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Microvascular diseases and endothelial dysfunction 

For decades, cardiovascular diseases (CVDs) remain the leading causes of death 

globally and have a substantial impact on health decline and excessive expenses in the 

healthcare system. The leading risks of CVDs are environmental, metabolic, behavioral, 

and several others [1,2]. Multiple studies have established a link between CVDs and 

endothelial dysfunction (ED) [3,4], with the severity of the condition often linked to the 

availability of vascular nitric oxide (NO). 

In order to understand ED mechanisms, it is especially relevant to study the structural 

components of microvasculature. Under healthy conditions, vascular endothelium is a 

major regulator of cardiovascular homeostasis through its modulation of fibrinolysis and 

blood viscosity, vascular constriction, angiogenesis, and leukocyte adhesion. In 

particular, endothelium-derived NO is essential for the regulation of vascular tone and 

blood pressure, prevention of platelet aggregation and the inhibition of vascular smooth 

muscle proliferation [5].  

CVD is often caused by the long-term exposure of the vasculature to adverse 

hemodynamic or metabolic risk factors such as hypertension, smoking, hyperglycemia or 

dyslipidemia [6]. In time, these risk factors can lead to a chronic, low grade systemic 

inflammatory condition that, through oxidative stress, impairs the bioavailability of NO. 

This pathological condition contributes to platelet and leukocyte activation and adhesion, 

the activation of cytokines [7] and increased permeability to oxidized lipoproteins and 

inflammatory mediators. While these processes are the main drivers of atherosclerosis 

and stenosis in the large conduit arteries and veins, chronic inflammation of the 

microvasculature can lead to the loss of cell-cell contacts, pericyte attachment and, 

ultimately, microvascular rarefaction [6,8]. Therapies and life-style approaches to 

counteract CVD progression aim to reverse ED by enhancing the release of NO from the 

endothelium [9–11]. Therefore, a healthy vascular endothelium is considered a guardian 

of cardiovascular health, while any abnormality from its normal state significantly 

contributes to several cardiovascular disorders, including atherosclerosis, aging, 

hypertension, ischemic heart disease, and obesity [12]. ED, in addition to cardiovascular 
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diseases (CVDs), is a systemic disease that affects different systems in the body and 

causes serious impacts (Fig. 1). 

Figure 1. Endothelial dysfunction (ED)—a systemic disease. Figure represents risk factors and 

widespread systemic manifestations of vascular ED. MACE indicates major adverse cardiovascular 

events [13]. 

Vascular nitric oxide: mechanism and action 

Nitric oxide (NO) is a highly reactive radical molecule specifically produced to function 

as a major messenger in the mammalian cardiovascular system. The innermost lining of 

microvessels is composed of endothelium, a monolayer of endothelial cells (ECs), and 

therefore is in direct contact with the blood/ circulating cells. 

These endothelial cells are responsible for the production of NO through endothelial nitric 

oxide synthase (eNOS, NOS3), an enzyme that utilizes a semi essential amino acid, L-



General Introduction and Scope – Chapter 1  |   12 

arginine as a substrate. The synthesis of NO by eNOS involves a series of enzymatic 

actions. Activation of this enzyme is tightly regulated by numerous factors, including 

Ca2+, calmodulin and phosphatases such as Protein kinase B (Akt). In addition, this 

process requires cofactors and co-substrates. These include tetrahydrobiopterin (BH4) 

[14], flavin adenine dinucleotide (FAD), Flavin mono nucleotide (FMN), nicotinamide 

adenine dinucleotide phosphate (NADPH) and molecular oxygen (O2). The electron 

transfer pathway begins with the transfer of electrons from the cofactor NADPH to FMN 

and FAD and subsequently, electrons are transferred to the heme group, leading to the 

activation of molecular  

oxygen. The activated oxygen species, in combination with L-arginine, undergo a series 

of reactions within the catalytic domain of eNOS to produce NO and L-citrulline. The 

NO production can be initiated by several stimuli including shear stress [15,16], 

acetylcholine [17], bradykinin [18], vascular endothelial growth factor (VEGF) [19]. 

