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Abstract 
Background 
The number of patients diagnosed with Type 2 Diabetes (T2D) is steadily increasing and 
accounts for a large proportion of cardiovascular complications. Endothelial dysfunction 
represents an early disturbance in the development of atherosclerosis and precedes clinical 
signs of vascular disease. The mechanisms underlying endothelial dysfunction in T2D are 
complex but are characterized by decreased bioavailability of the vasodilator nitric oxide 
(NO) and an imbalance between reactive oxygen species (ROS) and anti-oxidants causing a 
state of oxidative stress. Arginase has emerged as an important regulator of NO and ROS by 
consuming the NO substrate L-arginine. Cardiovascular complications arising from 
coronavirus disease 2019 (COVID-19) have also created a clinical challenge.  
 
Red blood cells (RBCs) have long been considered as innocent nuclei free bystanders, mainly 
serving the purpose of nutrient transport and gas exchange. Recent evidence has unveiled an 
important role of these cells in modulating vascular tone through their fascinating ability to 
release NO bioactivity and their highly developed anti-oxidant defence. Studies have claimed 
that the structure and function of the RBCs are altered, not only in chronic inflammation as 
in T2D, but also in acute inflammation in COVID-19. However, the functional implications 
of these disturbances have not been explored. 
 
Objectives 
To explore the importance of dysfunctional RBCs as important mediators of vascular 
dysfunction in T2D and COVID-19. 
 
Methods and results 
In Studies I and II, ex vivo incubations of internal mammary arteries or rat aortic rings with 
RBCs from patients with T2D resulted in attenuated endothelium-dependent relaxation 
(EDR) but not endothelium-independent relaxation (EIDR). Mechanistic experiments 
including expression and enzymatic assays revealed that this impairment was mediated by 
increased arginase activity and ROS including hydrogen peroxide and peroxynitrite. 
 
In Study III, the effect of arginase inhibition in vivo in patients with T2D before and after 
improvement in glycaemic control was performed using venous occlusion plethysmography. 
Forearm endothelial dysfunction persisted despite marked improvement in glycaemic 
control. Two hours of intra-arterial infusion of the arginase inhibitor Nω-hydroxy-nor-L-
arginine markedly improved forearm endothelial function both at poor glycaemic control and 
following four months of improvement in glycaemic control.  
 
In Study IV, RBCs were collected from patients with T2D before and after improvement in 
glycaemic control to assess the impact of dysglycaemia on RBC-mediated endothelial 
function. The degree of endothelial dysfunction induced by RBCs remained despite clear-cut 
improvement in glycaemic control.  
 
In Study V, in vivo microvascular endothelial function was markedly impaired in patients 
with COVID-19, both in the acute phase of the infection and at four months follow-up. RBCs 
from patients with COVID-19 only in the acute phase markedly attenuated both EDR and 
EIDR through an increase in arginase and ROS and decreased NO bioavailability. 
 
Conclusions 
The RBC represents a novel mediator of endothelial dysfunction in patients with T2D 
(independent of glucose levels) and COVID-19 through alterations in arginase activity and 
ROS production. Targeting dysfunctional RBCs and the disturbed pathways might represent 
a previously overlooked therapeutic strategy for improving vascular function and preventing 
vascular complications in acute and chronic inflammation.   



 
 

Sammanfattning 
Bakgrund 
Antalet patienter som diagnostiseras med Typ 2 Diabetes (T2D) ökar stadigt och står för en 
stor andel av kardiovaskulära komplikationer. Endoteldysfunktion representerar en tidig 
störning i utvecklingen av ateroskleros och föregår kliniska tecken på kärlsjukdom. 
Patofysiologin som bakom endoteldysfunktion vid T2D är multifaktoriell och komplex men 
kännetecknas av minskad biotillgänglighet av vasodilatorn kväveoxid (NO) och en obalans 
mellan reaktiva syreradikaler (ROS) och anti-oxidanter vilket orsakar ett tillstånd av oxidativ 
stress. Arginas utgör en viktig regulator av NO och ROS genom att konsumera NO-substratet 
L-arginin. Kardiovaskulära komplikationer till följd av coronavirus-sjukdom 2019 (COVID-
19) har också skapat en stor klinisk börda och utmaning. 
 
Erytrocyter har länge betraktats som oskyldiga åskådare, med främsta syftet att transportera 
näring och deras primitiva, men fundamentala, roll i gasutbytet. Emellertid har forskning 
påvisat en viktig roll för dessa celler för modulering av kärltonus genom deras fascinerande 
förmåga att frisätta NO och deras högt utvecklade anti-oxidativa försvar. Studier har 
fastslagit att strukturen och funktionen av erytrocyter är störd, inte bara vid kronisk 
inflammation som vid T2D, utan också vid akut inflammation vid COVID-19. De 
funktionella konsekvenserna av dessa förändringar har dock ej kartlagts i detalj. 
 
Syfte 
Att belysa betydelsen av erytrocyten som en viktig mediator av kärlsdysfunktion vid T2D 
och COVID-19. 
 

Metoder och resultat 
I Studierna I och II, påvisades att ex vivo inkubationer av arteria mammaria interna eller 
aortaringar från råtta med erytrocyter från patienter med T2D resulterade i en nedsatt 
endotelberoende relaxation (EDR) utan att påverka endoteloberoende relaxation (EIDR). 
Mekaniska experiment inkluderande expression och enzymatiska analyser påvisade att denna 
försämring berodde på ökad arginasaktivitet och ROS inklusive väteperoxid och peroxynitrit. 
 
I Studie III studerades effekten av arginashämning in vivo hos patienter med T2D före och 
efter förbättring av glykemisk kontroll med hjälp av venös ocklusionspletysmografi. Två 
timmars intra-arteriell infusion av arginashämmaren Nω-hydroxi-nor-L-arginin förbättrade 
markant endotelfunktionen i underarmen både vid nedsatt glykemisk kontroll och efter 
förbättring av glykemisk kontroll fyra månader senare. 
 
I Studie IV samlades erytrocyter från patienter med T2D före och efter förbättring av 
glykemisk kontroll för att utröna effekten av dysglykemi på erytrocyt-medierad 
endotelfunktion. Graden av endoteldysfunktion inducerad av erytrocyter var lika påtaglig vid 
båda tillfällena. 
 
I Studie V var mikrovaskulär endotelfunktion in vivo markant nedsatt hos patienter med 
COVID-19, både i den akuta fasen av infektionen och vid fyra månaders uppföljning. 
Erytrocyter från patienter med COVID-19 endast i den akuta fasen försämrade markant både 
EDR och EIDR genom ökad produktion av arginas och ROS samt minskad NO. 
 
Slutsatser 
Dessa studier har identifierat erytrocyten som en ny viktig mediator av endoteldysfunktion 
hos patienter med T2D (oberoende av glukosnivåer) och COVID-19 genom ökad aktivitet av 
enzymet arginas och ökad produktion av ROS. Modulering av dysfunktionella erytrocyter 
och de störda signalvägarna kan utgöra ett tidigare förbisett farmakologiskt verktyg för att 
förbättra kärlfunktionen och förhindra kärlkomplikationer vid akut och kronisk 
inflammation. 
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1. List of abbreviations 
 
4-HNE - 4-hydroxynonenal 
ABH - 2(S)-amino-6-boronohexanoic acid 
ACE - angiotensin-converting enzyme 
ACEi - angiotensin-converting enzyme inhibitor 
ACh - acetylcholine 
AGE - advanced glycation end product 
Akt - protein kinase B 
Ang II - angiotensin II 
ANOVA - analyses of variance 
ARB - angiotensin receptor blocker 
Arg1 - arginase I  
ASC - ascorbate 
ATP - adenosine triphosphate 
β93 cysteine - a cysteine residue at position 93 in the haemoglobin β-chain 
BH4 - tetrahydrobiopterin 
BMI - body mass index 
C19-RBCs - red blood cells from COVID-19 patients 
CAD - coronary artery disease 
CANTOS - canakinumab anti-inflammatory thrombosis outcome study 
Cat - catalase  
cGMP - cyclic guanosine monophosphate 
CMH - 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine 
COPD - chronic obstructive pulmonary disease 
COVID-19 - coronavirus disease 2019 
CRP - C-reactive protein 
CVD - cardiovascular disease 
DBP - diastolic blood pressure 
DHA - dehydroascorbate  
DPP-4i - dipeptidil peptidase-4 inhibitor 
EDR - endothelium-dependent relaxation 
EIDR - endothelium-independent relaxation 
eNOS - endothelial nitric oxide synthase 
EPR - electron paramagnetic resonance 
ET-1 - endothelin-1 
ETRA - endothelin receptor antagonist 
EVF - erythrocyte volume fraction 
FeTPPS - Fe(III)5, 10, 15, 20-tetrakis(4-sulfonatophenyl) porphyrinatochloride 
FFA - free fatty acids 
FMD - flow-mediated dilatation 
GK - Goto-Kakizaki 
GLP1RA - glucagon-like peptide 1 receptor agonist  
GRx - glutaredoxin  
GSH - glutathione  
GSR - glutathione reductase  
GSSG - oxidized glutathione  
GTP - guanosine triphosphate 
H2O2 - hydrogen peroxide 
H2S - hydrogen sulfide  
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H2Sx - hydrogen polysulfide  
Hb - haemoglobin 
HbA1c - glycated haemoglobin 
HbFe2+ - deoxyhaemoglobin  
HbFe3+ - methaemoglobin  
HDL - high-density lipoprotein 
H-RBCs - red blood cells from healthy subjects 
IFNγ - interferon gamma 
IL - interleukin 
IMA - internal mammary artery 
IQR - interquartile range 
KH - Krebs-Henseleit 
KO - knockout 
LD - lactate dehydrogenase 
LDL - low-density lipoprotein 
LPS - lipopolysaccharide  
LVDP - left ventricle developed pressure 
MAPK - mitogen-activated protein kinase 
MCH - mean corpuscular haemoglobin 
MCV - mean corpuscular volume 
MI - myocardial infarction 
NAC - N-acetyl-cysteine 
NADPH - nicotinamide adenine dinucleotide phosphate 
NF-kB - nuclear factor-kappa B 
NO - nitric oxide 
nor-NOHA - Nω-hydroxy-nor-L-arginine 
NOS - nitric oxide synthase 
NOS1 - neuronal nitric oxide synthase 
NOS2 - inducible nitric oxide synthase 
NOS3 - endothelial nitric oxide synthase 
NOX - nicotinamide adenine dinucleotide phosphate oxidase 
O2

