, 𝑦)

𝐼0(𝑥, 𝑦)
=  𝑒(− ∫ 𝜇(𝑥,𝑦,𝐸0)𝑡𝑑𝑡) =  𝑒(− ∫ 𝜇𝑚(𝑥,𝑦,𝐸0)𝜌𝑡𝑑𝑡𝑚) 

 

Where: I is the transmitted intensity by the sample; I0 is the incident beam intensity; E0 is the 

X-ray LAC at incident energy E0, µm(E0) = (E0)/ρ is the mass absorption coefficient at the 

same energy; ρ is the matrix density; x and y are the coordinates in the transversal plane at 

the sample position and the integral is extended through all the sample thickness. All the 
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transmission tilt series have been converted in absorbance using ImageJ by applying the 

following expression: 

 

𝜇(𝐸0)𝑡 =  − 𝑙𝑛(𝑇) 

 

The absorbance tilt series were finally reconstructed with TomoJ [Messaoudii 2007], a plugin 

of ImageJ [Rueden 2017], using the ART iterative-algorithms with 15 iterations and a 

relaxation coefficient of 0.01. Finally, the images were semi-automatically segmented by 

Amira software (Thermo Fisher Scientific) and the “Volren” module enabled to render all the 

segmented regions at the same time with different colour maps. The Volume3D value of 

each object segmented was calculated by Amira and normalized performing a calibration on 

the gold nano-beads.  

 

The Fractional Anisotropy (FA) was calculated for all segmented mitochondria and lipid 

droplets in every cell culture condition. The eigenvalues λ1, λ2 and λ3 were automatically 

extracted by Amira software and the FA has been calculated by applying the following 

formula [Basser 2011]:  

 

𝐹𝐴 =  √
3

2
 
√(𝜆1 − 𝜆) + (𝜆2 − 𝜆) + (𝜆3 − 𝜆)

√𝜆1
2 + 𝜆2

2 + 𝜆3
2

 

 

 

4.5 siRNA SILENCING AND PHARMACOLOGICAL 

INHIBITION 

 

NOS was inhibited using either small interfering RNA (siRNA) or pharmacological inhibitors. 

Sub-confluent cells were transfected with siRNA targeting eNOS (NOS3) [20 nmol, 50-

TTCGAGGGACACCACGTCATACTCA-30 (Invitrogen Corporation, Carlsbad, CA, USA)] or 

iNOS (NOS2A) [20 nmol, 50-ATCGAATTTGTCAACCAATAT-30 (Invitrogen)]. 

Lipofectamine RNAiMAX was used as transfection reagent (Invitrogen), according to the 

manufacturer’s recommendations. After 6h, the siRNA transfection medium was replaced 

with the treatments for 24h. The same experimental approach was used with 10% serum 

collected from CTR or T1D patients. We tested eNOS- and iNOS-silencing using Real Time 
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PCR (Figure 28). Alternatively, sub-confluent cells were pre-treated with 100 µM of 

pharmacological inhibitors of eNOS [L-Nω–Nitroarginine-Methyl-Ester (L-NAME)] and iNOS 

[N6–(1-Iminoethyl)-L-Lysine (L-NIL)] (Sigma Aldrich) for 1h. Then, 10% of serum from the 

cohort or D-glucose were added. The experiments lasted 24h. All the experiments were 

performed in triplicate three times.  

 

The same protocol was used to inhibit Thioredoxin Interacting Protein (TXNIP) with siRNA 

targeting TXNIP [20 nmol, 5’- AAGCCGTTAGGATCCTGGCT-3’ (Quiagen, Hilden, 

Germany)] and after 6h the siRNA transfection medium was replaced with the culture 

medium containing D-glucose in the presence or not of 20 nM of VitD. All the experiments 

were performed in triplicate three times.  

 

 

4.6 WESTERN BLOT  

 

After the 24h treatments, HUVEC were lysed in 50 mM Tris-HCl (pH 7.4) containing 150 mM 

NaCl, 1% Nonidet P40 (NP40), 0.25% sodium deoxycholate, protease inhibitors (10 µg/mL 

Leupeptin, 10 µg/mL Aprotinin, 1 mM PMSF) and phosphatase inhibitors (1 mM sodium 

fluoride, 1 mM sodium vanadate, 5 mM sodium phosphate). Cell lysates (40 µg/lane) were 

separated by SDS-PAGE on Mini-PROTEAN TGX Stain-free Gels (Bio-Rad Laboratories, 

Hercules, California, USA) and transferred to nitrocellulose sheets using Trans-Blot Turbo 

Transfer System (Bio-Rad).  

To study the stress adaptive response of HUVEC upon the treatments, Western Blot 

analysis was performed using antibodies against: TXNIP (Invitrogen), Paraoxonase (PON) 

2 (Invitrogen, Carlsbad, California, USA), Sirtuin 1 (SIRT1) (Thermo Fisher Scientific), 

Sirtuin 2 (SIRT2) (Millipore, Vimodrone, Italy), Superoxide-dismutase 2 (SOD2) (BD 

Transduction Laboratories, Milano, Italy), Glucose Transporter 1 (GLUT1) (Invitrogen), Heat 

Shock Protein 70 kilodaltons (HSP70) (Santa Cruz Biotechnology, Dallas, TX, USA).  

To analyze the modulation of NOS enzymes, iNOS (BD Transduction Laboratories), P-

eNOS Ser1177 (Cell Signaling Technology, Danvers, Massachusetts, USA), eNOS (BD 

Biosciences) antibodies were utilized.  

To study mitochondrial content, antibodies against Cyclophilin D (CYPD) (Invitrogen), Optic 

Atrophy 1 (OPA1) (Invitrogen) and Dynamin-Related Protein 1 (DRP1) (Invitrogen) were 

used.  
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To get insight into the mechanisms underlying endothelial permeability, Western Blot 

analysis was performed using antibodies against Zonula Occludens 1 (ZO-1) (Invitrogen) 

and Ve-Cadherin (Cell Signaling Technology).  

As markers of lipid metabolism were used antibodies against: endothelial differentiation-

related factor-1 (EDF-1) (Aviva, London, UK), peroxisome proliferator-activated receptor ɣ 

(PPARɣ) (Santa Cruz Biotechnology) and Carnitine Palmitoyl-transferase 1A (CPT1A) 

(Thermo Fisher Scientific).  

Actin antibody (Santa Cruz Biotechnology) was used as a marker of equal loading.  

 

After extensive washing, secondary antibodies labelled with horseradish peroxidase (GE 

Healthcare, Waukesha, WI, USA) were used. Immunoreactive proteins were detected with 

ClarityTM Western ECL substrate (Bio-Rad) and images were captured with a ChemiDoc MP 

Imaging System (Bio-Rad). Densitometry of the bands was performed with Image J Lab 

software (National Institute of Health, Bethesda, MD, USA). The Western Blots shown are 

representative and the densitometric analysis was performed on three independent 

experiments ± SD.  

 

 

4.7 TRANSWELLL PERMEABILITY ASSAY  

 

Transwelll Permeability Assay was performed in a 24-well receiver plate with individual 

hanging cell culture inserts (Transwelll Permeable Supports, Euroclone). The transwelll are 

characterized by two compartments: i) the upper and ii) the lower, divided by a microporous 

membrane (0.4 μm). The cells were seeded on the microporous membrane in the upper 

compartment and were incubated for 24h with different cell culture conditions. After the 

treatment, 1 mg/ml Fluorescein isothiocyanate labelled-albumin (FITC-BSA) (Sigma 

Aldrich), a fluorescent probe capable to cross the monolayer of ECs at a rate proportional 

to the monolayer’s permeability, was added [Romeo 2019]. The extent of permeability was 

determined by measuring the fluorescence in the lower chamber. Fluorescence was 

detected by the Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific) at 

λex/em = 495/519 nm. The results are the mean of three independent experiments performed 

in triplicate ± SD.  

 

 



49 

 

4.8 NOS ACTIVITY  

 

NOS activity was measured in the conditioned media by using the Griess assay. Conditioned 

media were mixed with an equal volume of freshly prepared Griess reagent. Griess reagent 

consists of two solutions, mixed with a 1:1 ratio: solution A is composed by 1% 

sulphanilamide resuspended in 5% orthophosphoric acid, while solution B is composed by 

0,1% N-α-naphtylethylenediamine dichloride in distilled water. The culture media from the 

samples were de-proteinized with acetone (ratio 1:1) and centrifuged at 14.000 rpm for 10 

minutes: the surnatant, representing the de-proteinized medium, was collected and 

quantified. The concentration of nitrites in the samples was determined using a calibration 

curve generated with known concentrations of sodium nitrite standard (NaNO2) solutions. 

The absorbance was measured at 550 nm. The results are the mean of three independent 

experiments performed in triplicate ± SD.  

 

 

4.9 ROS PRODUCTION  

 

For the detection of overall cellular ROS, HUVEC were cultured in a 96-well black plate 

(Greiner Bio-One, Kremsmunster, Austria) and, upon the treatments, incubated for 30 

minutes with 20 μM 2’-7’-dichlorofluorescein diacetate (DCFH) solution (Sigma Aldrich). The 

DCFH fluorescence (λex/em = 484/535 nm) was monitored using the Varioskan LUX 

Multimode Microplate Reader (Thermo Fisher Scientific). ROS production was normalized 

on the cell number. The results are the mean of three independent experiments performed 

in triplicate ± SD.  

 

 

4.10 MITOCHONDRIAL ROS   

 

Mitochondrial ROS (mtROS) production was measured  by MitoSOXTM Red mitochondrial 

superoxide indicator (Invitrogen), a fluorogenic dye for highly selective detection of 

superoxide in the mitochondria of live cells. Once in the mitochondria, the reagent is oxidized 

by superoxide and it exhibits red fluorescence.  Upon the 24h treatments in a 96-well black 

plate, the cells were incubated for 10 minutes at 37°C with MitoSOX reagent, protected from 
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light. The fluorescence (λex/em = 510/580 nm) was measured using the Varioskan LUX 

Multimode Microplate Reader (Thermo Fisher Scientific). The results are the mean of three 

independent experiments performed in triplicate ± SD.  

 

 

4.11 REDUCED vs OXIDIZED GLUTHATIONE 

QUANTIFICATION  

 

Reduced glutathione (GSH) / oxidized glutathione (GSSG) ratio was calculated using the 

luminescence-based GSH/GSSG-GloTM Assay (Promega, Madison, Wisconsin, USA), 

according to the manufacturers’ instructions. The assay is based on the lysis of the cells in 

the presence of a luciferin derivative, Luciferin-NT, which is converted into luciferin in the 

presence of glutathione. The reaction is catalysed by glutathione-S-transferase enzyme. 

The luminescent signal, generated in a coupled reaction with firefly luciferase, is proportional 

to the amount of GSH present in the sample. GSH/GSSG ratios were calculated directly 

from luminescence measurements. Luminescence was monitored using the Varioskan LUX 

Multimode Microplate Reader (Thermo Fisher Scientific). The results are the mean of three 

independent experiments performed in triplicate ± SD.  

 

 

 

4.12 LUMINESCENT CELL VIABILITY ASSAY  

 

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was used to determine the 

number of viable cells relying on the quantification of the ATP present, according to the 

manufacturer’s instructions. This assay relies on the properties of a thermostable luciferase 

that, in presence of Mg2+, catalyzes an oxidative reaction thus producing bioluminescence. 

Starting from luciferin and the co-factors molecular oxygen and ATP, it is produced 

oxyluciferin and emitted light. After the treatments, the cells were incubated with CellTiter-

Glo Reagent, diluted in culture medium with a 1:1 ratio, for 10 minutes at room temperature. 

The luciferase activity was monitored using the Varioskan LUX Multimode Microplate 

Reader (Thermo Fisher Scientific). The results are the mean of three independent 

experiments performed in triplicate ± SD.  
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4.13 EXTRACELLULAR O2 CONSUMPTION   

 

The Oxygen Consumption Rate (OCR) was measured by the Extracellular O2 Consumption 

Reagent (Abcam), according to the manufacturer’s instructions. In particular, the assay is 

based on the ability of oxygen to quench the excited state of the reagent. During the cell 

respiration, the oxygen is depleted in the surrounding environment increasing the 

fluorescent signal. Upon the treatments with conditioned media, the cells were incubated 

with the Extracellular O2 Consumption Reagent and sealed by the pre-warmed High 

Sensitivity mineral oil. H2O2 was used as positive control. Subsequently, the 96-well black 

plate was located into the Varioskan LUX Multimode Microplate Reader (Thermo Fisher 

Scientific), pre-set to 37°C. The fluorescent signal (λex/em = 380/650 nm) was measured 

every 2 minutes for 180 minutes. The results are the mean of three independent experiments 

performed in triplicate ± SD.  

 

 

4.14 FATTY ACID OXIDATION  

 

Fatty Acid Oxidation (FAO), the primary metabolic pathway for degradation of fatty acids, 

was monitored by Fatty Acid Oxidation Assay (Abcam) in living cells. The cells were seeded 

in a 96-well black plate and, upon the treatment for 24h, were rinsed twice with pre-warmed 

Fatty Acids-Free medium followed by the addition of pre-warmed Fatty Acids Measurement 

Medium. In all wells, except the blank control, Extracellular O2 Consumption Reagent was 

added. The FAO activator Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP, 

0,625 μM) was used as positive control. Finally, the wells were sealed with pre-warmed High 

Sensitivity mineral oil and the FAO was measured using the same protocol described for 

Extracellular O2 Consumption. The results are the mean of three independent experiments 

performed in triplicate ± SD.  

 

 

4.15 LACTATE QUANTIFICATION  

 

L-Lactate was quantified using the luminescence-based Lactate-GloTM Assay (Promega), 

according to the manufacturer’s recommendations. The assay couples lactate oxidation and 
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NADH production. Indeed, the enzyme lactate dehydrogenase produces pyruvate and 

NADH from lactate and NAD+. In the presence of NADH, a pro-luciferin reductase substrate 

is converted to luciferin by the enzyme reductase, emitting light. The luminescent signal is 

proportional to the amount of lactate in the sample. Luminescence was monitored using the 

Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific). The results are the 

mean of three independent experiments performed in triplicate ± SD. 

 

 

4.16 STAINING OF NEUTRAL LIPIDS  

 

BODIPYTM 493/503 (Invitrogen) is a lipophilic dye used to label cellular neutral lipids, 

particularly those localized to lipid droplets, both in live and fixed cells. Upon the treatments, 

the culture medium was replaced with 2 μM BODIPY staining solution in PBS, incubated for 

30 minutes at 37°C, protected from light. After intensive washing with PBS to remove the 

excess of staining solution, images were taken using FLoid Cell Imaging Station (Thermo 

Fisher Scientific). Alternatively, fluorescence (λex/em = 493/503 nm) was measured using the 

Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific). In parallel, Oil Red 

O Staining was used to detect neutral lipids. After the 24h treatments, cells were washed 

three times with PBS, fixed in PFA 10% for 30 min at room temperature, washed once again 

with PBS and then stained with 60%-filtered Oil Red O stock solution (Sigma Aldrich) for 20 

min. After extensive washing, Oil Red O was solubilized in 100% isopropanol, quantified by 

measuring the absorbance at 500 nm and normalized to the cell number, after images 

acquisition using FLoid Cell Imaging Station (Thermo Fisher Scientific). The results are the 

mean of three independent experiments performed in triplicate ± SD.  

 

 

4.17 TRIGLYCERIDE QUANTIFICATION  

 

Triglycerides were quantified using Triglyceride Quantification Kit (Sigma Aldrich), according 

to the manufacturer’s recommendations. Briefly, triglycerides are broken down into free fatty 

acids (FFA) and glycerol, which is then oxidized to generate a fluorescent product (λex/em = 

535/587 nm). Fluorescence was monitored using the Varioskan LUX Multimode Microplate 
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Reader (Thermo Fisher Scientific). The results are the mean of three independent 

experiments performed in triplicate ± SD.  

 

 

4.18 CONFOCAL IMAGING  

 

After the treatments, cells seeded on coverslips or in 3D-microfluidic device, were fixed in 

PBS containing 4% paraformaldehyde and 2% sucrose pH 7.6 for 30 minutes at 37°C and 

then were permeabilized with Triton 0.3%.  

 

To analyse cell morphology, the fixed-cells were incubated for 45 minutes with phalloidin-

TRITC (1:300) and DAPI (1:10000) to respectively stain F-actin and nuclei.  

To analyse the localisation of the junctional proteins ZO-1 and Ve-Cadherin (Cell Signalling 

Technology), the cells were incubated overnight at 4°C with the specific antibodies. After 

extensive washing, the samples were incubated with secondary Alexa Fluor 647 antibody 

(Invitrogen) and DAPI (Sigma-Aldrich) for 1h.  

 

Finally, the cells were mounted with ProLongTM Gold Antifade Mountant (Invitrogen) and 

images were acquired using a 40X and 63X objective in oil by a SP8 Leica confocal 

microscope (Leica Microsystems). Images were analysed using ImageJ. 

 

 

4.19 ACTIN ALIGNMENT QUANTIFICATION  

 

Images derived from immunofluorescence for F-actin performed on HUVEC grown in 3D-

flow condition were analysed using the OrientationJ plugin of ImageJ to obtain orientation 

maps in which an angle theta is attributed to every pixels involved in oriented actin 

structures. For 2D images, an ideal horizontal axis was assumed as theta = 0, whereas in 

3D images, the direction of flow within the 30 × 30 μm channel was assumed as theta = 0. 

The angular distributions of actin fibers was calculated as the deviation of fibre orientation 

compared to theta = 0. Angular distributions of actin fibers were calculated over 30 angular 

bins of width 3°, spanning the range from 0 to 90°. Pixels displaying an angle +theta or -

theta were counted in the same angular bin centred on theta. Distributions were plotted as 
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the fraction of image pixels (called "frequency" in the figures) whose angle falls within a 

given bin.  

 

 

4.20 STATISTICAL ANALYSIS 

 

Data are reported as means ± SD. The data were normally distributed and they were 

analysed using one-way or two-way repeated measures ANOVA. The p-values deriving from 

multiple pairwise comparisons were corrected by the Bonferroni method. Statistical 

significance was defined for p-value < 0.05. Concerning the Figures, * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001.  
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5.1.1 HIGH GLUCOSE CAUSES REDOX IMBALANCE  

 

Oxidative stress is manifested as an imbalance between the excessive production of ROS 

and the insufficient or defective antioxidant defense systems. It is well documented in 

literature that high extracellular D-glucose is responsible for the induction of ROS. 

Accordingly, HUVEC cultured for 24h in a high glucose-containing medium (11.1 mM and 

30 mM) showed an increased production of ROS (Figure 23A) and in parallel a significant 

decrease in the oxidized/reduced (GSH/GSSG) glutathione ratio was measured (Figure 

23B).  

 

 

Figure 23: (A) ROS were measured by DCFH as described in the methods. Data are shown as percentages versus CTR. 

L-glucose was used as a control of osmolarity. (B) GSH/GSSG ratios in cell lysates were measured using GSH/GSSG-

GloTM Assay as described in the methods. Data are shown as percentages versus CTR. The results are the mean of 3 

experiments in performed in triplicates ± SD. ** p < 0.01; *** p < 0.001.  

 

To understand the mechanisms underlying the insurgence of oxidative stress, the total 

amounts of some pro- and anti- oxidant proteins were investigated by Western blot. In 

particular, the total amount of TXNIP, a member of the α-arrestin family that acts as an 

oxidative stress mediator by inhibiting the antioxidant activity of Thioredoxin, was 

significantly increased in high glucose-cultured cells (Figure 24). Another protein whose 

expression was modulated by high glucose was SIRT1. It is involved in the cellular response 

to inflammatory, metabolic and oxidative stimuli, acting as anti-oxidant. Western blot 

revealed that the total amount of SIRT1 was significantly decreased upon high glucose 

treatment. On the contrary, no modulation in the total amount of HSP70, PON2, SIRT2 and 
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SOD2, all of them crucial in buffering ROS thus protecting cells from oxidative stress 

damage, was detected (Figure 24).  

 

Figure 24: (A) Western blot was performed on cell lysates using specific antibodies against TXNIP, SIRT1, HSP70, PON2, 

SIRT2 and SOD2. Actin was used as a marker of loading. (B) Densitometric analysis was performed using Image J Lab 

software. The results are the mean of 3 experiments performed in triplicates ± SD.* p < 0.05; ** p < 0.01; *** p < 0.001. 