Following synthesis, NO can diffuse into the lumen and contributes to passivation of 

platelet aggregation and into the underlying smooth muscle cells to stimulate cyclic 

guanosine monophosphate-dependent relaxation/vasodilation. Along with its key role in 

vasodilation, NO exhibits anti-inflammatory properties by inhibiting the adhesion of 

white blood cells to the endothelium [20]. Outside of vascular system NO acts as a 

neurotransmitter [21], plays a role in immune responses when produced by macrophages 

(iNOS, NOS2) and contributes to the elimination of microbes [22].   

Application of stable isotope technique to measure arginine-based NO metabolites 

Due to its high reactivity and short lifespan [23], the quantification of NO production 

from the endothelial cells relies on indirect methods of measurement. The labelled L-

arginine to L-citrulline conversion to measure of eNOS activity was introduced by 

Castillo et al group [24].  Isotopic approaches are considered indirect since they rely on 

precursor-end product paradigms to determine the pharmacokinetics of a certain 

metabolic pathway. This way tracer-metabolomics helps in understanding the flow 

through certain biochemical pathways representing the dynamic input and output of 
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chemical processes, enabling the evaluation of metabolite concentrations in different 

system states [25].  

The measurement of NO synthesis can utilize various isotopic procedures that target 

distinct stages of the arginine–NO–nitrate pathway. These protocols can monitor the 

conversion of arginine into either citrulline or NO3
- (Fig. 2A). The production of L-

citrulline can run through different routes. The majority of citrulline in humans is 

produced from L-glutamine [26–28] and from ADMA [29]. The production of L-

citrulline occurs within the urea cycle, where the conversion of L-arginine to L-ornithine 

is followed by the conversion to L-citrulline [30]. Conversion of L-arginine to L-citrulline 

through the action of eNOS also produces equimolar molecules of NO (Fig. 2B). 

Therefore, L-arginine can be used as a precursor compound to be labeled and the arginine-

citrulline pathway is selected for most applied methods to measure NO indirectly [31,32]. 

This was validated in studies showing that citrulline is a coproduct of NO production and 

has strong effects in vascular relaxation [33–35].  

However, citrulline alone cannot predict the whole NO production, in addition, ratio 

analysis of citrulline, ornithine and arginine levels have to be taken into account to 

understand the healthy or pathological statuses [30]. Also, less frequently applied assays 

such as arginine-nitrate and oxygen- nitrate protocols have been reported [36–38]. Using 

L-arginine as a tracer compound, serum and urine nitrate was examined in cytokine-

induced renal carcinoma patients. The findings indicated elevated concentrations of

labeled nitrates [39]. This work provided the initial evidence that L-arginine as a source

of NO3
- in humans and only a small fraction (<1%) of the labeled arginine was recovered

in urine.

Stable isotope tracers have also been used in the past decade for the determination of in 

vivo whole-body NO production. The intravenous primed-constant infusion of labeled 

arginine (L- 15N2- arginine) has been the most common protocol used to investigate NO 

production [40]. The rate of conversion of L-arginine into NO was measured by 

determining the isotopic enrichment in plasma citrulline. Overall, stable isotopic tracers 

have made substantial contributions to the understanding of the arginine-citrulline and 

NO - pathway's biochemistry and regulation.  



General Introduction and Scope – Chapter 1  |   14 

Figure 2. Endothelial nitric oxide synthase (eNOS)-catalyzed conversion of (A) L-arginine to L-

citrulline and NO; NO and NO-derived nitrite is oxidized to nitrate. (B) Isotope labelled conversion 

of L-arginine (13C6 15N4 L-arginine) to L-citrulline (13C6,15N3 L-Citrulline) and NO and (C) Steps 

in stable-isotope metabolomics analysis. 