•- - superoxide anion radical 
ONOO- - peroxynitrite 
oxLDL - oxidized low-density lipoprotein  
PACS - post-acute COVID-19 syndrome 
PAT - peripheral arterial tonometry 
PI3K - phosphoinositide 3-kinase 
PKC - protein kinase C 
PKG - protein kinase G or cGMP-dependent protein kinase 
Prx - peroxiredoxin  
PS - phosphatidylserine 
RAGE - receptor of advanced glycation end product  
RBC - red blood cell 
RNS - reactive nitrogen species 
ROCK - Rho-associated protein kinase 
ROS - reactive oxygen species 
SARS-CoV-2 - severe acute respiratory syndrome coronavirus-2 
SBP - systolic blood pressure 
SD - standard deviation 
SEM - standard error of the mean 
sGC - soluble guanylate cyclase 
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SGLT2i - sodium-glucose co-transporter 2 inhibitor 
SIN-1 - 3-morpholinosydnonimine hydrochloride 
SNP - sodium nitroprusside 
SOD - superoxide dismutase 
SU - sulfonylurea 
T2D - Type 2 Diabetes 
T2D-RBCs - red blood cells from patients with Type 2 Diabetes 
TEMPOL - 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl 
TNFα - tumour necrosis factor alpha 
Trx - thioredoxin  
TrxS2 - thioredoxin disulfide  
U46619 - 9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α  
VSMC - vascular smooth muscle cell 
WT - wild-type 
XO - xanthine oxidase 
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2. Background 

2.1 Cardiovascular disease 
 
Cardiovascular disease (CVD) accounts for the largest proportion of morbidity and mortality 
worldwide (1). A paradigm shift took place in the mid-20th century when, as a result of the 
Framingham heart study (2), the focus was shifted from treatment of patients with established 
CVD to prevention of the disease among individuals at high risk of a cardiovascular event. 
Patients at high risk of CVD were characterized by key features and the study formed the 
basis for what we call risk factors. These include hypertension, hypercholesterolaemia, 
smoking, and diabetes mellitus, among others (3). Indeed, later studies confirmed the 
association between different risk factors and the risk of a cardiovascular event and found 
that nine risk factors account for 90% of these events (4). Owing to developments in the 
cardiovascular field, the incidence of coronary artery disease (CAD) is declining (5). 
However, despite effective risk factor optimization, a large proportion of patients are still 
suffering from cardiovascular events. In order to accelerate the reduction in cardiovascular 
mortality, novel therapeutic targets are urgently needed to be identified for the prevention of 
further cardiovascular events. 
 
Type 2 Diabetes (T2D) is one of the major risk factors for CVD. The global prevalence of 
T2D is steadily increasing due to the ageing population and the changes in lifestyle with 
physical inactivity leading to obesity and insulin resistance. The number of cases is expected 
to triple, and its prevalence is expected to be double by 2060 (6). T2D is a strong risk factor 
for micro- and macroangiopathy with severe complications including retinopathy, peripheral 
artery disease, end-stage renal disease, and importantly atherosclerotic CAD (7). Another 
significant parameter to take into account is the economic burden of diagnosis, prevention, 
treatment, and management of complications in patients with T2D (8). The complications of 
T2D are managed through pharmacological optimization of blood glucose in combination 
with other types of interventions including lifestyle management and health education. 
Despite repeated efforts to reduce cardiovascular morbidity and mortality in T2D by several 
anti-glycaemic agents such as insulin, metformin, and sulfonylureas, no successful therapy 
has yet been identified (9). Intensive glycaemic therapy aiming at normalizing glycated 
haemoglobin (HbA1c) has even been shown to be harmful, with increased mortality in one 
of the largest randomized clinical trials to date (10). It has become more and more evident 
that the “glucocentric” approach to treat patients with T2D is not sufficient to reduce 
cardiovascular morbidity and mortality. Recent studies have shown that novel 
pharmacological compounds such as glucagon-like peptide 1 receptor agonist (GLP1RA) and 
sodium-glucose co-transporter 2 inhibitors (SGLT2i) reduce the number of cardiovascular 
events (11, 12). However, the mechanisms behind the cardiovascular protective effect by 
these compounds are not completely understood but are believed to be independent of their 
glucose-lowering properties (13). Specific treatment strategies that specifically target 
cardiovascular complications in T2D are currently lacking. The underlying pathological 
mechanisms behind these complications in T2D are complex but seem to be initiated via an 
imbalance of the redox state with increased oxidative stress and reduced bioavailability of 
the vasodilator nitric oxide (NO) (14). This contributes to the dysfunction of the innermost 
layer of the vasculature, a state referred to as endothelial dysfunction. To aid the development 
of novel pharmacological drugs and targets, a detailed understanding of the molecular 
mechanisms underlying the progression of vascular dysfunction in T2D is needed. 
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2.2 The arterial wall 
 
The arterial wall is divided into three distinct layers: tunica intima, media, and adventitia 
(Figure 1). Tunica adventitia, the outermost layer, is composed of connective tissue and 
fibroblasts with the main function of maintaining the mechanical and structural properties of 
the artery and protecting it from overexpansion (15, 16). It also contains vasa vasorum, 
providing the artery itself with nutrients and nerve endings allowing the artery to respond to 
neural stimulation (16). Tunica media mainly consists of vascular smooth muscle cells and 
elastin fibres arranged in spiral layers and located in the middle. Tunica intima is located in 
the luminal part of the wall and is in direct contact with the bloodstream. The intima mainly 
consists of two parts, the internal elastic lamina and more importantly, the monolayer of 
endothelial cells, which is further described below. The endothelial monolayer interacts 
directly with the bloodstream and plays an active role in maintaining vascular homeostasis 
through the exertion of paracrine mediators including, on the one hand, vasodilators such as 
NO, bradykinin, and prostacyclin and on the other hand, vasoconstrictors like endothelin-1 
(ET-1) and angiotensin II (Ang II) (17). 

 
Figure 1. Different layers of the arterial wall. Created with BioRender.com. 
 
The fraction of the different layers varies in different vascular beds. Roughly, the gradual 
transition of an artery to arteriole is marked by a progressive decrease in diameter and 
thinning of tunica media and loss of definitive distinction between the three layers. Arterioles 
only consist of a single lining of smooth muscle cells and do not contain elastic fibres. The 
endothelial monolayer is, however, preserved along the whole vascular tree (17). 

2.3 Vascular dysfunction 

2.3.1 Atherosclerosis 
 
Atherosclerotic vascular disease is the underlying cause of vascular lesions causing CAD 
including angina pectoris and myocardial infarction, peripheral artery disease, and stroke and 
is a result of various clinical risk factors (18). The gradual process of the formation of the 
atherosclerotic plaque takes several decades to be manifested and is initiated by the 
dysfunction of the endothelial monolayer (Figure 2) (19). 
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Figure 2. The gradual formation and molecular changes during the development of the atherosclerotic 
plaque are initiated by dysfunctional endothelium. Created with BioRender.com. 
 
Once the endothelial layer is compromised with loosening of the endothelial permeability, 
lipoproteins are trapped into the subendothelial space forming fatty streaks, which initiate a 
pathogenic sequence starting with the recruitment of monocytes from the bloodstream to the 
intima (20). A major driver of this is the enhanced formation of reactive oxygen species 
(ROS), discussed further in later sections. The differentiation of monocytes to macrophages 
followed by the internalization of lipoproteins causes foam cell formation. This progression 
results in an inflammatory response and activation of the endothelium, which acts on adjacent 
cells, including vascular smooth muscle cells (VSMCs) to induce intimal proliferation and 
form a fibromuscular plaque. The evolution of the plaque continues by the formation of a 
fibrous cap orchestrated by structural remodelling, the attraction of inflammatory cells and 
later on calcification, and cell necrosis (18, 19). The progressive decrease in lumen diameter 
is manifested as angina pectoris and claudication of the extremities (18). As the plaque 
develops, it can become vulnerable, which refers to a thinning of the fibrous cap, being more 
susceptible to rupture, and may cause an acute medical emergency such as myocardial 
infarction or stroke, depending on the anatomical location (18). The formation of the 
vulnerable plaque is not completely understood but is characterized by a large necrotic core, 
increased inflammation, neovascularization, and intraplaque haemorrhage (20). 
 
Several approaches to slow down the progression of the vulnerable plaque have been 
explored throughout the years. These approaches are roughly divided into either targeting 
dyslipidaemia or vascular inflammation. The success story with statins many decades ago is 
still an effective approach and widely used among patients at high risk for CVD, although 
new lipid targets including the proprotein convertase subtilisin/kexin type 9 inhibitor have 
gained a larger spot in the treatment arsenal (21, 22). Clinical trials targeting ROS have failed 
in proving a clinical benefit among patients with CVD (23). The reason for this remain 
speculative, but might be explained by that the anti-oxidants that have been employed, such 
as vitamin C or E (24), are too unspecific or that the therapy was started too late in the disease 
course. The canakinumab anti-inflammatory thrombosis outcome study (CANTOS) trial was 
the first positive clinical trial confirming the inflammation hypothesis in atherosclerotic 
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disease in a clinical setting by showing a risk-reduction of recurrent cardiovascular events 
among patients receiving a monoclonal antibody targeting interleukin (IL)-1β (25). 
Subsequent studies proved the efficacy of colchicine as secondary prevention both following 
an acute myocardial infarction and also among patients with the chronic coronary syndrome 
(26, 27). Thus, targeting vascular inflammation represents a promising strategy for the 
prevention of atherosclerotic vascular disease. However, these studies were not aimed at 
treating patients with T2D. Also, drug targets at time points earlier in the progressive 
formation of the vulnerable plaque, such as dysfunctional endothelium, with targeted anti-
oxidant therapy, might reduce the risk of cardiovascular events on top of pure anti-
inflammatory targets. 

2.3.2 Endothelial function and dysfunction 
 
“While working on problems of arteriosclerosis, I have realized not only how little I knew 
about endothelium, but also how much I ought to know for the proper understanding of 
arteriosclerosis.” 