 

 

5.1.2 TXNIP SILENCING, NAC AND VITD PREVENT HIGH 

GLUCOSE-INDUCED ROS  

 

HUVEC were then transiently silenced with siRNA targeting TXNIP and cultured in medium 

containing physiological or high extracellular D-glucose concentrations for 24h. The genetic 

inhibition of TXNIP restored normal levels of ROS (Figure 25A and 25B). Moreover, since 

VitD exerts vasculo-protective effects on endothelium but its mechanisms of action are still 

unclear, it is worth noticing that the supplementation of VitD (20 nM) to the culture media 

restored normal ROS production, similarly to the administration of the known antioxidant 

NAC (5 mM), through the inhibition of the overexpression of TXNIP (Figure 25C and 25D).  
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Figure 25: (A, C) ROS were measured by DCFH as described in the methods. L-glucose was used as a control of 

osmolarity. Data are shown as percentages versus CTR. (B, D) Western blot was performed on cell lysates using specific 

antibodies against TXNIP. Actin was used as a marker of loading. Densitometric analysis was performed using Image J 

Lab software. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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5.2.1 HIGH GLUCOSE-INDUCED ROS PROMOTE 

ABNORMAL ENDOTHELIAL PERMEABILITY  

 

Dysregulated endothelial permeability is linked to many pathological conditions, among 

which atherosclerosis. Therefore, the integrity of endothelial barrier was tested using the 

Transwelll Permeability assay. Interestingly, high D-glucose increased permeability in 

comparison to control or L-glucose treated cells (Figure 26A). In addition, to investigate if 

this alteration is an effect of the enhancement of ROS, HUVEC were either transiently 

silenced with siRNA TXNIP or supplemented with VitD. In both cases, the level of 

permeability returned comparable to physiological condition (Figure 26A and 26B).  

Subsequently, HUVEC were cultured for 24h in medium in which FBS was replaced with 

10% of blood sera collected from healthy donors or from paediatric diabetic patients (T1D). 

Initially, sera were grouped according to fasting glycaemia and the measurement of 

permeability was increased in hyperglycaemicT1D patients (T1D h.g.) in comparison to 

healthy (CTR) and normo-glycaemic subjects (T1D n.g.) (Figure 26C). Interestingly, diabetic 

sera induced hyper-permeability independently from the levels of glycated haemoglobin 

(HbA1c), a long-term glucose monitoring value very used in clinics (Figure 26D).  
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Figure 26: Endothelial permeability was measured as described in the methods. Permeability was studied in HUVEC upon 

TXNIP transient silencing (A) or upon the supplementation of VitD (B). (C, D) Endothelial permeability was measured in 

HUVEC exposed to 10% of sera collected from diabetic patients or from healthy donors. Data are shown as percentages 

versus CTR. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.  

 

 

5.2.2 VITD PREVENTS HYPER-PERMEABILITY  

 

Remarkably, the supplementation of VitD to high glucose-containing culture media totally 

prevents high glucose-induced alteration of endothelial permeability (Figure 27A). Moreover, 

HUVEC cultured in the presence of hyperglycaemic sera but with low levels of VitD in blood 

showed enhanced endothelial permeability (Figure 27B, red boxplot), that was recovered 

upon the supplementation of VitD (Figure 27B, yellow boxplot).  

 

 

Figure 27: (A) Endothelial permeability in HUVEC cultured in the presence or not of VitD was measured as described in 

the methods and monitored for different time points. The statistical analysis (treated cells vs CTR) was calculated using 

ANOVA. (B) Endothelial permeability was measured in HUVEC exposed to 10% of sera collected from diabetic patients or 

from healthy donors. In this experiments, HUVEC were cultured in the presence of hyperglycaemic sera but with low levels 

of VitD in blood (red boxplot, “hypo-VitD”), subsequently supplemented with VitD (yellow boxplot, “+ VitD”) in comparison 

with healthy donors (CTR) and sera with normal levels of VitD (normo-VitD). Data are shown as percentages versus CTR. 

The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.  
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5.2.3 HIGH GLUCOSE INDUCES MODIFICATIONS OF 

INTERCELLULAR JUNCTIONS  

 

To get insight into the pathway underlying hyper-permeability, the total amount of the tight 

junction ZO-1 and the adhesion protein Ve-Cadherin, two membrane proteins involved in 

the maintenance of the integrity of intercellular junctions and whose role is determinant in 

the regulation of the permeability of the endothelium, was assessed. Therefore, HUVEC 

were cultured for 24h in a high glucose-containing medium (11.1 mM and 30 mM) in the 

presence or not of VitD. Western Blot analysis revealed that ZO-1 expression was reduced 

when the cells were exposed to high glucose, but the administration of VitD led to its 

upregulation (Figure 28A). On the contrary, the total amount of Ve-Cadherin remained 

unchanged (Figure 28A). These results were confirmed also by confocal microscopy (Figure 

28B and 28C).  
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Figure 28: (A) Western blot was performed on cell lysates using specific antibodies against ZO-1 and VE-Cadherin. The 

relative control loading is shown in the lower panel. Densitometric analysis was performed using Image J Lab software. 

The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05. (B) Confocal microscopy was performed 

on HUVEC stained with ZO-1 and DAPI. (C) Confocal microscopy was performed on HUVEC stained with Ve-Cadherin 

and DAPI. Images were acquired using a 63X objective in oil by a SP8 Leica confocal microscope. The images were 

processed and analyzed using ImageJ software. Scale bar = 30 μm.  
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5.3.1 HIGH GLUCOSE INDUCES A TRANSIENT INCREASE 

OF NITRIC OXIDE  

 

To get insights into the mechanisms underlying high glucose-induced endothelial 

permeability, NO, a mediator of vascular permeability, was measured in cell culture medium 

after the treatments. Since the half-life of NO in the circulation is shorter than 0.1 seconds, 

circulating NO metabolites (NOx) were assessed as indicators of NO production through 

Griess assay, as reported in the methods. LPS (10 μg/mL) was used as positive control. 

High D-glucose augmented the release of NOx after 24h of treatments (Figure 29A). 

Interestingly, higher levels of NOx were detected in hyperglycaemic diabetic sera than sera 

from healthy donors and to normo-glycaemic patients (Figure 29B). Moreover, enhanced 

levels of NOx are independent from HbA1c levels in blood sera (Figure 29C).  

 

To understand which isoform of NOS was involved in the overproduction of NO upon 

treatment with high glucose, the total amounts of iNOS and eNOS, the two enzymes that 

catalyze the production of NO in ECs, were assessed by Western blot. Also the modulation 

of the activated form of eNOS, phosphorylated on Ser1177 (P-eNOSSer1177) was 

investigated. The total amount of iNOS resulted increased by high D-glucose, while on both 

eNOS and P-eNOSSer1177 were not significantly modulated by D-glucose (Figure 29D).  
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Figure 29: (A) NOx release was measured by Griess assay in media of HUVEC cultured in different concentrations of 

glucose for 24h. LPS was used as positive control. (B) NOx release was measured by Griess assay in sera from healthy 

donors or T1D patients. Sera were grouped according to fasting glycaemia in healthy donors (CTR), normo-glycaemic 

(T1D n.g.) and hyperglycaemicsera (T1D h.g.). (C) NOx release was measured by Griess assay in sera from healthy 

donors or T1D patients. Sera were grouped according to HbA1c levels in healthy donors (CTR), T1D normo-HbA1c and 

hyper-HbA1c. Data are shown as percentages versus CTR. (D) Western blot was performed on cell lysates using specific 

antibodies against iNOS, eNOS and P-eNOSSer1177. Actin was used as a marker of loading. Densitometric analysis was 

performed using Image J Lab software. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 

0.05; *** p < 0.001.  
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5.3.2 iNOS IS RESPONSIBLE FOR HIGH GLUCOSE-

INDUCED HYPER-PERMEABILITY  

 

The role of iNOS and eNOS in modulating endothelial permeability was assessed by either 

the genetic or the pharmacological inhibition of these enzymes. HUVEC were transiently 

silenced with specific siRNA against iNOS and eNOS and then cultured in high glucose-

containing medium for 24h. Real Time PCR showed that the siRNA targeting iNOS 

downregulated iNOS in HUVEC cultured in normal and high glucose concentrations (Figure 

30A), while siRNA against eNOS slightly downregulated eNOS but with no modulation 

(Figure 30B).  

 

 

Figure 30: Real Time PCR was performed on HUVEC transiently silenced with specific siRNA against iNOS (A) or eNOS 

(B). Real Time PCR was performed on RNA samples from 3 different experiments. The results are the mean of 3 

experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01.  

 

Subsequently, the role of iNOS and eNOS in modulating endothelial permeability was 

assessed. HUVEC were transiently transfected for 6h with specific siRNAs targeting eNOS 

or iNOS, or a scrambled sequence as a control, and then exposed to high glucose for the 

following 24h. In parallel, HUVEC were pre-treated for 1h with L-NAME (100 µM) and L-NIL 

(100 µM), pharmacological inhibitors of eNOS and iNOS, respectively, and then exposed to 

a medium containing high concentrations of glucose for 24h. iNOS silencing as well as L-

NIL administration prevented glucose-induced NOx accumulation (Figure 31A and 31B) and 

hyper-permeability (Figure 31C and 31D), whereas L-NAME slightly reduced NOx release 

and permeability induced by high glucose (Figure 31), as expected since eNOS is 

constitutively active in endothelial cells.  
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Figure 31: NOx release and endothelial permeability were measured respectively by Griess assay and Transwell 

permeability assay in media of HUVEC cultured in different concentrations of glucose after the inhibition of eNOS or iNOS. 

NOx was measured after gene silencing with siRNA eNOS or siRNA iNOS (A) or after the administration of the 

pharmacological inhibitors L-NAME or L-NIL, specific respectively for eNOS or iNOS (B). Permeability was evaluated after 

gene silencing with siRNA eNOS or siRNA iNOS (C) or after the administration of the pharmacological inhibitors L-NAME 

or L-NIL (D). A scrambled non silencing sequence was used as a control (–) for silencing. Data are shown as percentages 

versus CTR. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.  

 

These results were confirmed when iNOS was inhibited in HUVEC cultured in medium 

containing hyperglycaemicdiabetic sera. The cells were transiently silenced for eNOS and 

iNOS with specific siRNA, while the controls cells were exposed to a scrambled sequence. 

The silencing of iNOS totally prevented hyper-permeability in cells cultured with 

hyperglycaemicsera (Figure 32A). In parallel, HUVEC were pre-treated for 1h with L-NAME 

(100 µM) or L-NIL (100 µM) before adding to the culture media 10% of T1D serum from 

hyperglycaemicor healthy subjects. As shown in Figure 32B, L-NIL reduced endothelial 

permeability to approximately the same level as the controls.  
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Figure 32: Permeability in HUVEC cultured in medium containing 10% hyperglycaemic T1D or CTR sera after genetic or 

pharmacological inhibition of iNOS or eNOS. HUVEC were cultured in the presence of sera from healthy donors and T1D 

patients for 24h after gene silencing (A) or in the presence of L-NAME or L-NIL (B). A scrambled non-silencing sequence 

was used as a control (–) for silencing. Data are shown as percentages versus CTR. The results are the mean of 3 

experiments performed in triplicates ± SD. ** p < 0.01; *** p < 0.001.  

 

To confirm the direct role of iNOS in inducing hyperpermeability, some kinetics experiments 

were performed. As reported in Figure 33A, the peak of NO production occurred after 24h 

of treatment with high glucose. This last evidence is simultaneous to the peak of permeability 

measured after 24h of exposure to high glucose (Figure 33B). Therefore, the hypothesis is 

that the higher release of NO is a transitory effect connected to the hyperglycaemic peak.  

 

 

Figure 33: (A) NOx release was measured by Griess assay in culture media at different time points. Data are shown as 

percentages versus CTR.  (B) Endothelial permeability was measured as described in the methods and monitored for 

different time points. Data are shown as percentages versus CTR. The statistical analysis (treated cells vs CTR) was 

calculated using ANOVA. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 0.01; 

*** p < 0.001. 
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5.4.1 3D ULTRASTRUCTURAL QUANTITATIVE ANALYSIS 

BY SYNCHROTRON-BASED CRYO-SXT 

 

The Cryo-SXT is an imaging technique capable to generate 3D maps of vitrified whole-cell 

samples at nanometer resolution, allowing the analysis of the cells as closely as possible to 

their native state, without the necessity of staining, sectioning or the use of enhancing agents 

[Schneider 2010].  

 

Therefore, HUVEC were treated for 24h with physiological or high concentrations of D-

glucose. L-glucose was used as control of osmolarity. Synchrotron-based Cryo-SXT was 

exploited to perform 3D ultrastructural quantitative analysis of mitochondria at nanoscale. 

The Cryo-SXT reconstructions allowed obtaining 3D nano-rendering images of the whole 

cells, with a deep focus on the inside of the cells. This technique endorsed to extract 

quantitative information about the cell compartments analyzed, i.e. volume, shape and 

number of mitochondria and lipid droplets.  

Figure 34A reports in the upper panel the 2D ultrastructure analysis of HUVEC by Cryo-SXT 

and in the lower panel the corresponding color-coded manual segmentation of the selected 

areas of interest. The 3D rendering of representative volume regions shows a lower amount 

of elongated mitochondria in HUVEC cultured in high D-glucose and, in parallel, a higher 

number of almost round-shaped mitochondria in comparison to CTR and L-glucose.  

 

To explore in depth the morphological differences between physiological and high glucose-

treated mitochondria in HUVEC, the Fractional Anisotropy (FA) value was calculated on 

each mitochondrion segmented. FA is a scalar value, ranging between 0 and 1, describing 

the degree of anisotropy of a diffusion process. When the FA verges on 0 the diffusion is 

isotropic and therefore equally restricted along the three axes (λ1, λ2, λ3), whereas when FA 

tends to 1 the diffusion has a preferential direction along one axis. Specifically, the 

eigenvalues of the diffusion tensor allow calculating the FA as described in Materials and 

Methods. In Figure 34B, the FA of all the mitochondria segmented for each cell culture 

condition was reported. The FA median value of HUVEC cultured in high glucose confirmed 

a statistically significant more isotropic shape in comparison to the physiological state. This 

data is in accordance with the differences observed for the volume of the total mitochondria 

between high glucose-cultured cells and control cells (Figure 34C). Moreover, no relevant 

variances were detected concerning the total number of mitochondria. However, the number 
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of elongated mitochondria (fusion) and the number of fragmented mitochondria (fission) are 

respectively lower and higher in cells cultured in high D-glucose in comparison to controls 

(Figure 34D).  
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Figure 34: (A) 3D ultrastructural analysis of HUVEC by synchrotron-based Cryo-SXT. Cells were cultured in medium 

containing different concentrations of D-glucose for 24h. L-glucose (30 mM) was used as control of osmolarity. In the upper 

panel, the 2D ultrastructure analysis of HUVEC by Cryo-SXT was reported, while the lower panel represents the 

corresponding color-coded manual segmentation of the selected areas of interest identifying a portion of the nucleus (blue), 

mitochondrial fusion (red), mitochondrial fission (green) and lipid droplets (yellow) of 3D reconstruction of whole-cell 

volumes, obtained by Cryo-SXT (pixel size 13 nm). (B) Average differences in Fractional Anisotropy (FA) of 3D 

reconstructed mitochondria in HUVEC. In the table, the FA median values and the total number of mitochondria were 

reported. The statistical analysis (11.1 mM / 30 mM vs CTR) was calculated using ANOVA. (C) The histogram reports the 

variances in the volume of all mitochondria segmented in every cell culture condition. (D) In the histogram, the total number 

of mitochondria and the number of mitochondria in fusion / fission were reported, according to the different cell culture 

conditions. Values are expressed as mean ± SD and compared using one-way repeated measures ANOVA. The p-values 

deriving from multiple pairwise comparisons were corrected by the Bonferroni method. In the figures, * p < 0.05, ** p < 

0.01, *** p < 0.001.  

 

 

5.4.2 UNBALANCED MITOCHONDRIAL DYNAMICS IN 

HIGH GLUCOSE-CULTURED CELLS  

 

To confirm the previous results, attention was focused on the molecular pathways regulating 

mitochondrial remodeling. The mitochondria dynamics involves a complex signaling 

regulated by members of dynamin family, among which OPA1, enrolled in controlling 

mitochondrial fusion, and DRP1, mediating mitochondrial fission. Figure 35A shows a subtle 

but significant modulation of the total amount of OPA1 and DRP1 in response to high 

glucose. Indeed, OPA1 and DRP1 are respectively downregulated and upregulated when 

HUVEC were cultured in high glucose-containing medium. CYPD amount, used as indicator 

of total mitochondrial content, is not modulated. Moreover, the oxygen consumption rate 

(OCR) is an important indicator of healthy cellular function and it has been used as one of 

the most informative marker of mitochondrial fitness. Therefore, it is noteworthy that high 

levels of glucose triggered a decrease in OCR comparable to the effect of H2O2, used in 

these experiments as positive control (Figure 35B). Additionally, mtROS are overproduced 

in HUVEC cultured under hyperglycaemic condition (Figure 35C). Hence, the unbalanced 

rate of fusion/fission, the impairment of oxygen consumption and the production of mtROS 

disturb the mitochondrial dynamics, resulting in a disequilibrium toward dysfunctional 

mitochondria.  
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Figure 35: (A) Western blot was performed on cell lysates using specific antibodies against OPA1, DRP1 and CYPD. Actin 

was used as a marker of loading. The experiments were repeated 3 times and a representative blot is shown. Densitometric 

analysis (right panel) was performed using Image J Lab software. (B) The OCR was measured by Extracellular O2 

Consumption kit as described in the Methods. Values represent the means ± SD of triplicate experiments. Statistical 

analysis: 11.1 mM vs CTR *** p < 0.001; 30 mM vs CTR * p < 0.05; H2O2 vs CTR *** p < 0.001. (C) mtROS production was 

evaluated by MitoSOX Red reagent. Values represent the means ± SD of triplicate experiments and data are shown as 

percentage versus CTR. In the figures, * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

 

5.4.3 3D ULTRASTRUCTURAL QUANTITATIVE ANALYSIS 

OF HUVEC LIPID DROPLETS BY SYNCHROTRON-BASED 

CRYO-SXT 

 

Another intriguing result that is worth considering is that the 3D ultrastructure analysis of 

HUVEC by Cryo-SXT allowed the visualization of an accumulation of lipid droplets in high 

glucose-treated cells in comparison to CTR and L-glucose (Figure 34A). No morphological 

differences were detected concerning the volume of the lipid droplets (Figure 36A). 

Accordingly, the FA median values are similar in all the culture conditions. However, the 

number of lipid droplets is statistically higher in the presence of high D-glucose than in 

physiological medium (Figure 36B). In the table, the FA and the number of all the lipid 

droplets segmented for each cell culture condition are reported (Figure 36C).  
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Figure 36: (A) The histogram reports no statistical variances in the total volume of lipid droplets among the different 

treatments. (B) In the histogram, the total number of lipid droplets was reported, according to the different cell culture 

conditions and the results were reported as % versus CTR. (C) In the table, the four FA median values and the total number 

of lipid droplets segmented were reported. The statistical analysis (11.1 mM / 30 mM vs CTR) was calculated using ANOVA. 

*** p < 0.001. 

 

 

5.4.4 UNDERLYING MECHANISMS OF LIPID DEPOSITION  

 

Since GLUT1, the glucose transporter located on the membrane of endothelial and epithelial 

cells, was overexpressed after just 8h of treatment with high glucose (Figure 37A), the 

hypothesis was that the higher amount of glucose in the cells is converted in lactate. Indeed, 

as reported in Figure 37B, high glucose-cultured cells showed an increased production of 

lactate. Moreover, it is avowed that, if in excess, lactate can be reversely converted to 

pyruvate, which, once in the mitochondria, can be transformed in the precursors of fatty 

acids that in the cytoplasm will be used to form triglycerides [Sun 2016]. Accordingly, a 

significant accumulation of triglycerides was measured when cells were cultured in high 

glucose-containing medium (Figure 37C).  
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Figure 37: (A) Western blot was performed on cell lysates using specific antibodies against GLUT1. Actin was used as a 

marker of loading. The experiments were repeated 3 times and a representative blot is shown. Densitometric analysis 

(right panel) was performed using Image J Lab software. (B) Lactate production was measured by Lactate-GloTM Assay 

according to manufacturer instructions and luminescence was recorded. (C) Triglycerides amount was detected by 

Triglycerides Assay Kit according to manufacturer instructions and the fluorescence was detected at λex/em = 535/587 nm. 

Values are expressed as mean ± SD and compared using one-way repeated measures ANOVA. The p-values deriving 

from multiple pairwise comparisons were corrected by the Bonferroni method. In the figures, * p < 0.05, *** p < 0.001. 