Shear stress: A crucial stimulus for nitric oxide synthesis 

Under healthy conditions, the endothelium tends to maintain the blood vessels in a state 

that promotes dilation rather than contraction. Regarding this matter, the endothelium can 

respond to different internal physical stimuli, including shear stress, temperature, 
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and transmural pressure, as well as external stimuli like temperature, mental stress, 

neurohumoral responses, and drugs. 

Functionally, the mechanical stimulus (shear stress) generated on endothelial cells by the 

fluid flow is sensed by mechanosensors located in the endothelial cell membrane and 

trigger signaling cascades which are then transduced to the nucleus to activate 

transcription factors and gene expression. Similarly, shear stress acts as the prime 

regulator of the endothelium-dependent vasodilation response, by triggering the 

activation of eNOS. This, in turn, through the synthesis of intracellular cyclic cGMP by 

the neighboring VSMC, lowers vasomotor tone to accommodate the increased blood flow 

to the relevant tissues [41,42]. 

To model such conditions in vitro, 3D fluid flow-based models are instrumental for a 

better understanding of the physiologic regulation of eNOS [43]. This is further confirmed 

by observations that 2D steady state culture models often adopt a proinflammatory status 

with structural and functional changes similar to those of EC in contact with stiff 

substrates such as plastic or glass [44–46]. When shear stress is applied to endothelial 

cells in 3D in vitro models the cells display more physiological directional structural 

morphologies with improved cell-cell junction as when compared to steady state cultures 

[47]. In addition, in 3D microvessels-on-a-chip models that use collagen as extracellular 

matrix (ECM), stiff substrate related inflammatory phenotypes diminished (Fig. 3B) 

[48,49].  The critical role of extracellular matrix is to support the vascular endothelium 

by interacting with integrins on the surface of endothelial cells. It also offers a necessary 

scaffold for organizing vascular endothelial cells into microvessels [50]. 

Several in vitro 3D models have been reported that emphasized the significance of fluid-

shear stress in vascular cell integrity and alignment. In order to investigate the 

biomechanical wall stress/strain conditions, the fluid-structure interaction (FSI) was 

simulated and investigated in a blood vessel on-a-chip model [52]. 

This model was used to optimize the culture conditions and investigate mechanical factors 

that contribute to cardiovascular disease development. Another small blood vessel model 

that uses mouse artery segments onto a microfluidic chip eliminated the need for tissue 

sectioning and processing outside the chip for immunohistochemical analysis. This model 

helps in understanding the intact blood vessels from different vascular beds, vascular 
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constructs and vascularized microtissues [53]. This study examines the end-user 

experience with organ-on-chip technology, focusing on assay development and usability 

for both healthy and diseased models [54]. Other organ-on-a-chip models investigated the 

vessel leakage or permeability to evaluate the endothelial barrier function [48], to study 

the pathophysiological changes in disease conditions by perfusing whole blood samples 

[55], 3D microvascular models enabled studies on the effect of oxygen conditions on 

endothelial sprouting [56], angiogenesis [57], co-culture responses [58–61] and drug-

testing studies [62]. 
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Figure 3. A) Some of the major advantages of the in vitro 3D microvessels-on-chip model. B) 3D 

microvessels-on-chip models with extra cellular matrix (ECM) [48,51]. 

Increased flow-induced nitric oxide production and eNOS activity was also demonstrated 

in a perfusable 3D microvessels model using the DAF-FM DA fluorescence dye [60,63]. 

[64]. These platforms may serve as prominent tools to study ED that measures the NO 

availability. However, issues with disturbed or irregular flow leads to unfavorable 

responses similar to those causing atherogenesis in vascular diseases [65] [66].  