- Rudolf Altschul, 1954 

The endothelium is the largest organ in the human body and is comprised of a single layer of 
specialized squamous epithelial cells and was initially thought to be an inert layer in the 
vasculature. However, available data suggest that the endothelium acts as a communication 
hub upon physiological, hormonal, and mechanical stimuli (19). It represents an interface 
between circulating blood and the vasculature, plays an important role in the modulation of 
vascular tone and the regulation of blood fluidity, regulates inflammation, and has an 
immunomodulatory role (17). For the endothelium to comply with all these functions, 
secretion of, on the one hand, vasodilator, anti-thrombotic, anti-proliferative signalling 
molecules such as NO, prostacyclin, and on the other hand, vasoconstrictive, pro-
inflammatory, and pro-thrombotic molecules such as ET-1, Ang II, ROS, and von Willebrand 
factor, have to be in balance (14, 17). The classical view of endothelial dysfunction is the 
disruption of this delicate balance (19) as a result of classical risk factors for CVD, including 
hypertension, hypercholesterolaemia, smoking, and T2D, transforming the endothelium to 
become pro-inflammatory, pro-coagulant, and dysfunctional (Figure 3). The spectrum of 
alterations in a state of endothelial dysfunction is not represented by a single pathology but 
rather by a number of heterogenous alterations in vascular tone, thrombosis, and 
inflammatory activity. Recent studies using single-cell RNA sequencing have revealed 
distinct and multiple endothelial cell phenotypes associated with various conditions, 
emphasizing that the pathophysiology underlying endothelial dysfunction differs within and 
between different disease states (28, 29). In other words, not all endothelial cells are equal. 
Thus, the definition of endothelial dysfunction varies depending on the background, where 
clinicians associate endothelial dysfunction with a state of decrease in flow-mediated 
vasodilatation or decrease in agonist-mediated vascular blood flow whereas the cell biologist 
might consider endothelial dysfunction as an alteration in the gene transcriptome landscape 
and as alterations in host signalling pathways. 
 
 



 

 
 

 
9 

Figure 3. Endothelial dysfunction is characterized by a shift towards the right. Created with 
BioRender.com. 
 
Endothelial dysfunction is present in areas prone to atherosclerotic lesions, precedes the 
atherosclerotic process, and is the earliest detectable change in the history of a plaque. Direct 
assessment of endothelial function in clinically relevant vascular beds, such as the coronary 
arteries, is useful for assessing cardiovascular health prior to clinical manifestations but is 
limited as a clinical tool due to its invasive nature (30). However, measurements of 
endothelial function in the periphery clearly correlate to coronary vascular dysfunction, 
suggesting that endothelial dysfunction is systemic (31, 32). This also allows investigation 
of endothelial function in remote areas to assess systemic vascular health by non-invasive 
approaches. 
 
Although the determination of endothelial function is not part of clinical practice, several 
studies have established the link between impaired endothelial function and adverse 
cardiovascular events, independent of other risk factors, underscoring its potential as a risk-
stratifying tool and pharmacological target beyond the current treatment arsenal (33). 
Endothelial function measured by flow-mediated dilatation (FMD, Figure 4), venous 
occlusion plethysmography, or peripheral arterial tonometry (PAT), represents an 
independent predictor of cardiovascular events as well as all-cause mortality (34-40). 
Position papers have reinforced the importance of evaluating endothelial function as part of 
clinical risk stratification (41). The main obstacles before the evaluation of endothelial 
function can be introduced in clinical practice as part of risk stratification in patients with 
cardiovascular risk factors are the standardization of methodology and reference intervals for 
different populations. Venous occlusion plethysmography requires the insertion of an arterial 
catheter for administration of vasoactive drugs and is therefore not suitable for large-scale 
application. Evaluation of endothelial function with FMD has high intra-observer 
reproducibility and is correlated with coronary vascular endothelial function. However, the 
high inter-observer variability, the requirement of a trained technician, and the lack of 
standardized reference intervals limit the clinical applicability of this method. PAT is easier 
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to perform and is more observer-independent but lacks solid randomized clinical trials to 
assess its predictive utility and it mainly reflects the microvascular endothelial function. 
Furthermore, PAT evaluation does not selectively reflect NO-dependent vasodilation but 
does to some extent also involve VSMC function (32). 

 
 

Figure 4. An example of the predictive value of endothelial dysfunction assessed with flow-mediated 
dilatation (FMD) for future cardiovascular events. Kaplan-Meier curve displaying the cumulative 
proportion without cardiovascular events among patients undergoing coronary or peripheral bypass 
surgery. Events were defined as lethal and non‐lethal myocardial infarction, symptoms of unstable 
Angina pectoris, atrial fibrillation, and increased troponin‐I. Reprinted with permission from Daiber 
et al., Br J Pharmacol 2017. 
 
Targeting endothelial dysfunction may delay or prevent the formation of the vulnerable 
plaque (19). A high-risk population with newly diagnosed CAD underwent evaluation of 
FMD at the time of diagnosis and following 6 months with optimized therapy according to 
established guidelines (42). Those with improvement in endothelial function at 6 months had 
a lower risk of recurrent adverse cardiovascular events, suggesting that endothelial 
dysfunction provides an additional parameter for fine-tuning available risk scores and an 
important surrogate endpoint. Several established and new pharmacological drugs, lifestyle 
interventions, and risk factor modifications attenuate the degree of endothelial dysfunction 
(Figure 5). However, none of the established interventions is specifically aimed at improving 
endothelial function. Despite the current treatment arsenal, patients at high risk of CVD with 
optimized pharmacological treatment are still suffering from adverse cardiovascular events. 
This might, to some extent, be explained by the presence of persistence endothelial 
dysfunction. 
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Figure 5. Established and new therapeutic options for improvement of endothelial dysfunction. ACEi 
- angiotensin-converting enzyme inhibitors, ARB - angiotensin receptor blocker, eNOS - endothelial 
nitric oxide synthase, ETRA - endothelin receptor antagonist, GLP1RA - glucagon-like peptide 1 
receptor agonist, NO - nitric oxide, SGLT2i - sodium-glucose co-transporter 2 inhibitor. Created 
with BioRender.com. 

2.3.3 Nitric oxide 
 
“There are very few things in the body that nitric oxide doesn’t regulate. And we are still 
discovering more.” 

- Ferid Murad, 1998 
 
NO is a diatomic colourless gas and a free radical known as the endothelium-derived relaxing 
factor, which also possesses anti-inflammatory properties. NO is highly reactive with a short 
lifetime but due to its uncharged nature, small size, and lipid solubility it is able to diffuse 
across membranes enabling it to act as an autocrine and paracrine mediator of cell signalling. 
Reduced bioavailability of NO is central to the development of endothelial dysfunction and 
represents its earliest hallmark (14). NO is constitutively generated in endothelial cells by the 
enzyme endothelial NO synthase (eNOS or NOS3) from the substrate L-arginine, with 
citrulline as a by-product (14). Other isoforms of nitric oxide synthases (NOS) include 
inducible NOS (NOS2), expressed in macrophages in response to cytokine release and 
neuronal NOS (NOS1) constitutively expressed in neurons (43). Apart from eNOS, the two 
other isoforms are of minor importance in the regulation of vascular tone, although it should 
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be mentioned that NOS1 is expressed in vascular cells and cardiomyocytes and regulates 
vascular tone independently of eNOS (43-45). 
 
NO production is dependent on various stimuli including receptor-mediated agonists, such 
as bradykinin and acetylcholine (ACh), or non-receptor-mediated activation of eNOS by an 
increase in calcium from the endoplasmic reticulum following shear stress (46, 47). The 
production of NO depends on the availability of the cofactor tetrahydrobiopterin (BH4) 
through stabilizing the active dimer structure of eNOS and the binding of L-arginine (48). 
Another important cofactor for NO production is nicotinamide adenine dinucleotide 
phosphate (NADPH). NO acts as a paracrine mediator through its diffusion across 
membranes by activating its intracellular receptor soluble guanylate cyclase (sGC) in 
VSMCs. This subsequently converts guanosine triphosphate (GTP) to cyclic guanosine 
monophosphate (cGMP), which possesses diverse regulatory functions including 
vasodilatation, nerve signalling, and angiogenesis (14, 49, 50). cGMP mediates activation of 
protein kinase G or cGMP-dependent protein kinase (PKG) with subsequent downstream 
effectors. Central to the vasodilatory effect is the activation of myosin phosphatase which 
leads to the release of calcium from VSMCs resulting in vasodilatation (51). Other effectors 
of PKG include activation vasodilator-stimulated phosphoprotein, which inhibits platelet 
activation (52) and activation of transcription factors with vascular favourable effects (53). 
Another mechanism by which NO exerts its biological effect is through the addition of a NO+ 
group to a cysteine thiol (-SH) to form an S-nitrosothiol (54). This attachment of NO+ is 
referred to as S-nitrosation and has diverse regulatory effects including protein modifications 
for control of several physiological processes including apoptosis, oxygen delivery, and cell 
proliferation (55). NO is also known to limit the vasoconstricting effect of the endothelium-
derived ET-1 (56, 57). Hence, NO deficiency increases vascular tone and promotes 
inflammation and oxidative stress not only via loss of its own actions but also via 
upregulation of other mediators (57, 58).  

2.3.4 Reactive oxygen species 
 
ROS are oxygen-derived molecules coupled to an unpaired electron and these can oxidize 
proteins, DNA, lipids, and biomolecules as well as serving other purposes. In general, ROS 
have a very short lifetime. At physiological levels, ROS are important regulators of cell 
growth, senescence, vascular tone, oxygen tension, immunity, and apoptosis. However, 
uncontrolled prolonged generation of ROS as a result of CVD risk factors might lead to 
sustained cellular damage through the formation of harmful changes in enzymatic activity 
and unfavourable effects on metabolism (59). Several sources of ROS in endothelial cells 
have been identified, specifically from the mitochondria, through eNOS uncoupling, or the 
enzymatic formation catalysed by NADPH oxidases (NOX). Excessive production of ROS 
is one of the key elements underlying sustained damage to the endothelium. An important 
source of ROS production in mammalian cells, including endothelial cells, is the 
mitochondria. The mitochondria produces adenosine triphosphate (ATP) through a series of 
redox reactions in the respiratory chain, which requires O2 (60). During this process, the 
leakage of electrons contributes to the reduction of O2 to form the superoxide anion radical 
(O2

•-), which might be dismutased by the mitochondrial superoxide dismutase (SOD) to form 
hydrogen peroxide (H2O2) (60). 
 