 

 

5.4.5 HIGH GLUCOSE INDUCES ALTERATIONS IN 

LIPOGENESIS AND FATTY ACIDS β-OXIDATION  

 

Western blot analysis was then performed to investigate if high glucose could alter the 

expression of some proteins involved in lipid metabolism. In particular, EDF1 is ubiquitously 

expressed and it exerts its functions both in the cytosol, binding the Ca2+-binding protein 

calmodulin to modulate several calcium-regulated enzymes, and in the nucleus, acting as a 

transcriptional coactivator for non-steroid nuclear receptors involved in lipogenesis, such as 

PPARγ, a nuclear receptor regulating transcription of several genes implicated mainly in 

fatty acid and energy metabolism. Interestingly, both PPARγ and EDF1 were overexpressed 

upon high glucose treatment (Figure 38A and 38B). In addition, Carnitine Palmitoyl-
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Transferase 1A (CPT1A), a member of carnitine palmitate hydrazine transferase family 

located on the outer mitochondrial membrane, plays a vital role in the intake of fatty acids 

into the mitochondria where they undergo fatty acid β-oxidation, the major pathway for the 

catabolism of fatty acids. After high glucose treatment, the total amount of CPT1A was 

diminished, suggesting a reduced intake of fatty acids into the mitochondria (Figure 38A and 

38B). In accordance with this last result, the β-oxidation rate in high glucose-cultured cells 

was decreased (Figure 38D). Interestingly, both the addition of VitD to high glucose-

containing media and the silencing of TXNIP rescued the β-oxidation rate (Figure 38D), as 

well as restored the total amounts of CPT1A, PPARγ and EDF1 (Figure 38A and 38B).  
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Figure 38: (A, B) Western blot was performed on cell lysates using specific antibodies against CPT1A, PPARɣ and EDF1. 

Actin was used as a marker of loading. The experiments were repeated 3 times and a representative blot is shown. (C) 

Densitometric analysis was performed using Image J Lab software. (D) The β-oxidation rate was measured by Fatty Acid 

Oxidation Assay in living cells as described in the Methods, after the supplementation of VitD or after TXNIP silencing. The 

FAO activator FCCP (0,625 μM) was used as the positive control. Values represent the means ± SD of triplicate 

experiments. The significance was calculated vs CTR. The results are the mean of 3 experiments performed in triplicates 

± SD. * p < 0.05, ** p < 0.01; *** p < 0.001.  
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5.4.6 RESCUE OF NORMAL LIPID CONTENT BY 

SILENCING TXNIP OR EXPOSING TO VITD  

 

In several cell types, the accumulation of lipid droplets storing triglycerides is interpreted as 

an adaptive response to stress [Jarc 2019]. To test if HUVEC behave in a similar manner, 

we initially evaluated the amounts of triglycerides in HUVEC cultured in high glucose 

containing media. CTR and L-glucose-cultured cells contain a certain amount of triglycerides 

which is dose dependently increased upon exposure to 11.1 mM and 30 mM for 24h. 

Moreover, the silencing of TXNIP reduced triglycerides amounts to physiological levels and 

VitD mimics the effect of the silencing (Figure 39A).  

Subsequently, BODIPY 493/503 (Invitrogen), a lipophilic dye that labels cellular neutral lipids 

with a particular focus to those localised into lipid droplets, was utilized to quantify 

triglycerides after different treatments. In particular, cells were either transiently inhibited 

with siRNA TXNIP or supplemented with VitD. In both cases high glucose-induced 

deposition of lipids was dampened by both TXNIP silencing and the administration of VitD 

(Figure 39B). The results were further confirmed by the staining with Oil Red O to detect 

neutral lipids (Figure 39C). 

Therefore, it is feasible to think that the high glucose is responsible for alterations in lipid 

metabolism leading to triglycerides accumulation. In this context, the supplementation of 

VitD is capable to prevent lipogenesis and to stimulate β-oxidation, through the inhibition of 

ROS production.  
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Figure 39: (A) Triglyceride accumulation was calculated by Triglyceride Quantification Kit as described in the methods. 

(B) Lipid accumulation was detected using fluorescent BODIPY fluorophore and the relative fluorescence was measured 

using the Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific) and normalized on DAPI staining. (C) 

The cells were stained with Oil Red O and, after the images acquisition using FLoid Cell Imaging Station (Thermo Fisher 

Scientific) (left panel), were solubilized and lipids were quantified by measuring the absorbance at 500 nm using the 

Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific). Absorbance was measured at 500 nm and 

normalized to the cell number. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 0.05; ** p < 

0.01; *** p < 0.001; **** p < 0.0001.  
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5.5 WHY MOVING TOWARD 3D CELL CULTURE? 

 

The more physiological culture condition of ECs is represented by 3D structural organization 

in vessels in the presence of steady flow. In this way, ECs are constantly subjected to the 

shear stress generated by blood and tangential to ECs surface [Song 2011]. Mechanical 

stimuli, in combination with biochemical ones coming from extracellular matrix or other cells, 

are able to modulate ECs functions. Very recently, to face the limitation of typical 2D cell 

culture, innovative 3D systems have been designed, with a huge range of applications, such 

as basic or clinical research, screening of new drugs, regenerative medicine and so on 

[Rimann 2012]. These 3D systems resemble as closely as possible the physiological 

settings, allowing a deeper investigation of ECs behavior both in healthy and in pathological 

situation.  

 

The purpose of the last part of the project was to optimize the 3D culture model and to 

expose macrovascular ECs to high extracellular glucose, able to induce endothelial 

dysfunction. Therefore, the effects of high glucose were tested on HUVEC cultured both in 

classical 2D systems and in 3D microfluidic devices, which resemble the physiological 

spatial organization of ECs in ramification of vessels of different calibers and apply shear 

stress generated by fluid flow. Two parameters were analyzed: firstly the cytoskeleton, a 

vital mediator of both mechanical and biochemical signals arising from the 

microenvironment, and secondly the glycocalyx, a flow sensor located on the apical 

membrane of ECs.  

 

 

5.5.1 EFFECT OF HIGH GLUCOSE ON THE ACTIN 

CYTOSKELETON IN 2D AND IN 3D  

 

HUVEC were cultured either in 2D static petri dish or in 3D microfluidic device and the effect 

of high glucose on actin cytoskeleton was investigated. Initially, HUVEC were seeded in 2D 

static petri dish and were treated for 24h with physiological (CTR) or high glucose 

concentration (30 mM, HG). L-glucose (30 mM) was used as control of osmolarity. Then the 

amounts of actin and its organization were analysed. In particular, high glucose exerted no 

significant effect in 2D both on total actin content, as shown in western blot (Figure 40A), 
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and on its organization in fibers, evaluated using confocal microscopy after staining with 

phalloidin-TRITC (Figure 40B). ). As expected in a static cell culture system, no differences 

in the total orientation of the fibers was detected (Figure 40C).  

 

 

Figure 40: (A) Western blot was performed on cell lysates using specific antibodies against Actin. The relative control 

loading is shown in the lower panel. The experiments were repeated 3 times and a representative blot is shown. 

Densitometric analysis (lower panel) was performed using Image J Lab software. (B) Confocal microscopy was performed 

on HUVEC stained with phalloidin-TRITC and Hoechst 33342. The images of actin staining were processed and analyzed 

using ImageJ software. Scale bar = 30µm. (C) The plot was obtained by the quantification of the angle assumed by fibers 

in comparison to an ideal horizontal axis (named theta = 0) during the orientation analysis. For each condition and for each 

angular bin of the distribution, the mean ± 1 standard error computed over n = 6 images was plotted. 
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Moving toward the 3D system, the cells were seeded in channels of different calibres and 

were cultured until they reached the confluence in the presence of a steady flow of culture 

medium. Channels of nominal section 30×30 μm were chosen as the ideal channels where 

cells were subjected to a wall shear stress of 0.2 Pa that is representative of physiological 

conditions for venous ECs. The process of fabrication of the microfluidic device 

comprehends the following steps: mold fabrication, chip preparation, coating and seeding, 

cell culture for 1 week and, after the treatment for 24h, the analysis by confocal microscopy 

(Figure 41). Firstly, a mold recapitulating 8 networks of vessels was produced through soft 

lithography (phase 1). The networks are composed by ramifications of vessels of different 

calibres, from 2 channels of 200 μm in the inlet and outlet of the chip to 16 channels of 30 

μm in the middle of the chip. Subsequently, a solution of polydimethylsiloxane (PDMS) was 

mixed with a cross-linking agent, was deprived of air bubbles with a vacuum pump, was 

poured into the microstructured mold and heated for 3h at 56°C to obtain an elastomeric 

replica of the mold. Thereafter, the replica was carved out the mold and was sealed to a 

glass slide to form closed-circuit channels at 56°C for 1 hour (phase 2). Then the chip was 

connected to a pump system through 2 thin tubes: the inlet tube provided culture medium 

influx, while the outlet tube discarded the medium coming from the chip into a syringe 

attached to a pump to guarantee the fluid flow. Next, after the overnight coating with 

fibronectin (20 μg/ml) (phase 3), the cells were introduced into the chip with a three-step 

injection and their attachment was facilitated by the permanence in the incubator for 30 

minutes after each injection (phase 4). Finally, the chip was connected to the pump to 

maintain the culture (phase 5) and after 7 days they reached the confluence and therefore 

they were used for the experiments (phase 6).  
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Figure 41: Schematic representation of the fabrication of the microfluidic device and the cell culture.  

 

In this 3D-flow model, the effect of high glucose on actin cytoskeleton was studied. In 

particular, HUVEC were perfused with medium containing physiological or high 

concentrations of glucose for 24h. Figure 42 shows in the left panel the images obtained by 

confocal microscopy of phalloidin-labelled F-actin in the cells after the treatments (a, c, e). 

The orientation of actin was analyzed using ImageJ software (b, d, e) and the angle assumed 

by actin fibers subjected to flow direction was plotted on the graphs in the right panel. 

HUVEC in control and L-glucose showed spindle-like morphology in response to flow, 

whereas HUVEC in D-glucose were less elongated. Stress fibers were clearly visible in both 

conditions, but they tended to be shorter and less flow-aligned in high glucose-cultured cells.  
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Figure 42: Actin organization and orientation analysis in HUVEC cultured in 3D microfluidic chips in the presence of 

physiological or high glucose. Confocal microscopy (left panel, a, c, d) was performed on HUVEC stained with phalloidin-

TRITC and Hoechst 33342. The respective orientation analyses performed using ImageJ software are shown below each 

treatment (b, d, f). Considering the flow direction as theta=0, the angular distributions of actin fibers shown in the right 

panels were built by counting in the same (positive) angular bin the data having +theta or -theta orientation.  

 

 

5.5.2 EVALUATION OF VE-CADHERIN AND LIPID 

ACCUMULATION IN 3D MICROFLUIDIC DEVICE   

 

After the optimization of the 3D culture model, the analysis of Ve-Cadherin and the 

evaluation of lipid content in HUVEC subjected to shear stress in the presence or not of high 

glucose was performed. Just as in 2D-cultured cells, also in 3D no modulations in the total 

amount nor in the localization of Ve-Cadherin were detected upon high glucose treatment, 

as reported in Figure 43. Moreover, the accumulation of lipid droplets in high glucose-

cultured cells was confirmed also in 3D (Figure 43, yellow).  
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Figure 43: Confocal microscopy was performed on HUVEC stained with VE-Cadherin (red), BODIPY (yellow) and DAPI 

(blue). Images were acquired using a 63X objective in oil by a SP8 Leica confocal microscope. The images were processed 

and analyzed using ImageJ software. Scale bar = 30 μm.  

 

 

5.5.3 EVALUATION OF GLYCOCALYX   

 

Since shedding of the glycocalyx, a flow sensor located on the apical membrane of ECs, 

contributes to diabetes-induced vascular dysfunction [Yilmaz O 2019], it is feasible to 

hypothesize that cytoskeletal alterations can be a consequence of modifications of the 

glycocalyx. Therefore, staining with Wheat Germ Agglutinin (WGA) conjugated with Alexa 

Fluor 488 (5 μg/ml, Molecular Probes) on living cells was utilized to study the thickness of 

glycocalyx in HUVEC cultured in the microchannels by confocal microscopy. Images in 

horizontal planes were acquired to determine the thickness of the glycocalyx (Figure 44A). 

Intensity profiles across the fluorescent layer were plotted and the full-width-at-half-

maximum (FWHM) was determined (Figure 44B, left panel) as a measure of the glycocalyx 

thickness, plotted in Figure 44B, right panel. No significant differences concerning the 

thickness of the glycocalyx were detected between CTR cells and high glucose-cultured 

cells. This result could be explained by the fact that the culture media is a very simplified 

example of a diabetic-like environment, lacking of many pro-inflammatory stimuli typically 

involved in this pathology. Therefore, the future perspectives include also 3D experiments 

in which HUVEC will be cultured in the presence of sera from patients that better reassume 

the diabetic-like environment.  
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Figure 44: (A) Confocal microscopy was performed on HUVEC stained with WGA-Alexa Fluor 488. Images were acquired 

using a 63X objective in oil by a SP8 Leica confocal microscope. The images were processed and analyzed using ImageJ 

software. Scale bar = 30 μm. (B) Intensity profile (left panel) measured along the red line drawn on Figure 31A, from which 

the glycocalyx thickness was measured as the full width at half maximum. The thickness (right panel) was measured at 29 

different locations along the 100 μm-long image section shown, illustrating the spatial homogeneity of glycocalyx.  
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6. DISCUSSION 
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Hyperglycaemia is a term derived from the combination of the Greek words ὑπέρ- (hyper-), 

γλυκός (sweet/sugar) and αἷμα (blood). Indeed, hyperglycaemia is defined for fasting blood 

glucose higher than 125 mg/dl and greater than 180 mg/dl 2 hours postprandial. ECs form 

the inner layer of all the blood vessels and, due to this strategic localization, they constantly 

face oscillating blood glucose concentrations in relation to the pre- and post- prandial cycles 

[Meza 2019]. ECs do not represent a passive barrier between blood and tissues, but they 

play a wide variety of pivotal roles to control vascular homeostasis, among which the 

regulation of permeability and vascular tone through the secretion of vasoactive substances, 

the activation of immune cells through either antigen presentation or the release of cytokines 

and the secretion of pro- / anti- coagulant molecules, therefore maintaining the integrity of 

vascular wall and the circulatory functions [Sena 2013, Michiels 2003]. However, 

uncontrolled hyperglycaemia elicits ECs to become dysfunctional, leading to the onset of 

the so-called endothelial dysfunction, defined as a shift of properties of the endothelium 

toward a proinflammatory and prothrombotic phenotype characterised by altered release of 

NO and overproduction of pro-inflammatory cytokines and ROS [Mittal 2014]. These 

alterations have been highlighted in most forms of cardiovascular diseases, including 

atherosclerosis, diabetes, hypertension, coronary artery disease and severe viral infections 

[Tabit 2010, Sena 2013]. Endothelial dysfunction is a primary event that forerun the process 

of atherosclerosis, a progressive multifactorial disease characterized by the deposition of 

fatty material in the wall of vessels [Eckel 2021]. This process is highly accelerated in 

diabetes and metabolic syndromes. In particular, diabetes, a group of life-long chronic 

metabolic disorders characterized by high levels of glucose in the blood, predisposes to 

premature atherosclerosis, the main reason for high morbidity and impaired life expectancy 

in patients [Domingueti 2016, Rask-Madsen 2013].  

 

Several mechanisms have been described to mediate hyperglycaemia-dependent 

endothelial dysfunction, among which the accumulation of ROS thus leading to oxidative 

stress, an important factor linked either to the increased production of oxidizing species or 

to a significant decreased availability of antioxidant defences such as glutathione [Shrestha 

2018, Asmat 2016]. In accordance with the literature, high-glucose cultured HUVEC showed 

an overproduction of ROS and in parallel a reduced supply of the antioxidant glutathione. In 

particular, this imbalance in the redox system was pinpointed in the high glucose-induced 

overexpression of TXNIP, able to bind to Thioredoxin via disulphide bonds thus inhibiting its 

antioxidant capacity, and in the simultaneous downregulation of SIRT1, a NAD+-dependent 
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deacetylase protein involved both in stress responses and in cellular metabolism improving 

insulin sensitivity.  

 

One of the issues of this thesis to deal with was to identify a potential countermeasure that 

might prevent or at least delay the detrimental effects of high glucose on HUVEC. It is well 

documented that VitD deficiency (circulating levels < 20 ng/mL) is considered a risk factor 

for the development of endothelial dysfunction associated to diabetes [Mason 2015, 

Giovannucci 2008], just as its beneficial effects on the cardiovascular system [Drechsler 

2010]. Indeed, beyond its canonical role in controlling calcium and phosphate homeostasis 

in bones, VitD protects against atherosclerosis by inhibiting the conversion of macrophages 

into foam cells and by enhancing cholesterol efflux [Pilz 2016]. Therefore, since the 

underlying mechanisms by which VitD exerts its vasculo-protective roles still need to be 

characterized, the effects of VitD on high glucose-treated cells were tested. Interestingly, 

VitD restored normal levels of ROS by inhibiting the overexpression of TXNIP, thus 

mimicking the effects of TXNIP silencing, highlighting TXNIP as one of the targets of VitD in 

HUVEC cultured in high glucose-containing media. Despite it was originally isolated as a 

VitD-upregulated protein [Chung 2006], TXNIP is differently regulated by VitD according to 

the cell type considered [Abu 2018]. Indeed, cell specificity in the modulation of the response 

to VitD is possible, and the downregulation of TXNIP after exposure to VitD seems to occur 

in cells harbouring wild type p53 [Abu 2018], including HUVEC.  

 

Moreover, one of the earliest events in atherogenesis is the alteration of endothelial 

permeability that favours the accumulation of lipoproteins into the intima where they are 

oxidized worsening endothelial dysfunction [Gimbrone 2016]. Indeed, it is well known that 

high glucose is responsible for the impairment of endothelial permeability in diabetes 

[Hempel 1997] through the alteration of intercellular junctions, fundamental in the 

maintenance of the integrity of vascular barrier. Many data are available concerning the 

effect of high glucose on the gap junctions, i.e. Cx43 whose expression is decreased in 

diabetic patients [Yang 2020, Fernandes 2004]. Moreover, along with the adherens 

junctions, i.e. Ve-Cadherin, the tight junctions, i.e. ZO-1, form apical junctional complexes 

both in epithelial and endothelial cells, playing a central role in controlling the paracellular 

permeability and in maintaining cell polarity [Bazzoni 2001, Stevenson 1999]. In accordance 

with the literature, hyperpermeability occurs in response to exaggerated high glucose-

induced oxidative stress. These results were phenocopied when the cells were cultured in 
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the presence of diabetic hyperglycaemic sera, independently from the levels of HbA1c, 

meaning that it is sufficient to expose HUVEC to high glucose to induce hyperpermeability. 

Moreover, the total amount of ZO-1 was decreased by high glucose, whereas the Ve-

Cadherin levels and subcellular localization remained unchanged. This last evidence could 

be explained by a previous work demonstrating that high glucose is accountable for the 

Tyrosine phosphorylation of Ve-Cadherin causing the disruption of the adherens junctions 

associated with the activation of the Wnt/β-catenin signalling pathway and with the increase 

of the leukocytes transendothelial migration [Haidari 2014]. Interestingly, the 

supplementation of VitD to high glucose-containing media completely mended endothelial 

permeability preventing the downregulation of ZO-1.  

 

A fundamental mediator of vascular permeability is NO. Indeed, NO modulates endothelial 

permeability, regulating the cell cytoskeletal architecture through Rho signalling pathway [Di 

Lorenzo 2013]. Therefore, the levels of NOx were measured in culture media and the results 

pointed to a direct effect of high glucose in enhancing NOx release. Indeed, HUVEC cultured 

in high glucose-containing media released more NOx than controls through the upregulation 

of iNOS, the inducible isoform of NOS active during inflammation and immune response. In 

addition, a very strong association between elevated amounts of NOx in diabetic sera and 

fasting glucose concentrations was found. In agreement with these findings, the 

overexpression of iNOS was found to be responsible for the increase of NOx levels in 

alloxan-induced T1D rats [Sartoretto 2019]. Moreover, a quite recent study confirmed that 

circulating inflammatory markers have been detected in young diabetic patients, a result 

consistent with the inflammation-induced vascular pathology typical of diabetes [Aulich 

2019]. Indeed, diabetes is associated with a pro-inflammatory environment since elevated 

plasma concentrations of pro-inflammatory cytokines, i.e. IL-1β and IL-17A, as well as IFNɣ, 

TNF-α and IL-23 were measured in patients [Fatima 2016]. These cytokines activate iNOS 

leading to exaggerated NO synthesis in many cell types, including ECs [Fatima 2016]. 