Over the years there has been a continued interest in the design of 3D micro vessel models 

to study NO metabolism.  The integration of 3D models with single-cell analysis offers a 

potent approach to unraveling the complexities of vascular biology [67], advancing our 

comprehension of vascular disease, and facilitating the development of precision 

medicine approaches for patient care. While single-cell proteomics [68] and 

transcriptomics [69] have been extensively explored in endothelial cells, the exploration 

of in vitro single-cell metabolomics of vascular cells remains limited. The imperative 

need for single-cell metabolomics (SCM) arises from the substantial heterogeneity 

observed in vascular cells across different vascular beds, organotypic structures, and non-

organotypic/vascular beds [70–72]. SCM becomes essential for unveiling the diversity in 

cellular responses, identifying biomarkers, understanding drug responses, and advancing 

precision medicine in the realm of vascular physiology and pathology. 

To address this, an efficient live single-cell sampling technique in 2D culture [73] 

utilizing fabricated glass micropipettes, coupled with electrical lysis and the subsequent 

spray of cell content to nanoESI MS, has been developed. This method enables the 

effective detection of drugs at the single-cell level, marking a significant advancement 

toward high-throughput detection of single-cell metabolites. Furthermore, this highly 
sensitive approach holds potential for sampling single cells from complex 3D micro 

vessel models or co-culture models, providing enhanced insights into cell-cell 

interactions. 
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Scope and outline of this thesis 

The central idea of this thesis is that endothelial dysfunction plays a critical role in 

vascular, particularly microvascular, diseases. This research aims to investigate 

endothelial dysfunction using in-vitro model systems, with the hypothesis that measuring 

eNOS activity is key to understanding this dysfunction. Tracer-based mass spectrometry, 

focused on arginine-specific NO metabolism, is highlighted as an effective tool for this 

analysis. The thesis ultimately seeks to develop complex in-vitro models, incorporating 

various cell types, to advance our understanding of vascular biology and support disease 

and drug research. Developing an in-vitro model of endothelial dysfunction involves 

creating a complex system that incorporates various cell types and cellular heterogeneity. 

This complexity necessitates the metabolic analysis of individual cells within vascular 

models, providing a powerful method to explore the nuances of vascular biology and 

improve our understanding of vascular diseases. The ultimate goal of the tools developed 

in this thesis is to enhance research in disease mechanisms and drug development. 

We hypothesized that flow-mediated shear stress significantly impacts eNOS activity 

within a high-throughput 3D microvessels-on-chip platform equipped with a 

unidirectional fluid flow system. This microvessels-on-chip model, combined with 

metabolic profiling, is applied to study endothelial dysfunction in conditions such as acute 

hypoxia and vascular pathologies associated with COVID-19. Moreover, we also 

explored the significance of single-cell metabolomics in vascular models, offering a 

potent approach to unraveling the intricacies of vascular biology and advancing our 

comprehension of vascular disease. The ultimate aim is to offer tools for drug research 

and development of novel medications that are accessible to academia and industry.  
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Figure 4. Overview of research chapters thesis structure and scope of each chapter. 
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Chapter 2 aims to develop a tracer-based metabolomics method using a liquid 

chromatography–tandem mass spectrometry-based assay to measure arginine-specific 

marker metabolites that are associated with eNOS activity and NO production. The 

developed assay is verified by showing that indeed eNOS expression is present, as 

indicated by an independent reference assay NO staining (DAF-2DA), and inhibitors of 

eNOS and arginase show the expected effect. Additionally, our optimized MS method 

proves to be ideal for measuring NO marker metabolites at both extracellular and 

intracellular levels, providing valuable insights into metabolic flux.  Further, the impact 

of flow-mediated and shear-stress induced eNOS activity is studied by utilizing a three-

dimensional perfusable high-throughput microvessels-on-chip model with a 

unidirectional fluid flow system. The result of shear stress- induced marker gene is 

observed high in expression under flow conditions. With an optimized sample preparation 

procedure, this sensitive method allows the detection of L-arginine and its downstream 

metabolites even at low-volume and low-abundance. The results of these tracer 

measurements in flow-mediated microvessels-on-chip models exhibit enhanced eNOS 

activity when compared to the conventional static culture.  