As outlined above, eNOS is a key determinant of modulation of vascular tone and vascular 
integrity. Superoxide anion can also be produced by uncoupled eNOS. Uncoupling of eNOS 
refers to the situation when the enzyme under circumstances of limited availability of the 
substrate L-arginine or co-factor BH4, produces superoxide instead of NO (Figure 6) (14). In 
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the presence of NO, superoxide will rapidly form the potentially detrimental nitrogen species 
peroxynitrite (ONOO-) and can be further decomposed into radicals. This further reduces NO 
bioavailability and oxidises BH4 to BH2 leading to further uncoupling of eNOS and thus 
resulting in a vicious circle with a progressive decline in NO bioactivity and a further increase 
in oxygen-derived free radicals (61, 62).  
 
NOX is a family of seven members (I-VII) of membrane-bound complexes, which catalyse 
the formation of O2 to O2

•- using NADPH as the electron donor. The production of O2
•- by 

NOX and the subsequent formation of H2O2 promote angiogenesis, proliferation, and 
endothelial survival through immunomodulation as they help to kill pathogens (63). A shift 
in NOX enzymatic activity, as a result of various risk factors, results in increased oxidative 
stress and endothelial dysfunction. 

 

 
Figure 6. Physiological state of nitric oxide (NO) production in endothelial cells from L-arginine and 
molecular oxygen (O2) by coupled endothelial nitric oxide synthase (eNOS, upper). In states of 
pathology i.e. low bioavailability of L-arginine, tetrahydrobiopterin (BH4), or nicotinamide adenine 
dinucleotide phosphate (NADPH), uncoupled eNOS (lower) produces superoxide (O2

•-) instead of 
NO. Superoxide reacts with NO to produce peroxynitrite (ONOO-) or might be catalysed by 
superoxide dismutase (SOD) to hydrogen peroxide (H2O2). Created with BioRender.com. 
 
The endothelial cell is equipped with an anti-oxidant defence machinery containing a robust 
battery of anti-oxidants used in response to oxidative insult. These anti-oxidants include 
SOD, peroxiredoxin, thioredoxin (Trx), catalase, and glutathione peroxidase that are able to 
resist oxidative damage and balance the reduction and oxidation within the cell compartment. 

2.3.5 Boosting nitric oxide bioavailability in cardiovascular disease 
 
The three principally different strategies that have been employed to increase NO 
bioavailability are: to increase NO production; to inhibit NO degradation; to modulate 
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signalling downstream of NO, such as phosphodiesterase, in order to maintain the signalling 
pathway of NO (14). Since the identification of NO as an important signalling molecule, 
significant efforts have been invested in attempts to increase NO bioavailability. The number 
of drugs treating CVD by modulating NO bioactivity is limited but includes nitroglycerine 
to treat angina (64), NO inhalations to treat pulmonary arterial hypertension (65), and 
phosphodiesterase inhibitors to treat erectile dysfunction and pulmonary arterial hypertension 
(66). The therapeutic effects and clinical use of these drugs are limited due to their short half-
life, difficulties in modulating specific drug actions, a narrow dose-response interval, side 
effects, and development of tolerance (14). Modulation of NO bioavailability may improve 
endothelial function and in the long run improve cardiovascular morbidity and mortality. It 
has been speculated that pharmacological agents targeting various components of risk 
factors, such as statins, possess pleiotropic effects beyond their lipid-lowering properties, 
including improvement in endothelial function via modulation of eNOS (67). This may 
represent a key mechanism behind their protective effects in reducing cardiovascular 
morbidity and mortality.  
 
Boosting NO bioavailability by short-term L-arginine supplementation (up to three days) has 
been shown to improve endothelial function (68-70). However, chronic supplementation (six 
months) of L-arginine failed to prove its efficacy in post-myocardial infarction patients and 
was even detrimental as a higher proportion in the L-arginine group died compared to the 
placebo group (71). An underlying reason for this might be the consumption of L-arginine 
by hepatic arginase, which creates an increase in eNOS uncoupling with subsequent 
increment in ROS formation. Therefore, alternative strategies need to be investigated to boost 
NO bioactivity. One such strategy might be to increase endogenous production of NO 
through shunting of L-arginine towards NO production by inhibiting the competing enzyme 
arginase. 

2.3.6 Arginase - generation, regulation, and pharmacological potential 
 
Arginase, a metalloenzyme expressed in two isoforms, has generated considerable interest in 
the regulation of NO by the reciprocal inhibition of its formation, shunting L-arginine 
formation from NO production towards ornithine and urea (Figure 7) (72). The expression of 
the arginase isoforms, arginase I, mainly located in the cytosol, and arginase II, mainly 
located in the mitochondria, varies across tissues and is differentially regulated in different 
organs (73). Both isoforms can be released from various cell types and tissues into 
extracellular fluids for hydrolysis of L-arginine (74). Arginase I is mainly expressed in the 
liver by hepatocytes where it catalyses the critical last step in the urea cycle for detoxification 
of ammonium to form ornithine and urea. Of further interest, arginase is also expressed in 
other cells including endothelial cells, cardiomyocytes, macrophages, and red blood cells 
(RBCs) (72, 73, 75). Arginase I and II share overall homology of 60% (76) and 100% at the 
active site (77) and both are important for the regulation of NO formation. In some 
circumstances, for instance, in the presence of excess in oxidized low-density lipoprotein 
(oxLDL), arginase II is translocated from the mitochondria to the cytoplasm, which increases 
the consumption of L-arginine (78). An increase in arginase activity results not only in lower 
NO formation but also in the uncoupling of eNOS, which further produces ROS (79). 
Excessive arginase activity also leads to the accumulation of L-ornithine, which consequently 
leads to collagen deposition through increased production of proline and polyamines, 
ultimately leading to arterial stiffness, smooth muscle hyperplasia, and fibrosis (80, 81). 



 

 
 

 
15 

 
Figure 7. Increased arginase activity as a result of pro-inflammatory cytokines, oxidized low-density 
lipoprotein (oxLDL), glucose, and angiotensin (Ang) II, consume L-arginine creating a shortage of 
substrate for nitric oxide (NO) production with endothelial nitric oxide synthase (eNOS) uncoupling. 
Uncoupled eNOS produces superoxide (O2

•-), which inhibits tetrahydrobiopterin (BH4) and is 
dismutated to hydrogen peroxide (H2O2) or reacts with NO to produce peroxynitrite (ONOO-), which 
further triggers arginase activity. Increased arginase activity in vascular smooth cells (VSMC) results 
in increased proline and polyamines contributing to vascular stiffness and thrombosis. IL - 
interleukin, LPS - lipopolysaccharide, NADPH - nicotinamide adenine dinucleotide phosphate, TNFα 
- tumour necrosis factor alpha. Reprinted with permission from Pernow and Jung, Cardiovascular 
Research 2013. 
 
Arginase activity is triggered by various pro-inflammatory/atherogenic factors including 
tumour necrosis factor alpha (TNFα), oxLDL, glucose, hydrogen peroxide, peroxynitrite, and 
NOX. The mechanistic pathways by which these factors induce arginase are mainly via 
protein kinase C (PKC)-mediated activation of the Rho-associated protein kinase (ROCK) - 
and mitogen-activated protein kinase (MAPK) pathways (79, 82). So far, the only described 
post-translational modification of arginase is through S-nitrosation, which plays a major role 
in the development of endothelial dysfunction. 
 
Opposed to the implications of arginase as a result of a pro-oxidative/inflammatory/ 
atherogenic milieu, observations have shown that arginase may serve as an anti-inflammatory 
and anti-thrombotic mediator. In aortic VSMCs, arginase I inhibits the formation of pro-
inflammatory cytokines, including TNFα (83). Furthermore, macrophage infiltration, as well 
as inflammation in the atherosclerotic plaque, were attenuated by upregulated arginase I and 
vice versa when arginase I was downregulated (83). The exact mechanisms for the 
atheroprotective role of arginase remain unspecified, but one suggested reason is that 
increased arginase I in macrophages, with a subsequent decrease in NO production, may 
attenuate the production of peroxynitrite (84). However, there is no evidence of an 
atheroprotective effect of arginase I in endothelial cells. These observations suggest that 
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arginase serves different purposes depending on the cell type in which it is expressed. Future 
cell and isoform-specific pharmacological targets against arginase are needed to clarify these 
issues and to limit any adverse effects of arginase inhibition. 
 
As evident from experimental studies, increased arginase activity underlies endothelial 
dysfunction caused by several cardiovascular risk factors, including hypertension, 
hypercholesterolaemia, ageing, obesity, and T2D (Figure 8) (72, 79). Consequently, in many 
of these experimental studies, short-term and chronic inhibition of arginase improves 
endothelial function (72). In experimental models of myocardial ischaemia-reperfusion, 
inhibiting arginase reduces the extent of the infarction (79, 82, 85).  

 
Figure 8. Risk factors for cardiovascular disease associated with increased arginase activity based on 
experimental and/or early human trials. Reprinted with permission from Mahdi et al. Int J Cardiology 
2020. 
 