Accordingly, either the genetic or the pharmacological inhibition of iNOS totally forestalled 

the overproduction of NO thus preventing the increase of endothelial permeability caused 

by high glucose. Therefore, it is feasible to hypothesize that transient peaks of 

hyperglycaemia can be harmful for endothelial integrity because they are liable for the 

enhanced permeability by stimulating NO production.  
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It has been proven that in response to oxidative stress TXNIP relocates from the nucleus 

into the mitochondria [Saxena 2010], eliciting mitochondrial dysfunction. Mitochondrial 

content in ECs is relatively low in comparison to cells with high-energy demand. Indeed, the 

higher energy source of ECs comes from anaerobic glycolysis [Dumas 2020], a metabolic 

pathway that entails lower ATP production than oxidative phosphorylation, protecting the 

cells from oxidative stress and preserving oxygen diffusion into perivascular tissues [Li 

2019]. Therefore, mitochondria in ECs are not bioenergetics supplier but rather biosynthetic 

factories since they regulate cellular homeostasis, integrating signals coming from the 

microenvironment and sensing cellular stress. However, the presence of some risk factors, 

such as redox imbalance typical of a hyperglycaemic microenvironment, leads to 

mitochondria damage. Therefore, since in the last years many evidences revealed that 

mitochondrial dysfunction is implicated in the pathophysiology of diabetes [Kwak 2010], it is 

not astounding that in high glucose-cultured HUVEC an alteration in mitochondrial dynamics 

occurs, due to the overexpression of DRP1, a mediator of mitochondrial fission, and to the 

downregulation of OPA1, enrolled in mitochondrial fusion. In addition, no variation in 

mitochondrial content where detected. Indeed, in hyperglycaemic environment, ROCK1, a 

key regulator of mitochondrial dynamics, is able to phosphorylate DRP1 leading to 

mitochondrial fission and mtROS overproduction with the subsequent release of cytochrome 

c [Wang 2012]. Furthermore, the selective upregulation of OPA1 stimulated the fusion 

process thus improving mitochondrial fitness in high-glucose cultured cardiomyocytes [Ding 

2020]. Moreover, high glucose-induced imbalance in favour of mitochondrial fission occurs 

simultaneously with reduced oxygen consumption and overproduction of mtROS, all of 

which entail mitochondrial damage [Yu 2008]. 

 

Mitochondria are also the headquarters of fatty acid catabolism. Indeed, ECs metabolize 

fatty acids to form Acetyl-CoA, used as a fuel to sustain TCA cycle [Hülsmann 1988]. 

CPT1A, a member of carnitine palmitate hydrazine transferase family located on the outer 

mitochondrial membrane, is a rate-controlling enzyme involved in the intake of fatty acids 

into mitochondria where they are subjected to fatty acid β-oxidation, the major pathway for 

the catabolism of fatty acids [Kerner 2000]. After high glucose treatment, the total amount 

of CPT1A was diminished and consequently the β-oxidation rate in high glucose-cultured 

cells was decreased. In accordance with these results, the reduced intake of fatty acids into 

the mitochondria explains the accumulation of triglycerides observed in HUVEC cultured in 

high glucose-containing media. Besides the lower β-oxidation rate, another explanation for 
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the high glucose-induced lipid accumulation is the higher synthesis of fatty acids. Two 

proteins involved lipogenesis are EDF1 and PPARɣ. In particular, EDF1 is a small protein 

ubiquitously expressed [Dragoni 1998]. It exerts its function both in the cytosol, where upon 

the binding with calmodulin it modulates several calcium-regulated enzymes [López-Victorio 

2013], and in the nucleus, where it interacts with several transcription factors and acts as a 

transcriptional coactivator for non-steroid nuclear receptors involved in lipid metabolism, 

among which PPARγ [Brendel 2002]. In ECs PPARγ exerts a wide range of fundamental 

functions, including lipid metabolism, since it regulates the expression of some genes 

involved in release, transport and storage of fatty acids, such as lipoprotein lipase (LPL) and 

the fatty acid transporter CD36 [Lehrke 2005]. High glucose-cultured HUVEC showed an 

upregulation of both EDF1 and PPARγ. The activation of the EDF-1/PPARγ axis might fuel 

fatty acid synthesis in HUVEC. A similar conclusion was reached in HUVEC cultured in low 

magnesium-containing medium [Locatelli 2021], thus suggesting that lipid accumulation is 

a common feature in ECs exposed to metabolic stress. Notably, lipid droplets are promptly 

formed in murine intact aortic EC in vivo and ex vivo after a load of fatty acid, suggesting 

that, beyond being an energy resource, endothelial lipid droplets could represent a defense 

mechanism against lipotoxicity [Kuo 2017]. Therefore, whether lipid droplet-derived fatty 

acids are used as substrates for energy metabolism or for protection against lipoperoxidation 

in this experimental model remains to be elucidated. Moreover, the overexpression of 

GLUT1 transporter after few hours of treatment with high glucose is an indicator of an 

excessive intake of glucose into the cells. Considering the decreased oxygen consumption 

at mitochondrial level, the hypothesis is that the overload of glucose in the cells is converted 

through anaerobic glycolysis in lactate that can be used as a substrate for triglycerides 

synthesis. Indeed, lactate can be reversibly converted to pyruvate in a reaction catalysed by 

the enzyme lactate dehydrogenase, therefore supporting the synthesis of fatty acids [Sun 

2016]. Interestingly, the inhibition of the overproduction of ROS with the supplementation of 

VitD restored normal lipid content by both decreasing EDF1 and PPARγ and increasing 

CPT1A expression.  

 

The results explained hereinbefore were obtained on monolayers of ECs in two-dimensional 

culture systems in the absence of flow. Albeit this typical 2D experimental approach has 

been yielding major advances in our knowledge about endothelial pathophysiology, it 

presents some limitations due to the fact that 2D culture does not replicate the complex 

structural organization of the endothelium. Therefore, recently alternative experimental 
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models have been developed to better mimic the complexity of the vascular system allowing 

perfusion, thus generating shear stress fundamental for endothelial homeostasis [Rimann 

2012]. In particular, the response to high glucose was tested on HUVEC cultured in 

biomimetic microchannels fabricated through soft lithography and perfused to generate 

shear stress. These devices have sequential bifurcations and channels of different caliber 

thus mimicking geometrical features of the vasculature [Tsvirkun 2017]. Firstly, the attention 

was focused on the cytoskeleton, a target of both mechanical and biochemical signals 

coming from the microenvironment [Ingber 2006, Locatelli 2020]. As expected, in 3D 

condition control cells showed spindle-like morphology in response to the flow. On the 

contrary, high glucose-cultured HUVEC were less elongated. In both treatments, stress 

fibers were clearly observable, but they tended to be shorter and less flow-aligned in high 

glucose-cultured cells. Moreover, in 3D no modulations in the total amount nor in the 

localization of Ve-Cadherin were detected upon high glucose treatment and the 

accumulation of lipid droplets in high glucose-cultured cells was confirmed. Therefore, even 

if these results are in a preliminary phase, they are confirmed both in 2D and in 3D. In 

addition, since shedding of the glycocalyx, a flow sensor located on the apical membrane of 

ECs, contributes to diabetes-induced vascular dysfunction [Yilmaz 2019], it is feasible to 

hypothesize that cytoskeletal alterations can be a consequence of changes of the 

glycocalyx. Indeed, in db/db transgenic diabetic mice the observed alterations in glycocalyx 

composition and/or structure render the cells less sensitive to flow and, consequently, impair 

the shear stress response [Targosz-Korecka 2017]. However, in this experimental model no 

significant differences concerning the thickness of the glycocalyx were detected upon high 

glucose treatment. This result could be explained by the fact that the culture media is a very 

simplified example of a diabetic-like environment, lacking of many pro-inflammatory stimuli 

typical of the pathology. Therefore, the future perspectives include also 3D experiments in 

which HUVEC will be cultured in the presence of sera from patients that better reassume 

the diabetic-like environment. 

 

In summary (Figure 45), these results demonstrated that i) the detrimental effects of high 

glucose are firstly manifested with alterations in the cellular redox system; ii) the second 

transitory effect is the overproduction of NO leading to hyperpermeability; iii) mitochondrial 

dysfunction occurs as a result of the imbalance in mitochondrial dynamics iv) which is tied 

to the higher storage of triglycerides caused both by enhanced lipogenesis and reduced β-

oxidation. In this context, VitD blocks the increased ROS production, thus preventing all the 
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detrimental effects of high glucose on HUVEC. Therefore, the results reveal that it is 

fundamental to keep glycaemia within the physiological range in diabetic patients, 

preventing hyperglycaemic peaks. Moreover, considering its vasculo-protective effects, it 

could be feasible to establish a nutritional/dietetic regimen that includes the tailored 

supplementation of VitD in hyperglycaemic patients. Indeed, it could represents a 

serviceable tool to control the redox equilibrium, thus re-establishing NOx levels and 

permeability and mitochondrial function, to limit or, at least, delay the insurgence of 

endothelial dysfunction caused by high fasting glucose concentrations.  

 

 

Figure 45: Schematic representation of the results.  
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9. LIST OF FIGURES 

AND TABLES  
Figure 1: Schematic representation of blood vessels’ structure and list of parameters 

differently exhibited, i.e. the number and types of junctions, the alignment or not to the flow 

and the expression of specific markers [Aird 2012]. pp. 12 

Figure 2: Generation of heamangioblast either from blastocyst-derived Embryonic Stem 

cell, or from the Yolk sac, the Aorta-Gonad-Mesonephros (AGM) region of the early embryo 

[Aird 2012]. Heamangioblast can differentiate in Hematopoietic Stem Cells (HSCs), giving 

rise to both Lymphoid and Myeloid lineages, or in Angioblast (AB), the precursor of ECs 

[Psaltis 2011]. pp. 13 

Figure 3: Mechanisms of endothelial cell heterogeneity. Starting from the haemangioblast 

precursor to the terminally differentiated cells, the effects of microenvironment and 

epigenetic are different. The effect of the microenvironment is predominant in differentiated 

cells while epigenetics is fundamental in defining the genotypic and phenotypic features of 

the precursor cells and it is then transmitted to the progeny through mitosis [Aird 2012]. pp. 

14 

 

Figure 4: Types of endothelium. In continuous capillaries, small solutes and fluids pass 

constitutively between ECs, while larger solutes are carried through trans-endothelial 

channels or transcytosis. Fenestrated endothelium is highly permeable to water and small 

solutes but not to larger macromolecules. Discontinuous endothelium is characterized by 

fenestrae and it is rich of clathrin-coated pits, which play an important role in receptor-

mediated endocytosis [Van Hinsberg 2012]. pp. 15 

 

Figure 5: Functions of endothelium.  ECs are able to perform different functions in order to 

maintain tissue homeostasis, among which the regulation of coagulation, immune response, 

permeability, angiogenesis and metabolism [Sena 2013]. pp. 16 



112 

 

Figure 6: Pathways regulating Ve-Cadherin translocation, thus mediating the variation of 

permeability [Komarova 2010]. pp. 17 

 

Figure 7: Effect of shear stress on Caveolae translocation. Upon stimulation (e.g. shear 

stress), Caveolae may induce the proper organization of various signal transduction 

pathways or organize different regulatory proteins essential for rapid eNOS activation [Frank 

2006]. pp. 18 

 

Figure 8: Steps of angiogenic pathway [Fan 2006]. pp. 20 

 

Figure 9: NO production from eNOS in EC and its effect on SMCs [Tang 2017]. pp. 21 

 

Figure 10: Schematic mechanism of action on endothelin on ECs and SMCs [Barst 2007]. 

pp. 22 

 

Figure 11: Antithrombotic properties of healthy vascular endothelium. Abbreviations: PGI2, 

prostacyclin; NO, nitric oxide; ATIII, antithrombin III; ADP, adenosine diphosphate [Badimon 

2012]. pp. 23 

 

Figure 12: Coagulation and fibrinolytic cascades [Fawzy 2015]. pp. 24 

 

Figure 13: Leukocyte trafficking during immune response [Lagarrigue 2016]. pp. 25 

 

Figure 14: Glycolysis is the main energy source in sprouting endothelium. Abbreviations: 

F1,6P2, fructose-1,6-bisphosphate; F2,6P2, fructose-2,6-bisphosphate; F6P, fructose-6-

phosphate; FGF, fibroblast growth factor; FGFR1/3, fibroblast growth factor receptor 1/3; 

FOXO1, forkhead box O1; G6P, glucose-6-phosphate; glc, glucose; GLUT, glucose 

transporter; HK2, hexokinase 2; KLF2, Krüppel-like factor; lact, lactate; MCT, 

monocarboxylate transporter; MYC, c-MYC; PFKFB3, phosphofructokinase-2/fructose-2,6-

bisphosphatase; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial 

growth factor receptor 2 [Rohlenova 2018]. pp. 26 

 

Figure 15: Role of mitochondria in ECs metabolism. A) Quiescent ECs adapt their 

metabolism to maintain redox homeostasis to cope with the oxidative-stress-prone high-



113 

 

oxygen environment. B) Angiogenic ECs rewire their metabolic pathways for energy and 

biomass production essential for cell proliferation and migration. Abbreviations: CI, 

mitochondrial complex I; CIII, mitochondrial complex III; GLRX2, glutaredoxin 2; GPX3, 

glutathione peroxidase 3; PRDX1, peroxiredoxin 1 [Falkenberg 2019]. pp. 28 

 

Figure 16: ECs mitochondria as signalling organelles for environmental cues. In response 

to different kind of stimuli such as oxygen, haemodynamic and nutrients mitochondria in ECs 

modify their biogenesis, dynamics and programmed degradation. Here the effects of LSS 

and PSS on EC mitochondria are shown as examples. Abbreviations: LSS, laminar shear 

stress; PSS, pulsatile shear stress; OSS, oscillatory shear stress [Caja 2017]. pp. 29 

 

Figure 17: Mitochondrial life cycle [Kluge 2018]. pp. 30 

 

Figure 18: Schematic representation of consequences of endothelial dysfunction. pp. 31 

 

Figure 19: Pathogenesis of atherosclerosis. (A) Low density lipoprotein-cholesterol (LDL) 

is deposited in the endothelium and undergoes oxidative modification, resulting in oxidized 

LDL (oxLDL), which stimulates ECs to express adhesion molecules, i.e. VCAM-1 and P-

Selectin, and several chemokines that recruit monocytes, which transmigrate into the intima 

and differentiate to pro-atherogenic macrophages. (B) Macrophages harvest residual oxLDL 

via their scavenger receptors and induce leukocyte recruitment with the secretion of Tumor 

Necrosis Factor α (TNF-α) and IL-6. (C) The increasing plaque volume promotes 

neovascularization. Proliferating SMCs stabilize the nascent fibrous plaque, depositing fibrin 

and activating platelets on the endothelium that expresses tissue factor (TF) and von 

Willebrand factor (vWF). (D) Foam cells can undergo apoptosis and release cell-debris and 

lipids, resulting in the formation of a necrotic core. In addition, proteases secreted from foam 

cells can destabilize the plaque. This can lead to plaque rupture, catalysing thrombosis 

[Steinl 2015]. pp. 33 

 

Figure 20: Vitamin D3 sources, biosynthesis and possible factors affecting absorption 

[Šimoliūnas 2019]. pp. 37 

 

Table 1: Skeletal and extraskeletal effects of VitD [Bover 2015]. pp. 38 

 



114 

 

Figure 21: Cardiovascular effects of Vitamin D receptor activation [Pilz 2016]. pp. 39  

 

Figure 22: HUVEC were cultured in the presence of various concentrations of VitD for 24h 

and counted. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 

0.05. pp. 43  

 

Table 2: Clinical characteristics of paediatric T1D patients and healthy controls. Regarding 

the T1D patients, 10 were normo-glycaemic, 26 hyper-glycaemic, 11 had high levels of 

HbA1c (>7.5 %) and 25 had levels of HbA1c within the physiological range. pp. 44 

 

Figure 23: (A) ROS were measured by DCFH as described in the methods. Data are shown 

as percentages versus CTR. L-glucose was used as a control of osmolarity. (B) GSH/GSSG 

ratios in cell lysates were measured using GSH/GSSG-GloTM Assay as described in the 

methods. Data are shown as percentages versus CTR. The results are the mean of 3 

experiments in performed in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. pp. 56 

 

Figure 24: (A) Western blot was performed on cell lysates using specific antibodies against 

TXNIP, SIRT1, HSP70, PON2, SIRT2 and SOD2. Actin was used as a marker of loading. 

(B) Densitometric analysis was performed using Image J Lab software. The results are the 

mean of 3 experiments performed in triplicates ± SD. ** p < 0.01; *** p < 0.001. pp. 57 

 

Figure 25: (A, C) ROS were measured by DCFH as described in the methods. L-glucose 

was used as a control of osmolarity. Data are shown as percentages versus CTR. (B, D) 

Western blot was performed on cell lysates using specific antibodies against TXNIP. Actin 

was used as a marker of loading. Densitometric analysis was performed using Image J Lab 

software. The results are the mean of 3 experiments performed in triplicates ± SD. * p < 

0.05; ** p < 0.01; *** p < 0.001. pp. 58 

 

Figure 26: Endothelial permeability was measured as described in the methods. 

Permeability was studied in HUVEC upon TXNIP transient silencing (A) or upon the 

supplementation of VitD (B). (C, D) Endothelial permeability was measured in HUVEC 

exposed to 10% of sera collected from diabetic patients or from healthy donors. Data are 

shown as percentages versus CTR. The results are the mean of 3 experiments performed 

in triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. pp. 60 
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Figure 27: (A) Endothelial permeability in HUVEC cultured in the presence or not of VitD 

was measured as described in the methods and monitored for different time points. The 

statistical analysis (treated cells vs CTR) was calculated using ANOVA. (B) Endothelial 

permeability was measured in HUVEC exposed to 10% of sera collected from diabetic 

patients or from healthy donors. In this experiments, HUVEC were cultured in the presence 

of hyperglycaemicsera but with low levels of VitD in blood (red boxplot, “hypo-VitD”), 

subsequently supplemented with VitD (yellow boxplot, “+ VitD”) in comparison with healthy 

donors (CTR) and sera with normal levels of VitD (normo-VitD). Data are shown as 

percentages versus CTR. The results are the mean of 3 experiments performed in triplicates 

± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. pp. 61 

 

Figure 28: (A) Western blot was performed on cell lysates using specific antibodies against 

ZO-1 and VE-Cadherin. The relative control loading is shown in the lower panel. 

Densitometric analysis was performed using Image J Lab software. The results are the 

mean of 3 experiments performed in triplicates ± SD. * p < 0.05. (B) Confocal microscopy 

was performed on HUVEC stained with ZO-1 and DAPI. (C) Confocal microscopy was 

performed on HUVEC stained with Ve-Cadherin and DAPI. Images were acquired using a 

63X objective in oil by a SP8 Leica confocal microscope. The images were processed and 

analyzed using ImageJ software. Scale bar = 30 μm. pp. 63 

 

Figure 29: (A) NOx release was measured by Griess assay in media of HUVEC cultured in 

different concentrations of glucose for 24h. LPS was used as positive control. (B) NOx 

release was measured by Griess assay in sera from healthy donors or T1D patients. Sera 

were grouped according to fasting glycaemia in healthy donors (CTR), normo-glycaemic 

(T1D n.g.) and hyperglycaemicsera (T1D h.g.). (C) NOx release was measured by Griess 

assay in sera from healthy donors or T1D patients. Sera were grouped according to HbA1c 

levels in healthy donors (CTR), T1D normo-HbA1c and hyper-HbA1c. Data are shown as 

percentages versus CTR. (D) Western blot was performed on cell lysates using specific 

antibodies against iNOS, eNOS and P-eNOSSer1177. Actin was used as a marker of loading. 

Densitometric analysis was performed using Image J Lab software. The results are the 

mean of 3 experiments performed in triplicates ± SD. * p < 0.05; *** p < 0.001. pp. 66 
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Figure 30: Real Time PCR was performed on HUVEC transiently silenced with specific 

siRNA against iNOS (A) or eNOS (B). Real Time PCR was performed on RNA samples 

from 3 different experiments. The results are the mean of 3 experiments performed in 

triplicates ± SD. * p < 0.05; ** p < 0.01. pp. 67 

 

Figure 31: NOx release and endothelial permeability were measured respectively by Griess 

assay and Transwell permeability assay in media of HUVEC cultured in different 

concentrations of glucose after the inhibition of eNOS or iNOS. NOx was measured after 

gene silencing with siRNA eNOS or siRNA iNOS (A) or after the administration of the 

pharmacological inhibitors L-NAME or L-NIL, specific respectively for eNOS or iNOS (B). 