Utilizing the microvessels and optimized tracer-based nitric oxide metabolite 

measurement platform developed in Chapter 2, the objective of Chapter 3 is to 

investigate the roles of nitric oxide metabolites as potential diagnostic and disease 

progression markers in COVID-19. This chapter studies whether ED is associated with 

factors in COVID-19 plasma and eNOS uncoupling due to decreased BH4 levels. 

Perfusion of COVID-19 patient plasma (both severe and mild conditions) along with BH2 

(a precursor of eNOS enzyme cofactor, BH4), eNOS enzyme stimulators, and inhibitors 

into the 3D microvessels is used to elucidate the impact of BH4 on eNOS activity with 

different COVID-19 conditions. The study investigates the mechanism by which ED in 

COVID-19 may be reversed through enhanced eNOS activity using stimulants, external 

BH2 introduction, and arginase enzyme inhibition.  

In Chapter 4, we employ the optimized tracer-based metabolomics method developed in 

Chapter 2 to quantify NO metabolites under hypoxic conditions. Molecular oxygen's 

involvement in nitric oxide production and vasodilation is increasingly recognized as a 
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key factor in endothelial cell metabolism. Under hypoxia, the cells trigger adaptive 

responses to regulate the metabolic pathways and modulate angiogenesis. In addition to 

our NO metabolite analysis, we simultaneously measure signaling lipids using liquid 

chromatography-tandem mass spectrometry [74], a method that quantifies a panel of 

oxidative stress and anti-inflammatory bioactive lipids. These are used to generate 

expression profiles using the microvessels-on-chip model under transient and persistent 

hypoxic conditions to assess whether hypoxia influences eNOS activity and bioactive 

lipid metabolism. Furthermore, to evaluate the impact of shear stress on the HIF1a 

mechanism, the metabolic profiles of 3D microvessels and a 2D cell culture model are 

examined under hypoxic conditions. Advancing vascular metabolomics necessitates 

developing in vitro models that accurately replicate the complex vascular environment, 

including diverse cell types and cellular heterogeneity. Precise metabolic analysis of 

individual cells within these models is crucial for unraveling the intricacies of vascular 

biology. Hence, the following chapters will discuss potential advanced methods for 

single-cell metabolite measurement. 

The objective of Chapter 5 is to provide a concise overview of the latest techniques in 

single-cell sampling and detection methods in metabolomics, with a particular focus on 

achieving efficient analysis by mass spectrometry.  We summarize various microfluidic 

chip models for performing active single-cell separation or sorting based on size, 

biophysical, acoustic properties, and fluorescent-based sorting. This analysis offers a 

comprehensive range of techniques that can be utilized to evaluate biological properties 

and responses and address biological, clinical, or pharmacological inquiries at the 

individual cell level. This chapter demonstrates that these technologies can be utilized for 

any cell type. However, only a limited number of systems have achieved both efficient 

and high-throughput analysis, which is necessary for the development of potential 

detection tools.  

Chapter 6 aims to demonstrate the application of the single-cell electrical lysis and nano 

spray (SCEL-nS) platform, building upon the advanced technologies for single-

cell metabolomics discussed in the previous chapter (Chapter 5). This study involves 

fabricating a glass microcapillary with a precise tip diameter by optimizing the fabrication 
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parameters and then applying metal deposition to enhance its electrical conductivity. The 

constructed micropipettes are employed to extract single-cell samples from cells treated 

with drugs. Subsequently, the cells are lysed and introduced into a mass spectrometry 

(MS) system using an SCEL-nS platform. Furthermore, the effectiveness of cell lysis is 

compared between the non-lysed cells, which were processed using a traditional platform, 

and the electrical lysed cells, which were processed using the SCEL-nS platform.  

Finally, Chapter 7 provides discussions and conclusions of this thesis. A critical 

evaluation of the research is revealed together with a discussion about the future 

perspective and directions of the field of vascular biology and organ-on-chips to study 

microvascular diseases and high-throughput single-cell metabolomics.  
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