The two main classes of arginase inhibitors are the hydroxyl derivatives of arginine and 
boronic acid derivatives. Nω-hydroxy-L-arginine is a stable intermediate in the NO synthesis 
and a competitive inhibitor by bridging the bimanganese cluster of arginase. Nω-hydroxy-
nor-L-arginine (nor-NOHA) is a derivative of NOHA with higher affinity, but is not an 
intermediate of the NO synthesis and therefore does not interact with eNOS (86). Nor-NOHA 
is characterized by a high bioavailability and rapid elimination with a half-life of 15-30 min, 
making it suitable for intravascular administration in acute experimental settings (87, 88). 
Two main compounds in the boronic acid derivative group are 2(S)-amino-6-boronohexanoic 
acid (ABH) and S-(2-boronoethyl)-L-cysteine. These compounds are characterized by slow 
binding to competitively inhibit arginase activity (89). Toxicological profiles of boronic acid 
derivatives are poor, as this category of compounds is not usually seen in the pharmaceutical 
field due to fast clearance and low oral bioavailability (90). These derivatives bridge the 
manganese cluster of arginase with various affinities to the isoforms. The lack of isoform-
specific pharmacological arginase inhibitors complicates the interpretation of the relative 
contribution of the two isoforms to long-term disease outcomes. Another important issue 



 

 
 

 
17 

with systemic arginase inhibition is the inhibition of hepatic arginase which might reduce the 
ammonium detoxification with hyperammonaemia as a result. This is evidenced by the fact 
that arginase I loss of function mutation is a serious medical condition due to hyperarginemia 
and hyperammonemia with severe neurological deficits (91). However, experimental 
evidence provided so far has shown that there are no apparent adverse effects of daily 
injections of intraperitoneal nor-NOHA during ~10 weeks in spontaneously developed 
hypertensive rats or atherosclerotic apolipoprotein E deficient mice fed with a high-fat diet, 
despite vascular favourable effects (92, 93). This might be explained by the far higher levels 
of arginase in hepatocytes compared to other cells leaving the essential urea cycle intact. 

2.4 Type 2 Diabetes 
 
Although not universally defined, the metabolic syndrome refers to a variety of 
abnormalities, collectively contributing to increased risk of CVD. Important components of 
metabolic syndrome include insulin resistance, visceral obesity, hyperglycaemia, 
hypertension, dyslipidaemia, and pro-inflammation (94). The progression of the prediabetic 
stage towards the diagnosis of T2D is initiated by increased insulin resistance with an initial 
overproduction of endogenous insulin (95). After a while, the endogenous production of 
insulin is decreased, with higher levels of plasma glucose (95). Collectively, these 
disturbances ultimately culminate in the diagnosis of T2D. T2D is associated with a state of 
chronic inflammation resulting in increased pro-inflammatory signalling, increased 
expression of cytokines, acute phase reactants, and chemokines (96). This causes an 
accumulation of immune cells in adipocytes, further contributing to inflammation through 
the release of pro-inflammatory cytokines and decreased anti-inflammatory adipokines such 
as adiponectin, collectively contributing to insulin resistance. T2D further causes an 
overproduction of very-low-density lipoprotein by the liver as well as increased delivery of 
free fatty acids (FFA) from adipose tissue and decreased uptake of FFA by skeletal muscles 
due to insulin resistance (96). The increased flux of FFA further induces insulin resistance in 
several cell types including hepatocytes, myocytes, macrophages, and adipocytes through 
various and distinct mechanisms, resulting in a vicious circle with a progressive decline in 
insulin sensitivity and hyperglycaemia and worsening in T2D with more advanced disease.  
 
The spectrum of clinical vascular complications in T2D are roughly divided into 
microvascular and macrovascular complications (Figure 9) (97). The most common 
microvascular complication is diabetic retinopathy, which is the leading cause of blindness 
(98). A key mechanism is represented by oxidative damage in retinal endothelial cells 
induced by hyperglycaemia through pathways described in the next section (99). This 
endothelial injury is predicted mainly by disease duration and degree of hyperglycaemia. 
Other important microvascular complications include diabetic nephropathy, skin ulcers, and 
neuropathy, which share similar pathological mechanisms. Macrovascular complications 
including cerebrovascular lesions, CAD, and peripheral arterial disease can roughly be 
simplified as the process of atherosclerosis with successive narrowing of the arterial wall. In 
T2D, the atherosclerotic process is accelerated and overwhelming. The detrimental effects of 
T2D on CVD are not completely understood but include an excess of oxidative stress, 
increased platelet adhesion, and hypercoagulability. The risk of myocardial infarction among 
patients with T2D without a previous cardiovascular event is equivalent to the risk of a 
recurrent myocardial infarction in a non-diabetic patient (100). Based on this, T2D might be 
viewed as a cardiovascular disease rather than a risk factor. Achievement of glycaemic 
control attenuates the risk and progression of microvascular complications but has not 
convincingly been proven to reduce macrovascular complications to the same extent (9). 
Targeting other components of the metabolic syndrome in T2D such as hypertension by anti-
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hypertensive drugs or hyperlipidaemia by statins does, however, protect against 
cardiovascular events but is, as of today, not sufficient to achieve an acceptable level of 
incident CVD.  
 

 
Figure 9. Microvascular and macrovascular complications in Type 2 Diabetes. Created with 
BioRender.com. 

2.4.1 Endothelial dysfunction in Type 2 Diabetes 
 
Several mechanisms behind endothelial dysfunction in T2D have been proposed but the 
definitive pathogenesis remains unclear. One explanation is due to the multifactorial 
complexity of the disease as well as the wide range of clinical manifestations, from silent 
disease to severe and multiple complications (19, 101). Hyperglycaemia, insulin resistance, 
and an increase in FFA are associated with the accumulation of ROS through different 
mechanisms. Accumulation of ROS, most notably superoxide, induced by hyperglycaemia 
underlies endothelial dysfunction through four different key principle mechanisms: 1) PKC 
activation, 2) activation of hexosamine and polyol pathways, 3) increased formation of 
advanced glycation end products (AGE), and 4) activation of the Rho/ROCK pathway 
(Figure 10) (102, 103). The downstream effects of PKC include upregulation of nuclear 
factor-kappa B (NF-kB), increased production of ET-1, and, importantly, activation of NOX 
that induces superoxide formation and thereby depresses NO formation (19, 82, 102). 
Similarly, activation of the Rho/ROCK pathway inactivates eNOS by dephosphorylation, 
upregulates NF-kB, and induces leukocyte adhesion to endothelial cells (104). It should be 
noted that the only glucose transporter 1 expressed on endothelial cells is not responsive to 
insulin. This limits the ability of endothelial cells to regulate glucose uptake, which makes 
endothelial cells particularly susceptible to the detrimental effects of hyperglycaemia, 
including oxidative damage. 
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Figure 10. Overview of the link between key features of Type 2 Diabetes and endothelial dysfunction. 
AGE - advanced glycation end product, ET-1 - endothelin-1, FFA - free fatty acid, NO - nitric oxide, 
PKC - protein kinase C, RAGE - receptor of advanced glycation end product, ROCK - Rho-associated 
protein kinase, ROS - reactive oxygen species. Created with BioRender.com. 
 
Insulin exerts its effects through two main pathways: 1) MAPK pathway, an extracellular 
signal-regulated pathway that promotes ET-1 expression and alters cell proliferation; 2) 
phosphoinositide 3-kinase (PI3K) pathway where protein kinase B (Akt) activates eNOS, 
glucose uptake, and protein/lipid synthesis (105, 106). Deficiency in the latter pathway leads 
to decreases in NO formation (107, 108) whose activity dominates in a healthy state for the 
regulation of vascular reactivity (109). However, insulin resistance in T2D is associated with 
a deficiency in the PI3K pathway while the MAPK pathway is unaffected or even enhanced, 
resulting in proatherogenic signalling and vascular dysfunction through increased oxidative 
stress and NO deficiency (107, 110). Thus, in states of insulin resistance and 
hyperinsulinemia, endothelial function is impaired (111). This might explain why patients 
with T2D receiving aggressive insulin treatment and achieving glycaemic control do not 
benefit in terms of cardiovascular risk. Alternative approaches that have been undertaken to 
improve endothelial function in T2D are focused on insulin-sensitizing strategies such as the 
use of dipeptidyl peptidase-4 inhibitor or adiponectin, which improves endothelial function 
through “re-coupling” of eNOS and restoration of the redox balance (112, 113). It has also 
been shown that GLP1RA stimulates eNOS activation through the glucagon-like peptide 1 
receptor on endothelial cells, thereby improving endothelial function independent of insulin 
modulation (114, 115), which might represent a key mechanism behind the beneficial effects 
by GLP1RA on cardiovascular outcomes.  
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2.4.2 Arginase in Type 2 Diabetes 
 
Glucose upregulates arginase through Rho/ROCK pathways, producing superoxide and 
limiting NO formation (116, 117). Coronary arterioles from patients with T2D have increased 
arginase activity and arginase I expression (118) and inhibition of arginase in these arteries 
results in markedly improved endothelial function (118). In addition, in vivo coronary artery 
microvascular dysfunction in T2D rats was restored by arginase inhibition (119). This 
improvement was blunted by a NOS inhibitor, suggesting that arginase mediates its effect by 
an increase in NOS activity. Beyond improvement in vascular function, arginase inhibition 
reduces ischaemia-reperfusion injury in an experimental model of myocardial infarction 
through PKC and to some extent ROCK pathway (120, 121). In clinical cohorts, it was found 
that arginase activity in plasma from patients with T2D was increased compared to healthy 
controls and inversely correlated to endothelial dysfunction (122, 123). A four-hour 
euglycaemic-hyperinsulinemic clamp reduced plasma arginase activity in patients with T2D 
(123). 
 
Based on the observations outlined above, initial steps toward the translation of the functional 
implication of increased arginase in T2D to the human setting were taken. Endothelium-
dependent vasodilatation was markedly improved following two hours of intra-arterial 
infusion of the arginase inhibitor nor-NOHA in patients with combined CAD and T2D 
compared to healthy controls or patients with only CAD (124). In a cohort of patients with 
T2D and microvascular complications, arginase inhibition had a beneficial effect on 
microvascular function with a similar experimental setup (125). Similarly, ischaemia-
reperfusion induced impairment in endothelial function in the forearm was improved by nor-
NOHA in patients with T2D with or without CAD (126). These observations suggest that 
arginase inhibition improves both micro- and macrovascular function as well as ischaemia-
reperfusion injury in patients with T2D. However, the impact of arginase inhibition on 
macrovascular endothelial function in an unselected cohort of patients with T2D (i.e. in the 
absence of CAD) and the impact of glycaemic control on the efficacy of arginase inhibition 
are unclear. 