Permeability was evaluated after gene silencing with siRNA eNOS or siRNA iNOS (C) or 

after the administration of the pharmacological inhibitors L-NAME or L-NIL (D). A scrambled 

non silencing sequence was used as a control (–) for silencing. Data are shown as 

percentages versus CTR. The results are the mean of 3 experiments performed in triplicates 

± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. pp. 68 

 

Figure 32: Permeability in HUVEC cultured in medium containing 10% hyperglycaemic T1D 

or CTR sera after genetic or pharmacological inhibition of iNOS or eNOS. HUVEC were 

cultured in the presence of sera from healthy donors and T1D patients for 24h after gene 

silencing (A) or in the presence of L-NAME or L-NIL (B). A scrambled non-silencing 

sequence was used as a control (–) for silencing. Data are shown as percentages versus 

CTR. The results are the mean of 3 experiments performed in triplicates ± SD. ** p < 0.01; 

*** p < 0.001. pp. 69 

 

Figure 33: (A) NOx release was measured by Griess assay in culture media at different time 

points. Data are shown as percentages versus CTR.  (B) Endothelial permeability was 

measured as described in the methods and monitored for different time points. Data are 

shown as percentages versus CTR. The statistical analysis (treated cells vs CTR) was 

calculated using ANOVA. The results are the mean of 3 experiments performed in triplicates 

± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. pp. 69 

 

Figure 34: (A) 3D ultrastructural analysis of HUVEC by synchrotron-based Cryo-SXT. Cells 

were cultured in medium containing different concentrations of D-glucose for 24h. L-glucose 

(30 mM) was used as control of osmolarity. In the upper panel, the 2D ultrastructure analysis 
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of HUVEC by Cryo-SXT was reported, while the lower panel represents the corresponding 

color-coded manual segmentation of the selected areas of interest identifying a portion of 

the nucleus (blue), mitochondrial fusion (red), mitochondrial fission (green) and lipid droplets 

(yellow) of 3D reconstruction of whole-cell volumes, obtained by Cryo-SXT (pixel size 13 

nm). (B) Average differences in Fractional Anisotropy (FA) of 3D reconstructed mitochondria 

in HUVEC. In the table, the FA median values and the total number of mitochondria were 

reported. The statistical analysis (11.1 mM / 30 mM vs CTR) was calculated using ANOVA. 

(C) The histogram reports the variances in the volume of all mitochondria segmented in 

every cell culture condition. (D) In the histogram, the total number of mitochondria and the 

number of mitochondria in fusion / fission were reported, according to the different cell 

culture conditions. Values are expressed as mean ± SD and compared using one-way 

repeated measures ANOVA. The p-values deriving from multiple pairwise comparisons were 

corrected by the Bonferroni method. In the figures, * p < 0.05, ** p < 0.01, *** p < 0.001. pp. 

72 

 

Figure 35: (A) Western blot was performed on cell lysates using specific antibodies against 

OPA1, DRP1 and CYPD. Actin was used as a marker of loading. The experiments were 

repeated 3 times and a representative blot is shown. Densitometric analysis (right panel) 

was performed using Image J Lab software. (B) The OCR was measured by Extracellular 

O2 Consumption kit as described in the Methods. Values represent the means ± SD of 

triplicate experiments. Statistical analysis: 11.1 mM vs CTR *** p < 0.001; 30 mM vs CTR * 

p < 0.05; H2O2 vs CTR *** p < 0.001. (C) mtROS production was evaluated by MitoSOX 

Red reagent. Values represent the means ± SD of triplicate experiments and data are shown 

as percentage versus CTR. In the figures, * p < 0.05, ** p < 0.01, *** p < 0.001. pp. 74 

 

Figure 36: (A) The histogram reports no statistical variances in the total volume of lipid 

droplets among the different treatments. (B) In the histogram, the total number of lipid 

droplets was reported, according to the different cell culture conditions and the results were 

reported as % versus CTR. (C) In the table, the four FA median values and the total number 

of lipid droplets segmented were reported. The statistical analysis (11.1 mM / 30 mM vs 

CTR) was calculated using ANOVA. *** p < 0.001. pp. 75 

 

Figure 37: (A) Western blot was performed on cell lysates using specific antibodies against 

GLUT1. Actin was used as a marker of loading. The experiments were repeated 3 times and 
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a representative blot is shown. Densitometric analysis (right panel) was performed using 

Image J Lab software. (B) Lactate production was measured by Lactate-GloTM Assay 

according to manufacturer instructions and luminescence was recorded. (C) Triglycerides 

amount was detected by Triglycerides Assay Kit according to manufacturer instructions and 

the fluorescence was detected at λex/em = 535/587 nm. Values are expressed as mean ± SD 

and compared using one-way repeated measures ANOVA. The p-values deriving from 

multiple pairwise comparisons were corrected by the Bonferroni method. In the figures, * p 

< 0.05, *** p < 0.001. pp. 76 

 

Figure 38: (A, B) Western blot was performed on cell lysates using specific antibodies 

against CPT1A, PPARɣ and EDF1. Actin was used as a marker of loading. The experiments 

were repeated 3 times and a representative blot is shown. (C) Densitometric analysis was 

performed using Image J Lab software. (D) The β-oxidation rate was measured by Fatty 

Acid Oxidation Assay in living cells as described in the Methods, after the supplementation 

of VitD or after TXNIP silencing. The FAO activator FCCP (0,625 μM) was used as the 

positive control. Values represent the means ± SD of triplicate experiments. The significance 

was calculated vs CTR. The results are the mean of 3 experiments performed in triplicates 

± SD. * p < 0.05, ** p < 0.01; *** p < 0.001. pp. 78 

 

Figure 39: (A) Triglyceride accumulation was calculated by Triglyceride Quantification Kit 

as described in the methods. (B) Lipid accumulation was detected using fluorescent 

BODIPY fluorophore and the relative fluorescence was measured using the Varioskan LUX 

Multimode Microplate Reader (Thermo Fisher Scientific) and normalized on DAPI staining. 

(C) The cells were stained with Oil Red O and, after the images acquisition using FLoid Cell 

Imaging Station (Thermo Fisher Scientific) (left panel), were solubilized and lipids were 

quantified by measuring the absorbance at 500 nm using the Varioskan LUX Multimode 

Microplate Reader (Thermo Fisher Scientific). Absorbance was measured at 500 nm and 

normalized to the cell number. The results are the mean of 3 experiments performed in 

triplicates ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. pp. 80 

 

Figure 40: (A) Western blot was performed on cell lysates using specific antibodies against 

Actin. The relative control loading is shown in the lower panel. The experiments were 

repeated 3 times and a representative blot is shown. Densitometric analysis (lower panel) 

was performed using Image J Lab software. (B) Confocal microscopy was performed on 
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HUVEC stained with phalloidin-TRITC and Hoechst 33342. The images of actin staining 

were processed and analyzed using ImageJ software. Scale bar = 30µm. (C) The plot was 

obtained by the quantification of the angle assumed by fibers in comparison to an ideal 

horizontal axis (named theta = 0) during the orientation analysis. For each condition and for 

each angular bin of the distribution, the mean ± 1 standard error computed over n = 6 images 

was plotted. pp. 83 

 

Figure 41: Schematic representation of the fabrication of the microfluidic device and the cell 

culture. pp. 85 

 

Figure 42: Actin organization and orientation analysis in HUVEC cultured in 3D microfluidic 

chips in the presence of physiological or high glucose. Confocal microscopy (left panel, a, 

c, d) was performed on HUVEC stained with phalloidin-TRITC and Hoechst 33342. The 

respective orientation analyses performed using ImageJ software are shown below each 

treatment (b, d, f). Considering the flow direction as theta=0, the angular distributions of actin 

fibers shown in the right panels were built by counting in the same (positive) angular bin the 

data having +theta or -theta orientation. pp. 86 

 

Figure 43: Confocal microscopy was performed on HUVEC stained with VE-Cadherin (red), 

BODIPY (yellow) and DAPI (blue). Images were acquired using a 63X objective in oil by a 

SP8 Leica confocal microscope. The images were processed and analyzed using ImageJ 

software. Scale bar = 30 μm. pp. 87 

 

Figure 44: (A) Confocal microscopy was performed on HUVEC stained with WGA-Alexa 

Fluor 488. Images were acquired using a 63X objective in oil by a SP8 Leica confocal 

microscope. The images were processed and analyzed using ImageJ software. Scale bar = 

30 μm. (B) Intensity profile (left panel) measured along the red line drawn on Figure 31A, 

from which the glycocalyx thickness was measured as the full width at half maximum. The 

thickness (right panel) was measured at 29 different locations along the 100 μm-long image 

section shown, illustrating the spatial homogeneity of glycocalyx. pp. 88 

 

Figure 45: Schematic representation of the results. pp. 96 
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Vitamin D Prevents High Glucose-Induced Lipid Droplets  

Accumulation in Cultured Endothelial Cells: The Role of  

Thioredoxin Interacting Protein 
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Abstract: Vitamin D (VitD) exerts protective effects on the endothelium, which is fundamental for 

vascular integrity, partly by inhibiting free radical formation. To obtain insights into high glucose 

level-induced redox imbalance in the endothelium, we exposed cultured human endothelial cells to 

high levels of glucose and found the upregulation of the Thioredoxin Interacting Protein (TXNIP). 

We show that increased amounts of TXNIP are responsible for the accumulation of reactive oxygen 

species and, as a consequence, of lipid droplets. This is associated with increased amounts of tri-

glycerides as the result of increased lipogenesis and reduced fatty acid oxidation. VitD prevents 

high glucose level-induced TXNIP upregulation. Consistently, VitD rebalances the redox equilib-

rium, restores normal lipid content, and prevents the accumulation of lipid droplets. Our results 

highlight TXNIP as one of the targets of VitD in high glucose-cultured endothelial cells and shed 

some light on the protective effect of VitD on the endothelium. 

Keywords: D-glucose; endothelial cell; vitamin D; oxidative stress; lipid metabolism 

 

1. Introduction 

Vascular endothelial cells (EC) form a quiescent monolayer that coats the inner lu-

men of all vessels and retains critical functions that are essential to preserve the integrity 

of the vasculature and, consequently, health [1]. They act as a metabolic interface between 

the blood and tissues and ensure optimal nutrient and oxygen delivery to all of the tissues 

[2]. EC are steadily exposed to glucose, which is taken up from the blood, mainly through 

the glucose transporter 1 (GLUT1). Glucose is partially utilized for endothelial metabolic 

needs and is also delivered to the surrounding cells and tissues. Rather than shunting 

glucose to oxidative phosphorylation to maximize adenosine triphosphate (ATP) produc-

tion, EC rely on glycolysis, which takes place in the cytosol and does not demand oxygen 

[3]. As a consequence, oxygen is saved to be delivered to the parenchymal tissues, pro-

tecting the EC against the accumulation of Reactive Oxygen Species (ROS), which are typ-

ically produced during oxidative phosphorylation [4]. Additionally, the high extent of 

Fatty Acid β-Oxidation (FAO) in quiescent EC makes important contributions to the 

maintenance of the redox balance [5]. Therefore, EC sustain different metabolic pathways 

to protect themselves against oxidative stress, which is the root of endothelial dysfunction 

[6]. It is avowed that high glucose levels are detrimental for the endothelium both in the 

large vessels as well as in the microvasculature [2]. When fasting, the EC are exposed to 

about 5 mmol/L (5 mM) D-glucose, a concentration that increases post-prandially and that 
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remains below 7.8 mmol/L (7.8 mM) in healthy people. The failure to contain post-pran-

dial glucose spikes as well as the chronic increase of glucose in uncontrolled diabetic pa-

tients ultimately generate endothelial dysfunction [2], partly through the increased endo-

thelial production of free radicals [7,8], and partly through conducted through metabolic 

reprogramming [9]. High extracellular glucose boosts glucose uptake and metabolism 

through different pathways, i.e., the polyol pathway, which promotes oxidative stress by 

consuming Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH), and 

glycolytic side branches, such as the hexosamine and the pentose phosphate pathways 

[2,10]. Moreover, it also results in the activation of Protein-kinase C (PKC) because diacyl 

glycerol accumulates in response to high intracellular glucose concentrations [11]. As a 

result of endothelial-altered metabolism caused by high glucose, advanced glycation end 

products (AGE), which activate the inflammatory response, are generated. Both PKC ac-

tivation and AGE formation are implicated in the promotion of oxidative stress in EC that 

have been exposed to high glucose levels [12]. Far less is known about fatty acid metabo-

lism in EC. FAO plays an important role in endothelial homeostasis both in vitro and in 

vivo [13]. It sustains nucleotide synthesis, fuels the tricarboxylic acid cycle and, as men-

tioned above, contributes to redox homeostasis via the synthesis of NADPH [14]. A par-

ticular light has been shed on Carnitine Palmitoyltransferase 1A (CPT1A), a crucial en-

zyme that converts long-chain acyl-CoAs into long-chain acyl-carnitines, which then enter 

the mitochondria where FAO takes place [15]. Silencing CPT1A in the EC triggers oxida-

tive stress and the overexpression of genes that are involved in controlling redox balance 

[14]. 

Remarkably, EC can generate lipid droplets and dynamic cytosolic fat storage com-

partments [16]. This means that EC can store neutral lipids, which then provide fatty acids 

to be metabolized in the mitochondria or to be transported to nearby tissues [16]. It is also 

emerging that lipid droplets are critical components of the cellular stress response, as they 

protect against lipotoxicity [16]. Lipid supplementation for 24h to cultured EC results in 

the reversible accumulation of lipid droplets, and similar results were observed in the 

aortic endothelium of hypertriglyceridemic mice [17]. 

Beyond its essential role in bone health, Vitamin D (VitD) exerts protective effects on 

the endothelium. Indeed, VitD deficiency is related to endothelial dysfunction, partially 

because of the downregulation of the VitD Receptor (VDR) [18]. Consistently, VitD sup-

plementation in VitD-deficient diabetic patients improved endothelial function [19], and 

a recent systematic review and metanalysis of randomized clinical trials demonstrated 

that VitD supplementation decreases circulating inflammatory cytokines in patients with 

altered glucose tolerance [20]. However, another study reported no significant effects of 

VitD supplementation on endothelial dysfunction [21]. The results that have been ob-

tained in vitro sustain a beneficial effect of VitD in the EC. Indeed, in Human Umbilical 

Vein Endothelial Cells (HUVEC), 1,25(OH)2D3 (calcitriol), the most active metabolite of 

VitD, prevents leptin-induced endothelial dysfunction in a VDR-dependent fashion [22]. 

Moreover, in HUVEC treated with acetoacetate in order to mimic ketosis, VitD inhibits 

ROS formation and monocyte adhesion [19]. Our study sought to address some funda-

mental questions on the response of HUVEC to high D-glucose and on the potential pro-

tective role of VitD. Initially, we investigated the levels of some pro- and antioxidant pro-

teins. Then, we studied the contribution of oxidative stress in reprogramming lipid me-

tabolism. Finally, we focused on the effects of VitD in protecting HUVEC from oxidative 

stress, metabolic derangements, and lipid droplet accumulation. 

2. Materials and Methods 

2.1. Cell Culture 

HUVEC were purchased from the American Type Culture Collection (ATCC, Ma-

nassas, WV, USA), cultured in medium M199 (Euroclone, Milano, Italy) containing 10% 

Fetal Bovine Serum (FBS), 1 mM L-Glutamine, 1 mM Sodium Pyruvate, 1 mM Penicillin-
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Streptomycin, 5 U/mL Heparin, and 150 µg/mL Endothelial Cell Growth Supplement on 

collagen-coated dishes (50 µg/mL). The cells were routinely tested for the expression of 

endothelial markers and were used for 6–7 passages. D-glucose (Sigma-Aldrich, St. Louis, 

MO, USA) was used at the concentrations of 11.1 mM and 30 mM, and L-glucose (Sigma-

Aldrich) was used as a control of osmolarity at the concentration of 30 mM. After testing 

1α,25-Dihydroxyvitamin D3 (VitD) (Sigma-Aldrich) cytotoxicity in a dose-dependent 

fashion by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) as-

say (the data are available at the following link https://dataverse.unimi.it/dataverse/bio-

medicines/ accessed on 30th September 2021), VitD was used at the concentration of 20 nM. 

Thioredoxin Interacting Protein (TXNIP) was inhibited using small interfering RNAs (siR-

NAs). Subconfluent cells were transfected with siRNAs targeting TXNIP (20 nmol, 5′-AA-

GCCGTTAGGATCCTGGCT-3′ (Qiagen, Hilden, Germany)). All the non-silenced samples 

were transfected with a scrambled non-silencing sequence (NS) (20 nmol, Qiagen, cat. n° 

1027310) that was used as a control, which produced the same results as the non-trans-

fected samples (data not shown). Lipofectamine RNAiMAX was used as a transfection 

reagent (Invitrogen, Carlsbad, CA, USA) and was used according to the manufacturer’s 

recommendations. After 6 h, the siRNA transfection medium was replaced with a culture 

medium with the addition of either 11.1 mM or 30 mM of D-glucose in the presence or not 

of 20 nM of VitD. In some experiments, N-acetylcysteine (NAC, 5 mM) (Sigma-Aldrich) 

was used as antioxidant [23], in combination or not with high glucose. All the experiments 

were performed in triplicate. 

2.2. ROS Production 

For ROS detection, confluent HUVEC were cultured in a 96-well black plate (Greiner 

Bio-One, Kremsmunster, Austria) and, at the end of the experiments, they were incubated 

for 30 min with 10 mM 2′-7′-dichlorofluorescein diacetate (DCFH) solution (Sigma-Al-

drich). The DCFH dye emission was monitored at 535 nm (excitation λ = 484 nm) using 

the Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, 

MA, USA). Then, the cells were fixed in Phosphate Buffered Saline (PBS) containing 3% 

paraformaldehyde (PFA) and 2% sucrose (pH 7.6) for 30 min and, after extensive washing, 

the cells were incubated with 4′,6-diamidino-2-phenylindole (DAPI), which was used to 

stain the nuclei (1:10,000). DAPI florescence (λex/em = 350/470 nm) was monitored using the 

Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific) and was used to 

normalize the DCFH dye emission [7]. The results are the mean of three independent ex-

periments performed in triplicate ± SD. 

2.3. Triglyceride Quantification 

Triglycerides were quantified using a Triglyceride Quantification Kit (Sigma-Al-

drich) according to the manufacturer’s recommendations. Briefly, triglycerides are broken 

down into free fatty acids and glycerol, which is then oxidized to generate a fluorescent 

product (λex/em = 535/587 nm). Fluorescence was monitored using the Varioskan LUX Mul-

timode Microplate Reader (Thermo Fisher Scientific). Prior to the extraction of the triglyc-

erides, the cells were trypsinized. An aliquot was stained with 0.4% trypan blue solution 

and were counted using a Luna Automated Cell Counter (Logos Biosystems, Anyang-si, 

Gyeonggi-do, Korea). The fluorescent results were normalized on the cell number. The 

results are the mean of three independent experiments that were performed in triplicate 

± SD. 

2.4. Staining of Neutral Lipids 

HUVEC were seeded to detect lipids as well as to perform the MTT assay under the 

same experimental conditions. Oil Red O Staining was used to detect neutral lipids. After 

the 24h treatments, the cells were washed three times with PBS, fixed in PFA 10% for 30 

min at room temperature, washed once again with PBS, and then stained with 60% filtered 
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Oil Red O stock solution (Sigma-Aldrich) for 20 min. After extensive washing, the Oil Red 

O was solubilized in 100% isopropanol, was quantified by measuring the absorbance at 

500 nm, and was normalized to the cell number by MTT assay [24,25] after image acqui-

sition using FLoid Cell Imaging Station (Thermo Fisher Scientific). To further confirm the 

results, staining with BODIPY 493/503 was performed (see dataverse at the following link 

https://dataverse.unimi.it/dataverse/biomedicines/ accessed on 30th September 2021). The 

results are the mean of three independent experiments performed in triplicate ± SD. 

2.5. Western Blot Analysis 

HUVEC were lysed in 50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl, 1% NP40, 

0.25% sodium deoxycholate, protease inhibitors (10 µg/mL Leupeptin, 10 µg/mL Apro-

tinin and 1 mM Phenylmethylsulfonyl fluoride, PMSF), and phosphatase inhibitors (1 mM 

sodium fluoride, 1 mM sodium vanadate, 5 mM sodium phosphate). Lysates (40 µg/lane) 

were separated on SDS–PAGE and were transferred to nitrocellulose sheets using the 

Trans-Blot Turbo Transfer System (Biorad, Hercules, CA, USA.). Western Blot analysis 

was performed using antibodies against TXNIP (Thermo Fisher Scientific, cat. n° 40–3700, 

1:250), Sirtuin 1 (SIRT1) (Thermo Fisher Scientific, cat. n° PA5–17074, 1:1000), Sirtuin 2 

(SIRT2) (Millipore, Vimodrone, Italy, cat. n° 09–843, 1:4000), Superoxide-dismutase 2 

(SOD2) (BD Transduction Laboratories, Milano, Italy, cat. n° 611580, 1:1000), Heat Shock 

Protein 70 kilodaltons (HSP70) (Santa Cruz Biotechnology, Dallas, TX, USA, cat. n° sc-

1060, 1:200), EDF1 (Aviva Biosciences, San Diego, CA, USA, cat. n° ARP37729_T100, 

1:500), PPARɣ (Santa Cruz, cat. n° sc-7196, 1:200), and CPT1A (Thermo Fisher Scientific, 

cat. n° 15184-1-AP, 1:1000). Actin (Santa Cruz, cat. n° sc-1616, 1:200) was used as the equal 

loading control. After extensive washing, secondary antibodies labelled with horseradish 

peroxidase (GE Healthcare, Waukesha, WI, USA) were used. Immunoreactive proteins 

were detected by the SuperSignal Chemiluminescence Kit (Thermo Fisher Scientific). A 

representative blot is shown. The densitometric analysis was performed using Image J 

Lab software (Biorad). The results are the mean of three independent experiments ± SD. 

2.6. Fatty Acid Oxidation 

FAO, the primary metabolic pathway for the degradation of fatty acids, was moni-

tored by Fatty Acid Oxidation assay (Abcam) in living cells. The cells were seeded in a 96-

well black plate (Greiner Bio-One), and upon treatment with high glucose for 24h, they 

were rinsed twice with pre-warmed Fatty Acid-Free medium followed by the addition of 

pre-warmed Fatty Acid Measurement Medium. Extracellular O2 Consumption Reagent 

(Abcam) was added into all the wells except for the blank control well. The FAO activator 

carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 0.625 μM) was used as the 

positive control. Finally, the wells were sealed with pre-warmed high-sensitivity mineral 

oil. Subsequently, the 96-well black plate was placed into the Varioskan LUX Multimode 

Microplate Reader (Thermo Fisher Scientific), which had been pre-set to 37 °C. The fluo-

rescent signal (λex/em = 380/650 nm) was measured every 2 min for 180 min. To simplify the 

procedure, the results were expressed in a box plot graph. The results are the mean of 

three independent experiments performed in triplicate ± SD. 

2.7. Statistical Analysis 

Data are reported as means ± standard deviation (SD). The data were normally dis-

tributed, and they were analyzed using the two-way repeated measures ANOVA. The p-

values deriving from multiple pairwise comparisons were corrected using the Bonferroni 

method. Statistical significance was defined for p-value < 0.05. Concerning the figures, * p 

< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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3. Results 

3.1. TXNIP Is Upregulated in HUVEC Exposed to High Glucose 

To get insights into the mechanisms that are involved in high glucose-triggered oxi-

dative stress, we analysed the levels of some of the proteins that are implicated in the 

control of redox balance. HUVEC were cultured in media containing physiological (5.5 

mM, CTR) or high glucose (11.1 mM and 30 mM) concentrations for 24h. L-glucose (30 

mM) was used as a control for osmolarity. As shown in Figure 1, we found a substantial 

increase in the total amounts of TXNIP. When the cells were cultured at the highest D-

glucose concentration (30 mM), we also observed the significant downregulation of SIRT1, 

the most evolutionarily conserved member of the sirtuin family, which exerts beneficial 

effects on the endothelium. HSP70, PON2, SIRT2, and SOD2 were not modulated. L-glu-

cose exerted no effects (Figure 1). 

 

 

Figure 1. High glucose upregulates TXNIP and downregulates SIRT1 in HUVEC. Western blot (left 

panel) was performed on cell lysates using specific antibodies against TXNIP, SIRT1, HSP70, PON2, 

SIRT2, and SOD2. Actin was used as an equal loading control. A representative blot is shown. Den-

sitometric analysis (right panel) was performed using Image J Lab software on three different blots, 

and the results are the mean of three independent experiments ± SD. * p < 0.05. 

3.2. TXNIP Upregulation Accounts for ROS Accumulation in HUVEC Cultured in High 

Glucose 

In this paper, we focused on the role of TXNIP upregulation in high glucose-treated 

HUVEC. For this purpose, we transiently silenced the cells with specific siRNAs targeting 

TXNIP. Then, HUVEC were cultured for 24h in medium containing physiological (5.5 

mM, CTR), high-extracellular D-glucose (11.1 mM and 30 mM) or L-glucose (30 mM) as a 

control. Figure 2A shows that TXNIP silencing prevents high glucose-induced TXNIP in-

creases. Moreover, upon TXNIP silencing, high glucose-induced ROS production was 

dampened by the same amount after the administration of the antioxidant NAC (5 mM), 

the precursor of glutathione that is widely used as an antioxidant (Figure 2B). 
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Figure 2. TXNIP upregulation is responsible for ROS accumulation in HUVEC cultured in high glu-

cose levels. (A) HUVEC were cultured in medium containing 5 mM (CTR), 11.1 mM or 30 mM of D-

glucose after TXNIP silencing. A scrambled non-silencing sequence (NS) was used as a control for 

silencing. Western blot (upper panel) was performed on cell lysates using specific antibodies against 

TXNIP. Actin was used an equal loading control. A representative blot is shown. Densitometric 

analysis (lower panel) was performed using Image J Lab software on three different blots, and the 

results are the mean of three independent experiments ± SD. (B) HUVEC were cultured in medium 

containing 5 mM (CTR), 11.1 mM, or 30 mM of D-glucose (-) and either after TXNIP silencing or the 

addition of NAC 5 mM. L-glucose (30 mM) was used as a control of osmolarity. ROS production 

was evaluated by DCFH, as described in the methods. The results are the mean of three experiments 

performed in triplicate ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. 

3.3. VitD Prevents TXNIP Upregulation in HUVEC Cultured in High Glucose 

Since (i) TXNIP was initially characterized as a target of VitD and since (ii) VitD ex-

erts a protective effect upon metabolic challenge in HUVEC, we anticipated that VitD 

might affect the levels of TXNIP found in HUVEC cultured in high glucose conditions. 

Therefore, we exposed HUVEC to media containing high levels of glucose in the presence 

or in the absence of VitD (20 nM) for 24h. VitD counters high glucose-induced TXNIP 

upregulation and ROS accumulation (Figure 3A and 3B). 
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Figure 3. VitD prevents TXNIP upregulation and ROS accumulation in HUVEC cultured in high 

glucose conditions. (A) Western blot (upper panel) was performed on cell lysates using specific an-

tibodies against TXNIP. Actin was used as an equal loading control. A representative blot is shown. 

Densitometric analysis (lower panel) was performed using Image J Lab software on three different 

blots, and the results are the mean of three independent experiments ± SD. (B) HUVEC were cul-

tured in medium containing 5 mM (CTR), 11.1 mM, or 30 mM of D-glucose in the absence (-) or in 

the presence of VitD 20 nM. L-glucose (30 mM) was used as a control of osmolarity. ROS production 

was evaluated by DCFH, as described in the methods. The results are the mean of three experiments 

performed triplicate ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. 

3.4. VitD Hinders Lipid Droplets Formation in HUVEC Exposed to High Glucose 

In several cell types, the accumulation of lipid droplets storing triglycerides is inter-

preted as an adaptive response to stress. To test whether HUVEC behaves in a similar 

manner, we initially evaluated the amounts of triglycerides in HUVEC that had been cul-

tured in media containing high levels of glucose. Control and L-glucose-cultured cells 

contain a certain amount of triglycerides that is dose-dependently increased upon expo-

sure to 11.1 mM and 30 mM of D-glucose for 24h. Moreover, the silencing of TXNIP as 

well as the treatment with VitD reduced the triglyceride amounts to normal physiological 

levels (Figure 4A).  

We then stained HUVEC, exposed to high levels of glucose for 24h, with Oil Red O 

to detect neutral lipids to analyse the potential role of TXNIP in driving the accumulation 

of lipids. Moreover, since treatment with VitD downregulates TXNIP, we also treated the 

cells with VitD. It is noteworthy that, at baseline, HUVEC contain lipid droplets and that 

high D-glucose levels increase their number. Interestingly, the high glucose-induced dep-

osition of lipids is dampened by TXNIP silencing as well as by the addition of VitD (Figure 

4B). 
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Figure 4. VitD and TXNIP silencing prevent high glucose-induced accumulation of tri-

glycerides and lipid droplets. HUVEC were cultured in medium containing 5 mM (CTR), 11.1, 

or 30 mM of D-glucose (-) and either after TXNIP silencing or after the administration of 20 nM 

VitD. L-glucose (30 mM) was used as a control of osmolarity. (A) Triglyceride accumulation 

was measured by the Triglyceride Quantification Kit, as described in the methods. (B) The cells 

were stained with Oil Red O, and after the image acquisition using the FLoid Cell Imaging 

Station (Thermo Fisher Scientific) (left panel), the cells were solubilized, and the triglycerides 

were quantified by measuring the absorbance at 500 nm using the Varioskan LUX Multimode 

Microplate Reader (Thermo Fisher Scientific) (right panel). The results are the mean of three 

experiments that were repeated in triplicate ± SD. * p < 0.05; *** p < 0.001; **** p < 0.0001. 

3.5. VitD Corrects High Glucose-Induced Imbalance of Lipid Metabolism in HUVEC 

To shed some light on the pathways leading to the deposition of triglycerides, we 

analysed some key markers that have been found to be involved in lipid metabolism. First, 

we focused our attention on some molecules that are involved in lipogenesis. We analysed 

the modulation of PPARγ and its transcriptional coactivator EDF1, both of which are re-

quired for lipogenesis. In high glucose level-cultured cells, Western blot revealed a signif-

icant upregulation of both EDF1 and PPARγ, which was averted by VitD (Figure 5A) and 

TXNIP silencing (Figure 5B). Secondly, we analysed the expression of CPT1A, an enzyme 

that is located on the mitochondrial membrane and that is involved in the transport of 

fatty acids into the mitochondria to undergo β-oxidation. The total amount of CPT1A was 

reduced in the cells that had been cultured in high glucose-containing media, and VitD 

rescued it to normal levels, as did TXNIP silencing (Figure 5A and 5B). This result is in 

accordance with the decreased β-oxidation rate that was measured in the high glucose -

cultured cells, which was recovered in the presence of VitD and after TXNIP silencing 

(Figure 5D). 
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Figure 5. VitD and TXNIP silencing restore lipid metabolism in HUVEC cultured in high glucose. 

HUVEC were cultured in medium containing 5 mM (CTR), 11.1, or 30 mM of D-glucose (-) and 

either after TXNIP silencing or after the administration of 20 nM VitD. L-glucose (30 mM) was used 

as a control of osmolarity. (A,B) Western blot was performed on cell lysates using specific antibodies 

against CPT1A, PPARɣ, and EDF1. Actin was used as an equal loading control. A representative 

blot is shown. (C) Densitometric analysis was performed using Image J Lab software on three dif-

ferent blots, and the results are the mean of three independent experiments ± SD. (D) The β-oxida-

tion rate was measured using a fatty acid oxidation assay kit, as described in the methods. The re-

sults are the mean of three experiments that were conducted in triplicate ± SD. * p < 0.05; ** p < 0.01; 

*** p < 0.001. 

4. Discussion 

Observational data have consistently established low serum concentrations of VitD 

in patients with Type 2 Diabetes Mellitus (T2D). Of note, it seems that the duration of 

diabetes rather than glycemic control is associated with VitD deficiency [26]. Remarkably, 

observational studies as well as preclinical data support that low VitD correlates with in-

creased risk of hypertension, atherosclerosis, metabolic disorders, and low-grade inflam-

mation, all of which are conditions that share endothelial dysfunction as a common ele-

ment [27–29]. Accordingly, through the high-frequency ultrasonographic imaging of the 

brachial artery to assess endothelium-dependent flow-mediated vasodilation, it was 

demonstrated that VitD improves endothelial function in VitD-deficient subjects [30] and 

in patients with T2D and with low serum levels of VitD [31]. These findings prompted us 
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to investigate the effects of VitD on HUVEC. VitD has been reported to protect HUVEC 

from hydrogen peroxide-induced oxidative stress by inhibiting superoxide formation as 

well as to improve antioxidant defenses in HUVEC that have been treated with high con-

centrations of ketone bodies [19,32]. Here, we show that VitD downregulates TXNIP and, 

accordingly, mimics the effects of TXNIP silencing in HUVEC that have been cultured in 

high levels of glucose by preventing oxidative stress and by correcting lipid metabolism 

and storage in lipid droplets. 

Despite originally being isolated as a VitD-upregulated protein [33,34], TXNIP is dif-

ferently regulated by VitD in various cell types [35]. Cell specificity in the modulation of 

the response to VitD is described, and the downregulation of TXNIP after exposure to 

VitD seems to occur in cells harboring wild type p53 [35], as HUVEC do. Elevated TXNIP 

is implicated in the pathogenesis of various complex diseases, including diabetes and neu-

rologic and inflammatory disorders [36]. This is not surprising since TXNIP regulates lipid 

and glucose metabolism both dependently and independently from the inhibition of thi-

oredoxin (TRX) [36]. Focusing on the endothelium, TXNIP is overexpressed in the vascu-

lar EC of many vessels in hypertensive rats and contributes to oxidative stress and endo-

thelial dysfunction in hypertension [7,37,38]. It is upregulated in the aortic endothelium 

of diabetic rats and in human aortic EC that have been cultured in high levels of glucose, 

associated with dysfunction in both cases [38]. Interesting results were obtained in endo-

thelial TXNIP knockout mice under metabolic stress since the aorta was protected from 

damage through anti-oxidant and anti-inflammatory mechanisms [39]. Additionally, long 

non-coding RNAs (lnc), which disrupt the stability of the target protein, are involved in 

the regulation of TXNIP. Indeed, a recent report showed that high glucose-treated HU-

VEC downregulate lnc-SNHG15, which reduces TXNIP expression by enhancing its ubiq-

uitination [40], thus mitigating high glucose-induced endothelial dysfunction. Our results 

are in keeping with the increasing evidence pointing to upregulated TXNIP as a player in 

endothelial dysfunction in response to high glucose levels. Indeed, we found that the 

downregulation of TXNIP by specific siRNAs reduces oxidative stress and the accumula-

tion of triglycerides in lipid droplets in HUVEC. 

Lipid droplets are intracellular organelles that store neutral lipids and have been de-

tected in many eukaryotic cell types and have been interpreted as an adaptation mecha-

nism under metabolic stress [16,17]. Interestingly, they are very abundant in the EC lining 

of mammalian atheromas and in cultured EC that have been exposed to hypercholester-

olemic serum [41]. A seminal paper showed the prompt formation of lipid droplets in 

intact murine aortic EC in vivo and ex vivo after a load of fatty acid [17]. This study suggests 

that beyond being an energy resource, endothelial lipid droplets represent a defense 

mechanism against lipotoxicity. Here, we show that 24h culture in media containing high 

levels of glucose results in lipid droplet accumulation in HUVEC. To get insights into the 

involved mechanisms, we evaluated the amounts of PPARγ and its transcriptional coac-

tivator EDF1. PPARγ is a ligand-activated transcription factor that is able to exert a broad 

spectrum of biological functions, including fatty acid handling and storage [42]. EDF1 is 

a low molecular weight protein that shuttles between the cytosol and the nucleus in re-

sponse to environmental challenge [43] and is induced in HUVEC that have been exposed 

to oxidative stress [25]. When nuclear, it functions as a transcriptional coactivator for 

PPARγ [24,44]. HUVEC cultured in the presence of high glucose upregulate both PPARγ 

and EDF1. We hypothesize that the activation of the EDF1/PPARγ axis might fuel fatty 

acid synthesis in HUVEC. A similar conclusion was reached in HUVEC that had been 

cultured in a medium containing low levels of magnesium [25], thus suggesting that lipid 

accumulation is a common feature in EC exposed to metabolic stress. Moreover, culture 

in high glucose downregulates CPT1A, which consequently impairs lipid transport to the 

mitochondria. Accordingly, FAO is reduced in HUVEC that have been exposed to high 

amounts of glucose. We propose that the formation of lipid droplets in response to high 

amounts of glucose results from an imbalance between the synthesis and oxidation of fatty 

acids. 
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Whether lipid droplet-derived fatty acids are used as substrates for energy metabo-

lism or for protection against lipoperoxidation in our experimental model remains to be 

elucidated. Other interesting aspects that we plan to investigate are the dynamics and the 

fate of these organelles. Moreover, a topic that we only mentioned briefly but that de-

serves more attention is the reason why SIRT1 appeared to be downregulated in our ex-

perimental setting. For this purpose, we recall that SIRT1 exerts beneficial effects on the 

endothelium, and consistently, antidiabetic drugs, anti-oxidants, and anti-inflammatory 

agents increase its amounts [45,46]. 

In conclusion, we identified TXNIP as one of the targets of VitD in HUVEC cultured 

in media containing high amounts of glucose. Therefore, VitD might represent a service-

able tool that can be used to control redox equilibrium with the aim of limiting or, at least, 

of delaying the onset of high glucose-induced endothelial dysfunction. 
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Abstract: Type 1 Diabetes Mellitus (T1D) is associated with accelerated atherosclerosis that is
responsible for high morbidity and mortality. Endothelial hyperpermeability, a feature of endothelial
dysfunction, is an early step of atherogenesis since it favours intimal lipid uptake. Therefore, we tested
endothelial leakage by loading the sera from T1D patients onto cultured human endothelial cells
and found it increased by hyperglycaemic sera. These results were phenocopied in endothelial cells
cultured in a medium containing high concentrations of glucose, which activates inducible nitric
oxide synthase with a consequent increase of nitric oxide. Inhibition of the enzyme prevented high
glucose-induced hyperpermeability, thus pointing to nitric oxide as the mediator involved in altering
the endothelial barrier function. Since nitric oxide is much higher in sera from hyperglycaemic
than normoglycaemic T1D patients, and the inhibition of inducible nitric oxide synthase prevents
sera-dependent increased endothelial permeability, this enzyme might represent a promising
biochemical marker to be monitored in T1D patients to predict alterations of the vascular wall,
eventually promoting intimal lipid accumulation.

Keywords: endothelial cells; permeability; diabetes mellitus type 1; nitric oxide

1. Introduction

Type 1 Diabetes Mellitus (T1D) is a multifactorial disease characterized by chronic hyperglycaemia
that arises from a T cell-mediated autoimmune attack of the pancreatic β-cells and culminates with the
suppression of insulin production [1]. The worldwide incidence is rising by 3% per year and the major
risk of mortality is due to cardiovascular complications caused by accelerated atherosclerosis [2,3].
Since the endothelium is the gate-keeper of vascular health, it is not surprising that endothelial
dysfunction is the early event leading to the development of atherosclerotic lesions [4]. Non-laminar
flow, metabolic challenge and inflammatory cytokines model endothelial function [5].In particular„
hyperglycaemia contributes to macrovascular endothelial dysfunction in T1D by activating multiple
pathways through the accumulation of free radicals and glycolytic intermediates, among others [6].
Accordingly, a high percentage of paediatric patients with T1D shows endothelial dysfunction [7]
strictly associated with poor glycaemic control. However, the mechanisms underlying the insurgence
of cardiovascular damage in patients with T1D are not entirely known and, more importantly, there
are no biomarkers for an early diagnosis. In vivo, endothelial dysfunction is defined by the inability
of the artery to sufficiently dilate in response to a transient reduction of flow and is considered an
indirect measure of nitric oxide (NO) released by the endothelium [8]. Considering in vivo, endothelial
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dysfunction is defined by altered NO synthesis, increased expression of inflammatory molecules,
exaggerated generation of reactive oxygen species (ROS) and enhanced permeability of the cell layer [9].

NO is a simple molecule with complex biological activities. It is implicated in the regulation of
many physiological pathways and it is a key player of vascular health, contributing to the maintenance
of vascular tone and exerting anti-platelet, anti-thrombotic and anti-inflammatory properties [10].
Under physiological conditions, NO generated by endothelial NO Synthase (eNOS) represents the main
source of circulating NO [11]. However, NO can be produced in excess in several clinical conditions,
such as inflammation, when inducible NOS (iNOS) is activated by inflammatory stimuli. While low
levels of NO are beneficial to harmonize coagulation, inflammation and vascular tone, high levels of
NO exert detrimental effects, among which is a reversible increase of endothelial permeability [12],
a relevant early event in atherogenesis.

In vivo NO is oxidized to the stable NO products nitrate and nitrite (NOx). A causal relationship
between NO and plasma levels of NOx exists to the point that NOx plasma measurements reflect
NO bioavailability [13]. Circulating high levels of NO have been reported in T1D patients [14,15] as
well as in diabetic rats [16]. A recent meta-analysis discloses a significant increase in NOx levels in
European T1D patients [17]. Interestingly, the high concentration of NO observed in the serum of
paediatric T1D patients is responsible for mediating hyperfiltration and persistent microalbuminuria,
thus linking vascular to glomerular dysfunction in hyperglycaemic conditions [14]. The increment of
NO could be due to the induction of iNOS in phagocytes in response to the release of pro-inflammatory
cytokines [15]. Moreover, an iNOS-induced elevation of circulating NO seems to be strictly correlated
with insulin-resistant states [18].