2.5 Red blood cells in cardiovascular disease 
 
RBCs deliver respiratory gases and nutrients to tissues across the body and back to the lung. 
They have been considered as simple transporters and nuclei-free bystanders in 
cardiovascular homeostasis. However, changes not only in structure but also in function, as 
well as their participation in biological processes, have become increasingly evident in CVD 
(127-129). Beyond their capacity to transport oxygen and carbon dioxide, they are able to 
interact with adjacent cells in the circulation as well as with resident cells in close proximity 
to the bloodstream, altering their function. Insights from both mechanistic and 
epidemiological studies have revealed significant alterations in redox balance, enzymatic 
activities, and protein content as well as changes in size and deformability of importance for 
CVD (127, 128). Moreover, several lines of evidence suggest that the “third” gas transported 
by RBCs is NO, which is of importance for maintaining and governing several functions in 
cardiovascular homeostasis, including RBC deformability and hypoxic vasodilatation (130, 
131). Since the endothelial lining of the vasculature is in close proximity to circulating cells, 
including RBCs, it makes it an attractive and relevant target organ to pinpoint. It is known 
that mechanical interaction between RBCs and endothelial cells is weak in normal conditions 
but is enhanced in disease states especially in T2D (132, 133). The term “erythropathy” was 
recently introduced to describe the detrimental effects of RBCs on CVD (128). 
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2.5.1 Nitric oxide formation in red blood cells 
 
“There is a lot of chemistry going on in the red blood cell.” 

- Anonymous  

The biology of NO in RBCs is complex and has been a matter of extensive discussion for 
several years. Any biological function of NO in RBCs has been questioned due to the fact 
that NO is effectively and rapidly inactivated through scavenging by haemoglobin (Hb) to 
form metHb (HbFe3+) and nitrate (134, 135). However, studies have also demonstrated that 
RBCs can synthesize NO by eNOS via a mechanism similar to that in endothelial cells (131, 
136). Indeed, several lines of evidence suggest that eNOS is expressed and functionally active 
in RBCs (131, 136-138), to the extent that a redefinition of eNOS to endothelial and 
erythrocytic NOS has been proposed (139). Levels of the NO metabolites including nitrite 
and nitrate, as well as the NOS product citrulline in the supernatant of RBCs, are reduced in 
the presence of NOS inhibitors, supporting the concept of an active eNOS and NO formation 
in RBCs (131, 140, 141). It also supports the idea that the RBC contains a catalytically active 
sGC, which converts GTP to cGMP and activates PKG (142). In a recent study, RBC specific 
eNOS knockout (KO) mice exhibited a hypertensive phenotype, though without impairment 
in endothelial function (138). Reactivation of RBC eNOS in these mice normalized blood 
pressure. The reason why endothelial function in these KO mice is preserved might be due 
to a compensatory mechanism or that deletion of eNOS per se in RBCs does not alter ROS 
production, which might be of importance for mediating vascular dysfunction. It should be 
noted that there are studies, which have failed to measure citrulline formation and 
nitrite/nitrate in RBCs lysates (143, 144) complicating the actual role of NO in RBCs. NO 
production in RBCs has been investigated by the Stamler group and others, who 
demonstrated that the RBC serves as a “hypoxic sensor”. They demonstrated that RBCs are 
able to respond to hypoxia by the release of NO and introduced the phenomenon of RBC-
mediated hypoxic vasodilatation (130). How and in which form NO is released has been a 
matter of intensive debate. Beyond the eNOS dependent NO production in RBCs, two other 
main theories have been proposed providing explanations to this issue. One theory is the NO-
dependent nitrosation of a conserved cysteine residue at position 93 in the Hb β-chain (β93 
cysteine) resulting in the formation of S-nitrosohaemoglobin (145). This theory has been 
challenged as mutant β93-cysteine mice did not differ in their ability to release NO compared 
to non-mutant mice (146). Another theory is based on the fact that deoxy-Hb (HbFe2+) may 
act as a nitrite reductase, converting inorganic nitrite (NO2

-) to NO and metHb (147). This 
theory has also been challenged, as detailed analyses of the nitrite-metHb complexes 
questioned the involvement of deoxy-Hb-dependent generation of NO (148). An alternative 
proposed trigger of eNOS dependent NO production is through activation of eNOS by 
extracellular ATP through PI3K/Akt pathways (149). As is evident, controversy and 
conflicting evidence remain regarding the release of NO from RBCs and the area is still under 
heavy investigation.  
 
Arginase I, but not arginase II, is abundantly expressed and functionally active in the RBCs 
(75). The functional role of arginase in the RBCs was explained by reporting that the salutary 
cardioprotective effects of arginase inhibition are dependent on eNOS. This was based on the 
finding that arginase inhibition improves cardiac post-ischemic recovery in a model of 
ischaemia-reperfusion of the isolated heart but, remarkably, only in the presence of RBCs 
and not when delivered together with a buffer solution or other blood components (75). 
Improvement by arginase inhibition was blunted in RBCs from eNOS KO mice but not when 
RBCs from wild-type (WT) animals were administered to eNOS KO hearts, further 
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confirming the important relationship between arginase and eNOS in RBCs (75). Arginase 
inhibitors increase the production of nitrite and nitrate in the supernatant of RBCs, indicating 
that eNOS activity may be regulated by arginase (75). The impact of deleting RBC eNOS on 
cardiovascular pathophysiology seems to differ in conditions under stress (ischaemia-
reperfusion injury) compared to basal conditions (preserved endothelial function) (138).  
 
For RBCs to adapt their shape to various vascular beds and squeeze through narrow 
capillaries, the plasma membrane has to be deformed (deformability). Alterations in 
deformability lead to impaired oxygen delivery, which has been implicated in various 
diseases associated with cardiovascular alterations. A central role of NO is to modify RBC 
deformability as evidenced by the fact that NO-donors or ACh enhance RBC deformability 
(150) and chronic NOS inhibition reduces RBC deformability (151). Furthermore, decreased 
deformability was evident in RBCs from eNOS-KO mice (152). In a human study, evidence 
suggests that moderate exercise induces NO activity by activating eNOS and consequently 
increases deformability (153). Collectively, these observations strongly suggest an important 
role of NO in RBC physiology and metabolism.  

2.5.2 Redox signalling in red blood cells 
 
Unlike other cell types, the main source of ROS in RBCs is through the auto-oxidation of 
deoxy-Hb into metHb (154). Similar to endothelial cells, RBCs possess a strong redox 
capacity and are equipped with a battery of anti-oxidants (Figure 11). These defence 
mechanisms are able to keep the structural and functional integrity of the RBC upon oxidative 
insult. Like in other cell types (including endothelial cells), eNOS uncoupling, NOX, and 
xanthine oxidase (XO) also represent alternative sources of ROS, albeit to a lesser extent in 
physiological conditions but may be enhanced in pathophysiological conditions. It should be 
noted that mechanistic evidence behind the regulation, activity, and localization of these 
enzymes is sparse in RBCs. ROS released by other cell types, such as endothelial cells, 
macrophages, and neutrophils are taken up by RBCs and neutralized by cytosolic anti-
oxidants (127). In circumstances with an imbalance between anti-oxidants and ROS, i.e. 
oxidative stress, damage to the RBC membrane occurs. Furthermore, impaired blood flow 
through microcirculation causes tissue damage and pro-inflammation.  
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Figure 11. Red blood cells in a physiological state with balance in pro-oxidation and anti-oxidation 
(left) and pathology with excess in reactive species (right). AGE – advanced glycation end product, 
Arg1 – arginase I, ASC – ascorbate, Cat – catalase, DHA – dehydroascorbate, eNOS – endothelial 
nitric oxide synthase, GRx – glutaredoxin, GSH – glutathione, GSR – glutathione reductase, GSSG 
– oxidized glutathione, H2O2 – hydrogen peroxide, H2S – hydrogen sulfide, H2Sx – hydrogen 
polysulfide, HbFe2+ – deoxyhaemoglobin, HbFe3+ – methaemoglobin, NADPH – nicotinamide 
adenine dinucleotide phosphate, NOX – NADPH oxidase, O2

•- – superoxide, ONOO− – peroxynitrite, 
Prx – peroxiredoxin, PS – phosphatidylserine, RAGE – receptor of advanced glycation end product, 
SOD1 – superoxide dismutase 1, Trx – thioredoxin, TrxS2 – thioredoxin disulfide, XO – xanthine 
oxidase. Reprinted from Mahdi et al. Free Radical Biology and Medicine, 2021. 

2.5.3 Red blood cells in Type 2 Diabetes 
 
It has been proposed that defect deformability of RBCs reflects an early change in RBC 
function in T2D. RBCs isolated from patients with T2D have decreased deformability 
indicated by: cytoskeletal rearrangement, increased stiffness, decreased diameter, height and 
concave depth, and changes in RBC membrane viscosity (155-157). Furthermore, the lipid 
composition, including free cholesterol, sphingomyelin, and phosphatidylcholine, in the 
outer membrane is lower in cells from T2D patients (156, 158). More specifically, cholesterol 
oxidation products, such as 7-ketocholesterol are increased in RBCs from patients with T2D 
compared to healthy individuals, despite comparable levels of total cholesterol and 
triglycerides (159). Oxidative damage due to glycosylation of spectrin in the cytoskeleton 
has been proposed as a key trigger of membrane abnormality and represents an early change 
in altered RBC function in T2D (160). These findings indicate that the mechanical properties 
and lipid architecture are altered in RBCs from patients with T2D resulting in altered tissue 
perfusion, reduced oxygen delivery, and increase in whole blood viscosity with increased 
risk of cardiovascular mortality (156, 161, 162). 
 
The conceptual framework for the interaction between RBCs and the vasculature, and the 
first interaction between RBCs and endothelial cells in T2D patients were reported a few 
decades ago (132). When RBCs were isolated from T2D patients or healthy controls and co-
cultured with endothelial cells, RBCs from T2D patients adhered more strongly to endothelial 
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cells. This effect was correlated to the severity of T2D based on vascular complications and 
the levels of HbA1c (132). The same authors confirmed their hypothesis and elucidated this 
interaction in a later study (133). AGEs formed in vivo in the surface of RBCs from patients 
with T2D seem to interact with endothelial cell receptors of AGEs (RAGE) resulting in an 
oxidative insult (133). However, the exact mechanisms behind this interaction and the 
functional significance of RBCs’ effect on vascular reactivity remain unclear. 
 