On these bases, we measured NOx levels in the sera from 36 T1D paediatric patients and 14 healthy
controls. Next, we evaluated the effects of these sera on endothelial permeability.

2. Results

2.1. Serum NOx Levels and Endothelial Permeability Are Not Associated with Increased Glycated Haemoglobin
in T1D Subjects

Since the half-life of NO in the circulation is shorter than 0.1 s, circulating NO metabolites are
assessed as indicators of NO production [13]. We utilized the Griess assay, a method widely used in
epidemiologic studies [19], to measure NOx in the serum from healthy and T1D subjects. We initially
grouped the sera from our T1D patients according to normal or high levels of glycated haemoglobin
(HbA1c), the surrogate biochemical marker of the average glycaemia over a preceding period of
2–3 months. We detected statistically significant higher amounts of NOx in the sera from T1D patients,
independently from the levels of HbA1c (Figure 1A). We then cultured HUVEC with the same sera
(10%) for 24 h to test the endothelial barrier function and found a feeble, albeit not significant, increase of
endothelial permeability in cells incubated with sera from T1D patients with normal or high HbA1c
(Figure 1B).

2.2. Serum NOx Levels and Endothelial Permeability Are Associated with Hyperglycaemia

We then anticipated that the effects of the sera from T1D patients might depend upon high blood
glucose. Therefore, we grouped these sera according to fasting glycaemia and compared the amounts
of NOx in healthy, normo- and hyperglycaemic T1D subjects. Figure 2A shows that levels of NOx were
significantly increased only in the sera obtained from hyperglycaemic subjects (T1D h.g.). The same
result was obtained when we evaluated endothelial permeability in relation to glycaemia. Indeed,
Figure 2B shows that permeability is markedly increased in HUVEC exposed for 24 h to sera from
hyperglycaemic individuals (T1D h.g.), whereas no significant differences exist between sera from
normoglycaemic T1D (T1D n.g.) and healthy subjects (CTR).
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HbA1c and the effects of the same sera on endothelial permeability. The sera of patients were grouped 
according to the levels of HbA1c and their effects on HUVEC were compared to those of sera from 

Figure 1. Amounts of NOx in the sera from healthy individuals, T1D patients with normal or high
HbA1c and the effects of the same sera on endothelial permeability. The sera of patients were grouped
according to the levels of HbA1c and their effects on HUVEC were compared to those of sera from
healthy controls. (A) The levels of NOx were measured in the sera from healthy donors (CTR) and T1D
subjects with normal or high HbA1c (T1D normo-HbA1c or T1D hyper-HbA1c). (B) The effect of the
above-described sera on endothelial permeability was evaluated using a Transwell Permeability Assay.
The results are the mean of three experiments in triplicate. ** p < 0.01.
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To get insights into a possible role of high glucose in inducing endothelial permeability, we 
performed experiments on HUVEC exposed to physiological (5.5 mM, CTR) or high (11.1 and 30 mM) 
concentrations of extracellular glucose for 24 h. Bradykinin (10 μM) was used as a positive control 
for endothelial permeability, while lipopolysaccharide (LPS, 10 μg/mL) was the positive control for 
NOx release. L-Glucose (30 mM) was utilized as a control of osmolarity. D-glucose increased 
endothelial release of NOx (Figure 3A) as well as permeability (Figure 3B) in a concentration-
dependent manner, while L-glucose exerted no effects, thus indicating the pivotal role of high 
glucose, and not increased osmolarity, in inflecting endothelial performance. 

Figure 2. Determination of NOx in the sera from healthy individuals, T1D patients with normal or
high glycaemia and effects of these sera on HUVEC permeability. The sera of patients were grouped
according to fasting glycaemia. (A) The levels of NOx were measured in the sera from healthy subjects
(CTR) and T1D individuals with normal (T1D n.g.) or high glycaemia (T1D h.g.) as described in the
methods. (B) Endothelial permeability was measured in HUVEC exposed to 10% of the sera using a
Transwell Permeability Assay. The results are the mean of three experiments in triplicate. * p < 0.05.

2.3. High Concentrations of Extracellular Glucose Increase Endothelial NOx Release and Permeability in
Endothelial Cells

To get insights into a possible role of high glucose in inducing endothelial permeability,
we performed experiments on HUVEC exposed to physiological (5.5 mM, CTR) or high (11.1 and
30 mM) concentrations of extracellular glucose for 24 h. Bradykinin (10 µM) was used as a positive
control for endothelial permeability, while lipopolysaccharide (LPS, 10 µg/mL) was the positive control
for NOx release. L-Glucose (30 mM) was utilized as a control of osmolarity. D-glucose increased
endothelial release of NOx (Figure 3A) as well as permeability (Figure 3B) in a concentration-dependent
manner, while L-glucose exerted no effects, thus indicating the pivotal role of high glucose, and not
increased osmolarity, in inflecting endothelial performance.
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Figure 3. NOx release and permeability in HUVEC exposed to different concentrations of glucose.
HUVEC were cultured in a medium containing 5 mM (CTR), 11.1 and 30 mM glucose for 24 h. LPS and
Bradykinin were used as positive controls. (A) Media were collected and NOx levels were measured
as described in the methods. (B) Endothelial permeability was studied as described in the methods.
The results are the mean of three experiments in triplicates ± standard deviation (SD). * p < 0.05;
** p < 0.01; *** p < 0.001.

2.4. The Upregulation of iNOS is Responsible for the Increase of NOx in HUVEC Exposed to High Glucose

To understand which isoform of NOS is involved in the increase of NO upon treatment with
high extracellular glucose, we assessed the total amounts of iNOS and eNOS, the two enzymes that
catalyse the production of NO in endothelial cells. We also investigated the activated form eNOS,
which is phosphorylated on Ser1177 (P-eNOSSer1177). The total amount of iNOS were increased by high
d-glucose (Figure 4A). Conversely, both the eNOS and P-eNOSSer1177 were not significantly modulated
by high glucose (Figure 4B).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 5 of 12 
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Figure 4. iNOS and eNOS in HUVEC exposed to different concentrations of glucose. HUVEC were
cultured in a medium containing 5 mM (CTR), 11.1 and 30 mM glucose for 24 h. Western blot was
performed using specific antibodies against iNOS (A), P-eNOSSer1177, and eNOS (B). Actin was used as
a marker of loading. The experiments were repeated three times and a representative blot is shown.
Densitometry was performed by Image J software calculating the ratio between the protein of interest
and actin on three separate experiments ± SD. * p < 0.05.
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We then assessed the role of iNOS and eNOS in modulating endothelial permeability. HUVEC
were pre-treated for 1 h with L-NAME (100 µM) and L-NIL (100 µM), pharmacological inhibitors of
eNOS and iNOS, respectively, and then exposed to a medium containing high concentrations of glucose
for 24 h. In parallel, HUVEC were transiently transfected for 6 h with specific siRNAs targeting iNOS
and eNOS, or a scrambled sequence as a control, and then exposed to high glucose for the following 24 h.
Figure 5 shows that iNOS silencing as well as L-NIL prevented glucose-induced NOx accumulation
and hyperpermeability, whereas L-NAME slightly reduced NOx release and permeability in HUVEC
cultured in high glucose, as expected since eNOS is constitutively active in endothelial cells.
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Figure 5. NOx release and permeability in HUVEC cultured in a medium containing different
concentrations of glucose after genetic and pharmacological inhibition of iNOS or eNOS. HUVEC were
cultured in a medium containing 5 mM (CTR), 11.1 and 30 mM glucose for 24 h in the presence of
L-NAME or L-NIL (A,C) or after gene silencing (B,D). A scrambled non silencing sequence was used
as a control (–) for silencing. The results are the mean of three experiments in triplicate ± SD. * p < 0.05;
** p < 0.01; *** p < 0.001.

2.5. Genetic and Pharmacological Inhibition of iNOS Restores Endothelial Permeability in Cells Exposed to Sera
from Hyperglycaemic T1D Patients

We then asked whether the increase of endothelial permeability by sera from hyperglycaemic
T1D patients was dependent upon the induction of iNOS. Endothelial cells were pre-treated for 1 h
with L-NAME (100 µM) or L-NIL (100 µM) before adding to the culture media 10% of T1D serum
from hyperglycaemic or healthy subjects. As shown in Figure 6A, L-NIL reduced endothelial
permeability to approximately the same level as the controls. We also transiently silenced eNOS
and iNOS utilizing specific siRNAs (Figure 6B), while the controls were exposed to a scrambled
sequence. We found a marked reduction of endothelial permeability when a siRNA was used
against iNOS.
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3. Discussion

T1D predisposes to premature atherosclerosis, the main reason for high morbidity and impaired
life expectancy in T1D patients [20]. One of the earliest events in atherogenesis is the elevated
permeability of the endothelium, which favours the accumulation of lipoproteins into the intima where
they are oxidized and propagate endothelial dysfunction [4].

Here we show that sera from hyperglycaemic T1D subjects markedly enhance endothelial
leakage, whereas sera from normoglycaemic T1D or healthy individuals do not. Since it suffices to
expose HUVEC to high extracellular D-glucose to augment their permeability, we anticipate that
hyperglycaemia is responsible for the increase of endothelial permeability observed when we use sera
from hyperglycaemic T1D patients. Consistently, high glucose was shown to stimulate endothelial
transport of dextran through the activation of the Rho signalling pathway, which leads to the
contraction of the cytoskeleton and the consequent loss of endothelial connections [21]. We focused
on the identification of the mediators involved in high glucose-induced hyperpermeability with the
goal of individuating potential biochemical markers that might be useful for the early recognition of
alterations of the endothelial barrier and, eventually, become a target to limit and delay atherogenesis.
Among others, NO modulates endothelial cell permeability in vivo and in vitro [22], because it
regulates cytoskeletal architecture through Rho [12] and downregulates VE-cadherin [22]. Therefore,
we evaluated the levels of NOx in the sera from our T1D patients and found a very strong association
between elevated amounts of serum NOx and fasting glucose concentrations. We argue that transient
isolated peaks of glycaemia can be detrimental for the integrity of the endothelium because they
increase permeability by stimulating NO production. This is particularly true in the light of the
so-called “metabolic memory”, a theory indicating that glycaemic instability promotes metabolic
and epigenetic changes that remain also when glucose levels return normal [23]. Indeed, exposure
of HUVEC to oscillating high glucose is more detrimental than constant high glucose and induces
a metabolic memory after glucose normalization [24]. It is, therefore, important to establish a
therapeutic/dietetic regimen which keeps glycaemia within the physiological range.

While higher amounts of serum NOx in T1D patients versus controls are reported also
by other authors [17,25], the source of NOx remains undetermined. T1D is associated with a
pro-inflammatory environment [26,27]. Plasma concentrations of pro-inflammatory cytokines
IL-1β and IL-17A, as well as T cell synthesized cytokines IFN-γ, TNF-α and IL-23, are increased
in T1D subjects [27]. These cytokines activate iNOS and stimulate NO synthesis in various
cell types, including the vascular cells. Accordingly, lung microvascular endothelial cells
cultured in a high glucose-containing medium and then challenged with LPS upregulate
iNOS [28]. However, no evidence is provided that the increased amounts of iNOS is responsible for
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hyperpermeability, since no pharmacological or genetic inhibition was performed [28]. Additionally,
considering the high heterogeneity of the endothelium and the unique features of lung vasculature,
human pulmonary microvascular endothelial cells are likely to behave differently from the
macrovascular endothelial cells used in our experiments [29].

Our results point to a direct effect of high glucose in increasing NOx levels. Indeed, HUVEC cultured
in media containing high glucose release more NOx than controls in a dose-dependent fashion through
the upregulation of iNOS. Accordingly, genetic or pharmacological inhibition of iNOS prevents the
increase of endothelial permeability caused by the sera from hyperglycaemic T1D patients. In agreement
with our findings, in alloxan-induced T1D rats NOx are increased through the overexpression of
iNOS [30]. To this purpose, it is interesting that aerobic exercise significantly decreases iNOS in
pre-diabetic rats [31]. Therefore, physical activity might represent a preventive strategy to control iNOS
expression in T1D patients, thus tempering endothelial damage. Moreover, it should be recalled that,
besides NOS-derived NO, the steady-state systemic NO concentrations are regulated by the dietary
intake of nitrates and nitrites that can be metabolized into bioactive NO via stepwise reductions [32].
Currently, no data are available about tailored nutritional approaches as tools to control NOx levels
and prevent endothelial hyperpermeability in T1D patients [33].

A last point needs to be considered, i.e., the predictive value of measuring HbA1c as a marker to
individuate early alterations of endothelial function. We found increased NOx amounts independently
from HbA1c levels. Interestingly, increased levels of NOx were reported also in patients with T2D,
the most prevalent form of diabetes. Different from our findings in T1D, NOx levels positively correlate
with both HbA1c and fasting glycaemia in T2D individuals [17]. It would be interesting to unveil the
effects of the sera from T2D patients on endothelial permeability and the levels of NOS.

To conclude, although limited by the small number of subjects included in the study, our results
suggest that sporadic transitory peaks of glycaemia in T1D patients lead to the activation of iNOS.
The consequent increase of NOx impairs the endothelial barrier, thus facilitating subendothelial
accumulation of macromolecules that alter the microenvironment of the intima and promote
vascular disease.

4. Materials and Methods

4.1. Study Population

This is a cohort study in which each participant who fulfilled the inclusion criteria was
consecutively enrolled. The study was carried out in 36 paediatric T1D patients (T1D) and in
14 age-matched non-diabetic healthy donors (CTR). Clinical characteristics of T1D patients and
healthy controls are summarized in Table 1. None of the diabetic patients was affected by other
complications, such as retinopathy (evaluated by stereoscopic fundus photography) or neuropathy
(evaluated by nervous conduction velocity and autonomic tests) or was in treatment with other drugs
except insulin. All patients included in the study were nonsmokers; none was taking antioxidant
supplements or drugs with known antioxidant activity. Normal glycated haemoglobin (HbA1c)
is between 4% and 7.5%. Normal glycaemia ranges between 60 and 100 mg/dL, while fasting
hyperglycaemia was defined for values higher than 100 mg/dl. Informed consent was obtained from
all subjects included in the study. Sera were collected at the University of Milan–V. Buzzi Children’s
Hospital. The study was approved by the Buzzi Children’s Hospital (ASST Fatebenefratelli–Sacco,
Milan, Italy) Ethical Committee (2018/ST/143, 9th October 2018, Milano Area 1). All procedures
followed were in accordance with the ethical standards of the responsible committee on human
experimentation (institutional and national) and with the Declaration of Helsinki 1975, as revised
in 2008.
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Table 1. Clinical characteristics of paediatric T1D patients and healthy controls. Among the T1D
patients, 10 were normoglycaemic, 26 hyper-glycaemic, 11 had high levels of HbA1c (>7.5 %) and
25 had levels of HbA1c within the physiological range.

Healthy Subjects (n = 14) Patients (n = 36)

Sex

Male n = 5 n = 12

Female n = 9 n = 24

Age (years)

Mean 12.5 13.8

Range 3.1–23.7 4.0–24.0

Hb1Ac (%)

Mean 5.7 7.15

Range 5.30–6.80 5.10–8.80

PCR (mg/dL)

Mean 0.53 0.71

Range 0.43–0.61 0.20–2.60

Glycaemia (mg/dL)

Mean 102 168.26

Range 89.0–117.0 40.0–350.0

Therapy None MDI (n = 22)
CSII (n = 14)

4.2. Cell Culture

Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from the American Type
Culture Collection (ATCC, Manassas, WV, USA) and cultured in medium M199 (Euroclone, Milano,
Italy) with 10% fetal bovine serum (FBS), 1 mM L–Glutamine, 1 mM Sodium Pyruvate, 1 mM
Penicillin–Streptomycin, 5 U/mL Heparin and 150 µg/mL Endothelial Cell Growth Factor on 2%
gelatin-coated dishes [34] added. To test the sera of the participants, FBS was substituted by
10% of serum collected from subjects (CTR) or paediatric diabetic patients (T1D). The cells were
routinely tested for the expression of endothelial markers and used for 6–7 passages. To perform the
experiments, the cells were trypsinized, stained with 0.4% trypan blue solution and counted using a
Luna Automated Cell Counter (Logos Biosystems, Anyang–si, Gyeonggi–do, South Korea). d–glucose
(Sigma–Aldrich, St. Louis, MO, USA) was used at the concentrations of 11.1 mM and 30 mM and
L–glucose (Sigma–Aldrich) was used as a control of osmolarity at the concentration of 30 mM.

Nitric Oxide Synthase (NOS) was inhibited using either small interfering RNA (siRNA) or
pharmacological inhibitors. Subconfluent cells were transfected with siRNA targeting eNOS (NOS3)
[20 nmol, 5′-TTCGAGGGACACCACGTCATACTCA-3′ (Invitrogen Corporation, Carlsbad, CA, USA)]
or iNOS (NOS2A) [20 nmol, 5′-ATCGAATTTGTCAACCAATAT-3′ (Invitrogen)] [35]. Lipofectamine
RNAiMAX was used as a transfection reagent (Invitrogen), according to the manufacturer’s
recommendations. After 6 h, the siRNA transfection medium was replaced with a culture medium
added with 11.1 mM or 30 mM of glucose. The same experimental approach was used with
10% serum collected from CTR or T1D patients. We tested eNOS- and iNOS-silencing using
Real Time PCR (not shown). Alternatively, subconfluent cells were pre-treated with 100 µM
of pharmacological inhibitors of eNOS [L-Nω–Nitroarginine-Methyl-Ester (L-NAME) and iNOS
[N6–(1-Iminoethyl)-l-Lysine (L-NIL) (Sigma–Aldrich) for 1 h. Then, 10% of serum from the cohort or
two different concentrations of glucose were added. The experiment lasted 24 h. All the experiments
were performed in triplicate 3 times.
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4.3. Transwell Permeability Assay

The Transwell Permeability Assay was performed in a 24-well receiver plate with individual
hanging cell culture inserts (Transwell® Permeable Supports, Euroclone, 0.4µm micropores, (Euroclone,
Milano, Italy)). HUVEC were seeded into the inserts and, when confluent, incubated for 24 h with
a medium containing 10% of serum collected from CTR or T1D patients or with a culture medium
containing 11.1 mM or 30 mM glucose. After the treatment, 1 mg/mL Fluorescein isothiocyanate
labelled–albumin (FITC–BSA) (Sigma–Aldrich), a fluorescent probe able to cross the monolayer of
endothelial cells at a rate proportional to the monolayer’s permeability, was added [36]. The extent of
permeability was determined by measuring the fluorescence in the lower compartment. Fluorescence
was detected by the Promega Glomax Multi Detection System at excitation and emission spectrum
wavelengths of 495/519 nm. The experiment was performed in triplicate 2 times.

4.4. NOS Activity

NOS activity was measured in the culture media and in the serum from the patients using the
Griess Assay [19] which measures NO oxidative products (NOx). Briefly, culture media or sera
were mixed with freshly prepared Griess reagent and the absorbance was measured at 550 nm.
The concentration of nitrites in the samples was determined using a calibration curve generated with a
known concentration of sodium nitrite (NaNO2) solutions. The experiment was performed in triplicate
3 times.

4.5. Western Blot Analysis

HUVECs were lysed in 50 mM Tris–HCl (pH 7.4) containing 150 mM NaCl, 1% NP40, 0.25%
sodium deoxycholate, protease inhibitors (10 µg/mL Leupeptin, 10 µg/mL Aprotinin, 1 mM PMSF) and
phosphatase inhibitors (1 mM sodium fluoride, 1 mM sodium vanadate, 5 mM sodium phosphate).
Lysates (40 µg/lane) were separated on SDS–PAGE and transferred to nitrocellulose sheets at 400 mA for
2 h at 4 ◦C. Western Blot analysis was performed using antibodies against iNOS (BD Biosciences, Milano,
Italy), P-eNOSSer1177 (Cell Signaling Technology, Danvers, Massachusetts, USA), eNOS (BD Biosciences)
and Actin (Santa Cruz Biotechnology, Dallas, TX, USA) [37]. After extensive washing, secondary
antibodies labelled with horseradish peroxidase (GE Healthcare, Waukesha, WI, USA) were used.
Immunoreactive proteins were detected by the SuperSignal Chemiluminescence Kit (Thermo Fisher
Scientific Waltham, MA, USA) [35]. The experiment was performed 3 times and quantified using
Image J software (National Institutes of Health, Bethesda, MD, USA).

4.6. Statistical Analysis

Data are reported as means ± SD. The data were normally distributed and they were analyzed
using one-way repeated measures ANOVA. The p-values deriving from multiple pairwise comparisons
were corrected by the Bonferroni method. Statistical significance was defined for p-value ≤ 0.05.
Regarding the Figures, * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

5. Conclusions

In this study, we show that sera from hyperglycaemic T1D patients significantly increase endothelial
permeability through the upregulation of iNOS. Therefore, the identification of iNOS as a possible
biomarker that promotes the insurgence of vascular disease in T1D could entail potential planning for
the prevention of cardiovascular complications in T1D.
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Abbreviations

T1D Type 1 diabetes
NO Nitric Oxide
ROS Reactive Oxygen Species
eNOS endothelial Nitric Oxide Synthase
eNOSSer1177 eNOS phosphorylated on Ser1177
iNOS inducible Nitric Oxide Synthase
NOx nitrate and nitrite
Hb1Ac glycated haemoglobin
HUVEC Human Umbilical Vein Endothelial Cells
FBS Fetal Bovine Serum
L-NAME L-Nω–Nitroarginine-Methyl-Ester
L-NIL N6–(1-Iminoethyl)-L-Lysine
LPS lipopolysaccharide
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Abstract. Transient Receptor Potential Melastatin (TRPM)7 is important in
maintaining the intracellular homeostasis of magnesium (Mg), which is
instrumental for vital cellular functions. Since the upregulation of TRPM7
has been proposed as a marker of endothelial dysfunction, we evaluated
the effects of high glucose, which markedly impacts endothelial performance,
on TRPM7 and intracellular Mg homeostasis in human macrovascular
endothelial cells. We show that glucose-induced free radicals increase the
amounts of TRPM7 as well as total intracellular magnesium. On the contrary,
the highly selective Mg transporter MagT1 is not modulated by high glucose,
hydrogen peroxide and low extracellular magnesium. We conclude that in
endothelial cells high glucose alters Mg homeostasis through the upregulation
of TRPM7.

Key words: endothelium, TRPM7, magnesium, reactive oxygen species,
glucose

Introduction

Uncontrolled hyperglycemia causes endothelial
dysfunction [1, 2], the first step of a cascade of
events leading to vascular complications among
which stroke, coronary artery and peripheral
vascular diseases [3]. Several mechanisms
seem to mediate hyperglycemia-dependent en-
dothelial dysfunction such as the accumulation
of reactive oxygen species (ROS), the activation
of the polyol pathway and the increased
amounts of nonenzymatically glycated proteins
[4, 5].
In vitro high concentrations of extracellular

glucose affect the function of endothelial cells of

different types. Both human endothelial cells
from the umbilical vein (HUVEC), widely used
as a model of macrovascular endothelium, and
human dermal microvascular endothelial cells
exposed to high extracellular glucose are growth
inhibited and show symptoms of premature
senescence [6]. These results are explained, in
part, by a time and dose-dependent increase of
ROS due to high extracellular glucose. In
addition, increased levels of calcium (Ca) both
in the mitochondria and in the cytoplasm have
been reported and linked to the induction of
apoptosis [3, 7].
Rather little is known about the homeostasis

of magnesium (Mg) in endothelial cells exposed
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to high glucose. Mg is important in numerous
biochemical processes, from energy generation
to the synthesis of DNA, RNA and proteins and is
a natural Ca antagonist [8]. Consequently, it is
involved in many physiological processes, i.e.
muscle contraction/relaxation, bone formation,
brain activity, and others. In the vascular tree,
the maintenance of Mg homeostasis is crucial to
regulate blood pressure and prevent inflamma-
tion and thrombosis [9]. At the endothelial level,
Mg is pivotal in governing barrier function [10],
release of vasoactive molecules, fibrinolytic and
anticoagulation factors, chemokines and cyto-
kines [11]. Accordingly, Mg deficiency promotes
a pro-inflammatory pro-atherogenic phenotype
in these cells [12]. Vascular endothelial cells
express both the Transient Receptor Potential
Melastatin (TRPM)7 and the specific Mg trans-
porter MagT1, and both cooperate to ensure Mg
entry in these cells [13]. TRPM7 is a ubiquitous
bifunctional protein endowed with a channel for
divalent cations and an a kinase domain in its C-
terminal [14], whereas MagT1 specifically trans-
ports Mg and is also involved in N-glycosylation
[15]. In HUVEC low extracellular Mg, which
impairs their function [11, 16, 17], upregulates
TRPM7 through the increase of ROS [18].
Accordingly, hydrogen peroxide increases
TRPM7 protein level [18]. On these bases, we
proposed that high levels of TRPM7 might be a
marker of endothelial dysfunction [13, 18]. This
issue is supported by in vivo studies showing
that elevated TRPM7 in the aortas from Mg-
deficientmice correlates with increased amounts
of vascular cell adhesion molecule-1 and plas-
minogen activator inhibitor-1 [19], both impli-
cated in developing a pro-inflammatory and pro-
atherogenic environment. At the moment no
data are available about MagT1 and endothelial
function.
The aim of this study was to evaluate TRPM7

and MagT1 as well as intracellular Mg levels in
HUVEC cultured in the presence of high
extracellular glucose, known to induce endothe-
lial dysfunction.

Material and methods

Cell culture

HUVEC were obtained from the American Type
Culture Collection (ATCC Manassas, Virginia,

USA) and cultured in mediumM199 (Euroclone,
Milano, Italy) added with fetal bovine serum
(FBS, 10%) (Euroclone), L-Glutamine (1 mM),
Sodium Pyruvate (1 mM), Penicillin-Streptomy-
cin (1 mM), Heparin (5 U/ml) and Endothelial
Cell Growth Factor (ECGS, 150 mg/ml) on 2%
gelatin-coated dishes. All culture reagents were
from Sigma Aldrich (St. Louis, Missouri, USA).
The cells were routinely tested for the expression
of endothelial markers and used for 9-10
passages. All the experiments were performed
on subconfluent cells. D-glucose (Sigma Aldrich)
was used at a concentrations of 11.1 mM and
30 mM. The same concentrations of L-glucose
(Sigma Aldrich) were utilized as a control for
osmolarity. In some experiments hydrogen
peroxide (H2O2) (100 mM) and N-acetylcysteine
(NAC) (5 mM) (Sigma Aldrich) were used. In
some experiments HUVEC were cultured in Mg-
free medium (Thermo Fisher Scientific Wal-
tham,MA, USA) supplemented withmagnesium
sulfate (MgSO4) (Sigma Aldrich) to reach a final
concentration of 0.1 mM Mg to mimic Mg
deficiency or 1.0 mM, which is Mg physiological
concentration [20].

Western blot analysis

HUVEC were lysed in 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1% NP40, 0.25% NaDeoxy,
protease inhibitors (10 mg/ml Leupeptin, 10 mg/
ml Aprotinin, PMSF 1 mM) and phosphatase
inhibitors (NaF 1 mM, NaV 1 mM, NaP 5 mM).
Lysates (40 mg/lane) were separated on SDS-
PAGE and transferred to nitrocellulose sheets
using Trans-Blot Turbo Transfer System
(Biorad, Hercules, USA). Western Blot analysis
was performed using antibodies against TRPM7
(Bethyl, Montgomery, USA), MagT1 (Abcam,
Cambridge, UK), thioredoxin-interacting pro-
tein (TXNIP) (Invitrogen Corporation, Carlsbad,
USA) and superoxide dismutase (SOD)2 (BD
Biosciences, Milano, Italy). After extensive
washing, secondary antibodies labeled with
horseradish peroxidase (GE Healthcare, Wau-
kesha, WI, USA) were used. Immunoreactive
proteins were detected by the SuperSignal
Chemiluminescence Kit (Thermo Fisher Scien-
tific) [21, 22]. The nitrocellulose sheets are used
as control loading. A representative blot is
shown. The densitometric analysis was per-
formed using Image J Lab software (Biorad). The
results are the mean of three independent

Magnesium homeostasis and high glucose in endothelial cells

55

C
op

yr
ig

ht
 ©

 2
02

0 
Jo

hn
 L

ib
be

y 
E

ur
ot

ex
t. 

D
ow

nl
oa

de
d 

by
 M

M
E

 J
E

A
N

E
T

T
E

 A
 M

A
IE

R
 o

n 
13

/0
3/

20
20

.



experiments performed in triplicate � standard
deviation.

ROS activity

For the detection of ROS, HUVEC were
cultured in a 96-well black plate (Greiner
Bio-One, Kremsmünster, Austria) and incubat-
ed for 30 minutes with 10 mM 20-70-dichloro-
fluorescein diacetate (DCFH) solution. The
DCFH dye emission was monitored at 535 nm
(excitation l = 484 nm) using the VICTOR X5
multilabel plate (Perkin Elmer, Milano, Italy).
ROS production was normalized on the
basis of cell number as described [22]. The
results are the mean of three independent
experiments performed in triplicate � standard
deviation.

Quantification of total intracellular Mg

Total intracellular Mg was measured using the
fluorescent chemosensor DCHQ5 (kindly donat-
ed by Prof. S. Iotti, University of Bologna) as
described [23]. Fluorescence intensities were
acquired at 510 nm. Mg concentrations were
obtained by the interpolation of their fluores-
cence with the standard curve performed using
known concentrations of MgSO4. The results are

the mean of three independent experiments
performed in triplicate � standard deviation.

Measurement of total levels of cellular
ATP

The Luminescent ATP Detection Assay Kit
(Promega Madison, Wisconsin, USA) was used
to measure the level of ATP within the cell,
according to the manufacturer’s instructions.

Statistical analysis

Statistical significance was determined using
Student’s t test and set as follows: *P < 0.05,
**P < 0.01, ***P < 0.001.

Results

HUVEC exposed to high extracellular
D-glucose accumulate ROS
and upregulate TRPM7

HUVEC were cultured for 24 h in a medium
containing the physiological (5.5 mM, CTR) or
high concentrations of D-glucose (11.1 mM and
30 mM). 11.1 or 30 mMof L-glucose were utilized
as controls of osmolarity. As shown in figure 1A,
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Figure 1. High D-glucose stimulates ROS accumulation. HUVEC were cultured under physiological
(5.5 mM) (CTR) or two different high glucose concentrations (11.1 mM and 30 mM). A) ROS were
measured by DCFH. Data are shown as percentages of ROS levels in HUVEC cultured in high
concentrations of glucose versus CTR. L-glucose was used as a control of osmolarity. B) Western blot
was performed on cell lysates using specific antibodies against TXNIP and SOD2. The relative control
loading is shown in the lower panel. Densitometric analysis was performed using Image J Lab software.
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exposure to high extracellular D-glucose signi-
ficantly increased ROS in a dose-dependent
manner, while L-glucose exerted no effect. To
understand the mechanisms involved, we evalu-
ated the total amounts of Superoxide Dismutase
(SOD)2, the first line of defence against ROS,
and the pro-oxidant protein Thioredoxin-Inter-
acting Protein (TXNIP). The cells were main-
tained in 5.5, 11.1 or 30 mM D-glucose for 24 h.
Western blot revealed a marked upregulation of
TXNIP, but no alterations of the levels of SOD2
in high glucose-treated HUVEC (figure 1B),
thereby suggesting that TXNIP has a role in
the accumulation of ROS in these experimental
conditions.
The total amounts of TRPM7 were then

evaluated after 24 h of exposure to 5.5, 11.1, or
30 mM of glucose. By western blot, we found an
increase of TRPM7 levels in response to high
extracellular D-glucose, whereas the same
concentrations of L-glucose did not exert any
effect (figure 2).

MagT1 is not modulated by high
D-glucose, hydrogen peroxide
or low concentrations of extracellular Mg

We then evaluated the total amounts of MagT1
inHUVEC exposed to 5.5, 11.1, or 30 mMof D- or
L-glucose for 24 h and found no significant
modulation (figure 3A). Since very little is known
about MagT1 in endothelial cells, we asked

whether MagT1 is modulated in response to low
extracellular Mg (0.1 mM), which induces oxida-
tive stress and increases cardiovascular risk
[11], and hydrogen peroxide (100 mM), from
which hydroxyl radicals are produced by the
Fenton reaction. Figure 3B shows that culture in
low Mg or in the presence of hydrogen peroxide
(H2O2) for 24 h did not exert any effect onMagT1
levels (figure 3B).

The antioxidant NAC prevents TRPM7
upregulation by high D-glucose

We then focused on TRPM7. To investigate if its
upregulation by high glucose is due to the
increase of ROS, HUVEC were treated with
the antioxidant NAC (5 mM) inmedium contain-
ing high or physiological concentrations of
D-glucose for 24 h. NAC prevented ROS accu-
mulation (figure 4A) and, in parallel, TRPM7
upregulation (figure 4B), thereby suggesting
that the increased amounts of TRPM7 are due
to D-glucose-induced ROS.

High D-glucose increases total
intracellular magnesium, but not ATP

The concentration of intracellular total Mg was
measured using the fluorescent chemosensor
DCHQ5 in HUVEC cultured in a medium
containing 5.5, 11.1, or 30 mM D- or L-glucose
for 24 h. We found that intracellular Mg
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Figure 2. High D-glucose upregulates TRPM7. HUVEC were exposed to different concentrations of
glucose for 24 h. Western blot was performed on cell lysates using antibodies against TRPM7. The
relative control loading is shown in the lower panel. Densitometric analysis was performed using Image
J Lab software.
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increased in response to highD-glucose, an effect
that is prevented by the addition of NAC
(figure 5A). L-glucose did not modulate intracel-
lular magnesium.
We also measured ATP content in HUVEC

cultured for 24 h in a medium containing 5.5,
11.1, or 30 mM D-glucose in the presence or not
of NAC and found no significant differences
(figure 5B).

Discussion

High extracellular glucose alters Mg homeosta-
sis in human macrovascular endothelial cells.
In our experimental model, we found a direct
correlation between high-glucose-induced ROS
and TXNIP. TXNIP inhibits thioredoxin, a
ubiquitous redox protein that reduces thiol

and controls levels of ROS to limit damage from
oxidative stress. In agreement with our data, the
overexpression of TXNIP has been described in a
rat model of type 1 diabetes as well as in cultured
human aortic endothelial cells exposed to high
glucose [24]. We propose that increased TXNIP
has a role in generating oxidative stress in
response to high glucose, but more experiments
are necessary to validate this hypothesis. It is
also of interest that no modulation of the
antioxidant enzyme SOD2 at the protein level,
which is critical in protecting the cardiovascular
system [25], occurs. Therefore, we propose that
in HUVEC high glucose favors the acquisition of
a pro-oxidant phenotype, which is responsible for
the upregulation of theMg channel TRPM7. Our
data confirm and broaden a previous study
describing the upregulation of TRPM7 in
HUVEC exposed for 72 h to high concentrations
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Figure 3. HighD-glucose does notmodulateMagT1 levels.A) HUVECwere exposed to 5.5 (CTR), 11.1
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loading is shown in the lower panel. Densitometric analysis was performed using Image J Lab software.
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of extracellular D-glucose [26]. We also show that
an antioxidant, i.e., NAC, prevents high-glucose-
inducedROSandTRPM7accumulation.Wehave
previously shown that TRPM7 is modulated by
ROS [18]. Indeed, TRPM7 increased in HUVEC
cultured in lowMg [18],whichpromotes oxidative
stress and is a risk factor for coronary artery
disease [27], or exposed to hydrogen peroxide to
simulate a condition of oxidative stress. On these
bases we proposed that high levels of TRPM7
might be considered as a marker of endothelial
dysfunction. The results reported in this paper
reinforce this view.
On the contrary, MagT1 is not modulated by

high glucose, low Mg, or hydrogen peroxide. We
only considered the total amounts of the protein.
However, it is possible that high glucose alters
its function as a component of the N-oligosac-
charyl transferase (OST) complex.
We propose that the increase of total intracel-

lular Mg in HUVEC exposed to high concentra-

tions of D-glucose is mainly due to the
upregulation of TRPM7. This result is puzzling,
since most mammalian cells retain their basal
Mg content virtually unchanged [28]. Moreover,
no alterations of intracellular Mg concentration
were detected in HUVEC stably silencing
TRPM7 [29]. We hypothesize that other trans-
porters or channels vicariate TRPM7 knock
down, and work is in progress to test this issue.
Since ATP exists mainly as a complex withMg, it
is noteworthy that no differences of ATP content
were detected inHUVEC exposed to high glucose
versus controls. This finding is interesting in the
light of Inoue’s report showing that oxidative
stress inhibits TRPM7 current only when
intracellular ATP depletion occurs, while the
maintenance of adequate ATP content prevents
TRPM7 inhibition in HEK293 cells [30]. Since
endothelial cells predominantly catabolize glu-
cose via glycolysis [31], we hypothesize that high
glucose enhances the glycolytic flux in HUVEC,
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thus increasing the production of glycolytic
phosphomonoester intermediates, whose bioac-
tive forms bind to Mg. The consequences of high
intracellular Mg on cell function are not clear.
Because it is reported that high D-glucose
results in increased intracellular Ca [3, 7], it is
feasible to propose that the balance Ca/Mg,
essential in regulating several cell functions, is
maintained through a higher transport of Mg via
TRPM7.
It is noteworthy that TRPM7 upregulation in

response to elevated concentrations of D-
glucose is a common denominator of all the
principal cell types implicated in atherogenesis.
In rabbit smooth muscle cells, high D-glucose
enhances TRPM7 by increasing oxidative
stress and this is associated with the develop-
ment of a proliferative phenotype [32]. In
human monocytes, high glucose-induced oxida-
tive stress leads to the overexpression of
several transient receptor potential channels,
including TRPM7 [33]. These two studies do
not offer any insight into intracellular Mg
concentrations.
While increased amounts of TRPM7 seem to be

involved in endothelial dysfunction and athero-
genesis, a potential contribution of MagT1 is
hard to envisage since MagT1 is not modulated
by highD-glucose, lowMg, or hydrogen peroxide.
A recent paper has reported the contribution

of both TRPM7 and MagT1 in altering endothe-
lial barrier function [13], a crucial early step in
endothelial dysfunction, but more efforts are
needed to define MagT1 role in the vasculature.
In conclusion, we propose that 24 h exposure

to high D-glucose suffices to edit Mg homeostasis
in HUVEC.
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11.1 LAY SUMMARY OF THIS RESEARCH 

Understanding endothelial dysfunction is a major focus to generate new tools to prevent and 

treat vascular diseases. This research had the purpose to investigate the effects of high 

glucose levels and of blood serum collected from paediatric diabetic patients on endothelial 

cells monolayers. Human Umbilical Vein Endothelial Cells (HUVEC), a widely used type of 

macrovascular cells, were cultured either in 2D cell culture systems on flat dishes, a system 

which has yielded major advances in our knowledge about endothelial pathophysiology, or 

in 3D microfluidic chips to closely reflect what happens in vivo, since they show a higher 

degree of structural complexity allowing perfusion, thus generating shear stress 

fundamental for endothelial homeostasis. In 2- and 3- D the cells were cultured until they 

reach the confluence to reproduce the physiological inner layer of a blood vessel as closely 

as possible and were exposed to different concentrations of extracellular glucose or to 10% 

of blood serum from 36 paediatric diabetic patients or 14 healthy controls.  

 

Comprendere la disfunzione endoteliale è un obiettivo importante per prevenire e curare le 

malattie vascolari. Questa ricerca ha lo scopo di indagare l’effetto dell’alto glucosio o del 

siero sanguigno prelevato da pazienti pediatrici diabetici su cellule endoteliali. Le cellule 

endoteliali della vena ombelicale umana (HUVEC), un tipo ampiamente utilizzato di cellule 

macrovascolari, sono state coltivate in classici sistemi di coltura cellulare 2D, sistema che 

ha permesso il progresso di conoscenze sulla fisiopatologia endoteliale, o in chip 

microfluidici 3D che da vicino riflettono ciò che accade in vivo, poiché sono caratterizzati da 

un grado più elevato di complessità strutturale consentendo la perfusione, generando così 

lo shear stress fondamentale per l'omeostasi endoteliale. In 2- e 3-D le cellule sono state 

coltivate fino a raggiungere la confluenza per riprodurre il più fedelmente possibile lo strato 

fisiologico interno di un vaso sanguigno e sono state esposte a diverse concentrazioni di 

glucosio extracellulare o al 10% di siero sanguigno prelevato da 36 diabetici pediatrici 

pazienti o 14 controlli sani.  

 

 

11.2 PUBLICATIONS  

 

 Manuscript (biomedicines-1423576) accepted in Biomedicines (ISSN 2227-9059) on 

06 December 2021 entitled: “Vitamin D prevents high glucose-induced lipid droplets 



123 
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