The levels of RBC arginase in T2D have been investigated in several studies. One study 
compared arginase activity in patients with newly diagnosed T2D to that in healthy subjects 
(163). The authors found that arginase activity was lower, and NO production was higher in 
patients with T2D (163). These findings could be due to a compensatory mechanism early in 
the disease progression in an attempt to prevent vascular injury induced by oxidative stress 
and reduced bioavailability of NO. In a larger study, arginase activity, as well as eNOS 
activity, were compared between T2D patients at different stages of the disease and healthy 
controls (164). This study concluded that RBCs from patients with more advanced T2D have 
higher arginase activity and lower eNOS activity (164). A possible reason for the differences 
between the outcomes of the studies could be the lack of compensation later on in the disease 
progression. None of the studies assessed the functional implications of these enzymatic 
alterations. 
 
Collectively, available data suggest that the structure, function, and oxidative capacity of 
RBCs, as well as the interplay between arginase and eNOS, are altered in T2D patients. These 
functions switch the RBC phenotype towards increased oxidative stress and arginase 
production/expression with subsequently reduced production of NO. However, the functional 
importance of these observations, their implications for the development of vascular injury 
in T2D, and the mechanisms by which this is orchestrated are not completely understood. 

2.6 COVID-19 
 
Another disease that clearly affects RBCs is coronavirus disease 2019 (COVID-19) caused 
by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), given the importance of 
proper oxygen delivery in hypoxia. Unlike T2D, which is characterized by low-grade chronic 
inflammation, COVID-19 causes an acute inflammation with the release of multiple 
cytokines. Intriguingly, patients with underlying cardiovascular risk factors, particularly 
those with T2D, display the worse outcome. Although little is known about the effects of 
RBCs on cardiovascular function, there are indications that the redox balance is altered and 
that changes in structural properties in RBCs are associated with disease outcomes (165, 
166). Given the RBCs’ central role in oxygen delivery, it would not be surprising if these 
simple cells are altered in a systemic inflammatory disease characterized by severe hypoxia-
like COVID-19. Indeed, proteomic analyses revealed that oxidative metabolites are increased 
in RBCs from COVID-19 patients. Furthermore, the anti-oxidative defence in these RBCs is 
altered with less activity of SOD (165). Furthermore, high red cell distribution width serves 
as an independent predictor of mortality among patients with COVID-19 (166). This suggests 
that structural and functional alterations in RBCs in COVID-19 are important for the 
maintenance of important physiological functions. However, detailed insights into the 
functional implications and the effect of these RBCs on vascular function remain unknown. 
 
T2D is a strong risk factor for severe COVID-19. Early bedside observations revealed that 
COVID-19 is associated with acute complications similar to those observed in T2D such as 
ketoacidosis even in patients without T2D, requiring high doses of insulin (167). This new 
form of diabetes has led to the speculation that metabolic disease not only worsens COVID-
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19 severity but also that COVID-19 unravels and potentiates pre-existing metabolic 
alterations (168, 169). It has been speculated that many of the cardiovascular complications 
observed in COVID-19 such as thromboembolism, acute respiratory distress syndrome, and 
myocarditis arise from endothelial injury (170, 171). Autopsy studies have shown the 
structural destruction of the endothelial cell lining (172). However, the mechanisms behind 
such damage are far from being fully understood. Early reports suggested that the SARS-
CoV-2 is able to directly enter endothelial cells, an observation that was challenged (173). 
One proposed mechanism for viral cell entry is dependent on the expression of angiotensin-
converting enzyme (ACE) 2, acting as a decoy receptor for the virus (174). Indeed, ACE2 is 
highly expressed in cardiomyocytes, which has led to the speculation that cardiac injury is 
dependent on SARS-CoV-2 entry through ACE2 (175). Some studies have proven the 
presence of SARS-CoV-2 in cardiac tissue while others have failed to detect it. Whether the 
endothelial injury is dependent on similar mechanisms has been debated, as ACE2 seems to 
be expressed mildly or not at all in endothelial cells (176). Hence, it is more likely that the 
endothelial injury is a result of systemic inflammation or cytokine release syndrome. 
Supportive of this, it has been proven that plasma isolated from infected subjects induces 
endothelial cell toxicity, which correlates with disease severity (177). The degree of 
cytotoxicity is also correlated to various pro-inflammatory cytokines suggesting that 
endothelial injury is independent of direct viral entry. In summary, there are several 
indications that COVID-19 alters vascular function. However, the mechanisms by which this 
occurs and the influence of RBCs on vascular function are unclear and elusive. As noted, 
several questions remain to be answered in order to elucidate the metabolic and endothelial 
disturbances in COVID-19. 

2.7 The path leading to this thesis 
 
After the discovery of NO as an important regulator of vascular homeostasis, increasing 
attention and significant efforts have been focused on boosting this small gaseous molecule 
in order to improve cardiovascular health. Results from clinical trials have been disappointing 
with only a few applications of NO modulators reaching clinical application so far (14). 
Therefore, alternative strategies of boosting NO bioavailability need to be investigated, 
especially in the presence of cardiovascular risk factors, most importantly in T2D. The 
complex disturbances governing vascular dysfunction in T2D are not completely understood. 
The fascinating ability of RBCs to release NO bioactivity has become increasingly evident 
and a subject of intense investigation both in health and disease (127, 128). However, it is 
still debated how and in what form NO is exported by RBCs (135). Arginase has emerged as 
an interesting target as it reciprocally regulates endogenous NO formation and ROS 
production, not only in resident vascular cells but also in RBCs (75, 178). Interestingly, 
arginase I is highly expressed by RBCs. The exact reason for this is still unknown, as it seems 
unlikely that it merely regulates NO production in RBCs. The overall hypothesis in the 
current thesis was based on an interesting observation that administration of an arginase 
inhibitor exerted clear cardioprotective effects in an in vivo model of myocardial ischaemia-
reperfusion (179) but failed to protect in an isolated heart model perfused with buffer only 
(75). What might possibly explain the two different outcomes? The experiments continued 
with the presence of different components of blood in the presence of an arginase inhibitor 
in the isolated heart model. These experiments revealed that the presence of RBCs, but not 
plasma, is required to achieve a protective effect by an arginase inhibitor. Detailed analyses 
confirmed that NO production is tightly regulated by arginase in RBCs and this mechanism 
is of functional importance for the protective property induced by arginase inhibition. 
Following this observation, the hypotheses underlying the studies in the current thesis were 
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formed with a focus on alterations in RBC arginase and ROS in disease and whether and how 
the RBC might act as a disease mediator and therapeutic target. 
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3. Aims 
 
The overarching aim of the current thesis is to explore the importance of dysfunctional RBCs 
as important mediators of vascular injury in T2D and COVID-19. Special focus is devoted 
to the potentially important interplay between arginase-ROS-NO in RBCs and endothelial 
cells, and whether pharmacological inhibition of arginase improves endothelial function 
beyond glycaemic control. 
 
The specific aims are: 
 

I. To explore the importance of RBCs in the pathophysiology of endothelial dysfunction 
in T2D and the role of arginase and ROS in this interaction. 
 

II. To explore the role of peroxynitrite in RBC-induced endothelial dysfunction in T2D. 
 

 
III. To test the hypothesis that arginase inhibition also improves endothelial function in 

patients with T2D following intensive glucose-lowering treatment. 
 

 
IV. To determine the impact of glycaemic control on RBC-induced cardiovascular 

dysfunction in T2D. 
 

 
V. To determine the presence of endothelial dysfunction in patients with COVID-19 and 

to explore the RBC as a possible mediator of such dysfunction. 
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4. Materials and key methods 

4.1 Overview 
 

Table 1. Overview of the studies included in the current thesis. 

Study Title 
Studied 

population n Intervention(s) 
Primary 

endpoint(s) 
Secondary 

endpoint(s) Methods 

I 

Erythrocytes From Healthy 80 RBCs +/- RBCs on Arginase Myography, 
Patients With vs. Type 2  ABH, NAC, vascular activity/ immunoblotting, 

Type 2 Diabetes Diabetes  apocynin, and reactivity expression, enzyme activity assay, 
Induce Endothelial   catalase ex vivo ROS immunohistochemistry, 
Dysfunction Via     production, venous occlusion 

Arginase I     in vivo plethysmography, and 
     endothelial EPR 
     function  

II 

Red Blood Cell Healthy 38 RBCs +/- RBCs on Arginase Myography and 
Peroxynitrite vs. Type 2  FeTPPS, SIN-1, vascular activity enzyme activity assay 

Causes Endothelial Diabetes  and ABH reactivity   
Dysfunction in Type 2    ex vivo   
Diabetes Mellitus via       

Arginase       

III 

Arginase inhibition Healthy 32 Arginase In vivo Amino acid Venous occlusion 
improves endothelial vs. Type 2  Inhibition endothelial metabolites plethysmography and 
function in patients Diabetes  and glycaemic function related to liquid chromatography- 
with type 2 diabetes   control  arginase mass spectrometry 

mellitus despite     pathway  
intensive glucose-       
lowering therapy       

IV 

The Effect of Glycemic Healthy 25 RBCs and RBCs on Arginase Myography, isolated 
Control on Endothelial vs. Type 2  glycaemic vascular activity and Langendorff heart, and 

and Cardiac Diabetes  control reactivity post-ischemic enzyme activity assay 
Dysfunction Induced    ex vivo recovery  
by Red Blood Cells in       

Type 2 Diabetes       

V 

Erythrocytes induce Healthy vs. 44 RBCs +/- In vivo ROS- Myography, peripheral 
vascular dysfunction COVID-19  ABH, endothelial production, arterial tonometry, 

in COVID-19   TEMPOL, and function arginase/ROS immunohistochemistry, 
   Apocynin and RBCs expression, high-performance 
    on vascular and nitrate liquid chromatography, 
    reactivity production and EPR 
    ex vivo   

ABH – 2(S)-amino-6-boronohexanoic acid, EPR – electron paramagnetic resonance, FeTPPS – Fe(III)5, 10, 15, 20- tetrakis(4-
sulfonatophenyl) porphyrinatochloride, NAC – N-acetyl-cysteine, RBCs – red blood cells, ROS – reactive oxygen species, SIN-
1 – 3-morpholinosydnonimine hydrochloride, TEMPOL – 4-hydroxy-2,2,6,6- tetramethylpiperidine-N-oxyl. 
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4.2 Workflow 
 

Figure 12. Overview of workflow for Studies I, II, IV, and V. RBCs isolated from T2D patients, 
COVID-19 patients, and age and sex-matched healthy controls were incubated with internal 
mammary arteries from non-diabetic patients or rat aortic rings with subsequent evaluation of 
endothelium-dependent (EDR) and -independent (EIDR) relaxation. In separate experiments, isolated 
RBCs or RBC-incubated aortic rings were used for biochemical analyses including measurements of 
arginase activity, protein expression, ROS measurements, PCR, and immunohistochemistry. Created 
with BioRender.com. 

4.3 Study subjects 
 
All studies in the current thesis were conducted in accordance with the principles outlined in 
the Declaration of Helsinki and approved by the Swedish Ethical Review Authority 
(previously regional Ethics Committee). All study participants were recruited from 
Karolinska University Hospital or Danderyd Hospital following both oral and written 
informed consent. Study subjects were informed about the nature, purpose, and possible risks 
associated with their participation. Standardized chemistry lab samples were taken, and 
hemodynamic parameters were recorded in all study participants. Sampling of blood was 
performed in the morning following an overnight fast to minimize the possible influence of 
circadian or dietary factors. 

4.3.1 Type 2 Diabetes (Studies I-IV) 
 
Patients with T2D for Studies I-IV were recruited from the Endocrinology Departments of 
Karolinska University Hospital or Danderyd Hospital, Stockholm, Sweden. For Studies I 
and II patients with T2D were recruited regardless of glycaemic control. For Studies III and 
IV, patients were scheduled for two visits: the first visit when they were referred to the 
diabetic day-care with poor glycaemic control and the second following optimization of 
glycaemic control. Inclusion for Visit 1 required mean daily blood glucose of >12 mM or 
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HbA1c of >70 mmol/mol (Figure 13). The glucose optimization programme included 
optimized medication, lifestyle, and dietary interventions. The aim before enrolment to Visit 
2 was to reach <9 mM in mean daily blood glucose. 

4.3.2 COVID-19 (Study V) 
 
For Study V, 17 patients hospitalized for moderate COVID-19 were prospectively enrolled 
from Karolinska University Hospital. Inclusion criteria were: age >18 years, PCR-verified 
SARS-CoV-2 infection within the last 14 days, pulmonary COVID-19 associated interstitial 
infiltrates on x-ray, requiring in-hospital care, oxygen demand during the hospital stay, and 
hospital arrival within the last 14 days. Exclusion criteria were: type 1 or 2 diabetes, 
myocardial infarction within the last 6 months, acute kidney injury, chronic kidney disease, 
pregnancy, ongoing malignancy, >1 cardiopulmonary comorbidity, unwillingness to 
participate, need for intensive care, mechanical ventilation, or non-invasive ventilation. 

4.3.3 Healthy controls (Studies I-V) 
 
The control groups consisted of healthy subjects without a history of CVD or risk factors and 
medication. Healthy controls were recruited in all studies in the current thesis and were 
matched for age and sex. Diabetes was excluded by an oral glucose tolerance test or fasting 
blood glucose (<6.0 mM) and HbA1c <48 mmol/mol. 

4.3.4 Coronary artery bypass grafts (Study I) 
 
Human segments were collected from leftover parts of the internal mammary artery (IMA) 
from patients undergoing coronary artery bypass grafting on the same day as surgery. To 
minimize the influence of diabetes on the vascular reactivity per se, we excluded patients 
with T2D based on the absence of a history of the disease, fasting plasma glucose, and 
HbA1c. Following extraction, the segments were cleaned from connective tissue and fat, cut 
transversely into 2 mm rings, and incubated with either buffer, RBCs from healthy subjects, 
or patients with T2D as below, the same day as the collection. 

4.4 In vivo evaluation of endothelial function 
 
Several methods are available for the assessment of endothelial function in vivo as discussed 
in the introduction. The methods either rely on pharmacological stimulation of the 
vasculature with endothelium-dependent and independent compounds or reactive 
hyperaemia, i.e. shear stress-induced dilatation, which is NO-dependent. In the current thesis, 
venous occlusion plethysmography (Studies I and III) or pulse amplitude tonometry (Study 
V) were used. Both methods clearly correlate to coronary vascular function as discussed in 
the introduction. 

4.4.1 Venous occlusion plethysmography (Studies I and III) 
 
Venous occlusion plethysmography relies on changes in arterial inflow during cycles of 
venous occlusion. Following administration of local anaesthetic, an arterial catheter was 
inserted in the brachial artery of the left arm (active arm). The contralateral arm served as 
control. Change in blood flow during stimulation with an intra-brachial infusion of saline or 
with either serotonin to evoke endothelium-dependent vasodilatation or sodium nitroprusside 
(SNP) to evoke endothelium-independent vasodilatation. Change in forearm circumference, 
as a reflection of blood flow, was monitored with a strain gauge made of Indium-Gallium. 
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Venous outflow was occluded by placing a blood pressure cuff in the upper arm, inflated to 
50 mmHg. The hand circulation was excluded by placing and inflating a cuff to 30 mmHg 
suprasystolic pressure around the wrist. Both cuffs were inflated and deflated in cycles during 
the administration of serotonin and SNP, and changes in forearm blood flow were recorded 
during the administration of each dose for the compounds. 

4.4.1.1 Study design (Study III) 
 
To assess the influence of glycaemic control on endothelial function and the effect of arginase 
inhibition, evaluation of endothelial function with venous occlusion plethysmography was 
performed twice in Study III in patients with T2D. The first examination was at 
dysglycaemia with poor glycaemic control and the second examination was following 
improvement in glycaemic control, at least eight weeks later (Figure 13). The glycaemic 
control programme took place in Karolinska University Hospital or Danderyd Hospital as 
part of the patient’s ordinary treatment at the diabetic day-care. This included 
pharmacological optimization and a behavioural approach including using equipment with a 
glucose-monitoring device, educational activities regarding the importance of physical 
exercise, and dietary advice.  
 

 
Figure 13. Study design and experimental setup for Study III. Patients with Type 2 Diabetes and poor 
glycaemic control were scheduled for evaluation of endothelium-dependent and -independent 
vasodilatation at baseline (Visit 1) and at least 8 weeks following improved glycaemic control (Visit 
2). Endothelium-dependent and -independent vasodilatation was determined in the forearm by intra-
arterial infusion of serotonin and sodium nitroprusside (SNP), respectively, before and following 120 
min intra-arterial infusion of the arginase inhibitor Nω-hydroxy-nor-L-arginine (nor-NOHA) at both 
visits. The picture in the middle displays the active arm with an arterial catheter in place, upper/lower 
cuff, and strain gauge. Created with BioRender.com.  
 
Study IV was a sub study with collection of RBCs from the same subjects at both occasions 
with experimental protocols described in later sections.  
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4.4.2 Peripheral arterial tonometry (Study V) 
 
In Study V, evaluation of microvascular endothelial function was performed with PAT. Pulse 
amplitudes were recorded by a pneumatic device placed on the tip of each index finger. In 
one of the arms, reactive hyperaemia was induced by inflation of the lower arm to 
suprasystolic pressure for 5 min whereas the contralateral arm served as control. The increase 
in pulse amplitude from baseline during the reactive hyperaemia was used to calculate the 
reactive hyperaemia index. This reflects, to a large extent, digital NO-dependent 
microvascular endothelial function, and correlates inversely to established cardiovascular 
risk factors (180, 181). The non-invasive nature of this procedure makes it suitable in patients 
with ongoing infection. The endothelium-independent function was not assessed due to the 
risk of aerosol generation and hemodynamic alterations following sublingual administration 
of nitroglycerin. 

4.5 Animals 
 
Animal care and all protocols were approved by the regional ethical committee and 
conformed to the Guide for Care and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH publication NO. 85-23, revised 1996). Male Sprague-
Dawley and Wistar rats at age of 6-8 weeks were purchased from Charles River and housed 
in the animal facility of Karolinska University Hospital (L5) or Karolinska Institutet 
(Komparativ medicin Biomedicum). Male Goto-Kakizaki (GK) rats were bred in the animal 
facility of Karolinska University Hospital. GK rats are derived from the Wistar strain and are 
non-obese and spontaneously develop T2D (182). GK rats with a tail vein glucose level less 
than 10 mM were excluded from further experiments. All animals were kept in a 12:12-hour 
light-dark cycle with free access to standard chow and water. The rats were used in 
experiments at the age of 9-18 weeks. Rats were anaesthetized with pentobarbital sodium (50 
mg/kg i.p.) followed by thoracotomy and removal of aortas. Rat aortas were cleaned by 
removing fat and connective tissues and subsequently cut transversely into 2 mm rings. These 
rings were then incubated with RBCs (see below). 

4.6 Red blood cell isolation and incubation (Studies I, II, IV, and V) 
 
In Studies I, II, III, and V, ex vivo evaluation of vascular reactivity was performed after 
incubation with isolated RBCs to assess the impact of RBCs from patients with T2D (T2D-
RBCs) or COVID-19 (C19-RBCs) on vascular function compared to RBCs from healthy 
subjects (H-RBCs). Following venous blood sampling, whole blood was centrifuged at 1000 
g and 4°C for 10 min followed by three washing cycles with Krebs-Henseleit (KH) buffer 
containing (in mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO2, 25 NaHCO3, 11 glucose, 
and 2.4 CaCl2. This procedure results in the successful removal of platelets (>98%) and 
leukocytes (>99%) (75). Isolated RBCs were then diluted to a physiological haematocrit of 
45% with KH buffer and incubated with isolated rat aortas for 18h at 37°C, 95% O2, and 5% 
CO2. Similar experiments were performed with IMAs (Study I). The incubations were 
performed in the absence and presence of various inhibitors/scavengers including the 
arginase inhibitor ABH (10 mM), the anti-oxidant N-acetyl-cysteine (NAC, 10 mM), the 
NOX inhibitor apocynin (1 mM), the selective NOX1 inhibitor ML171 (10 μM), the selective 
NOX2 inhibitor gp91 ds-tat (100 μM), the hydrogen peroxide decomposition catalyst catalase 
(200 U/ml), the peroxynitrite scavenger Fe(III)5, 10, 15, 20-tetrakis (4-sulfonatophenyl) 
porphyrinatochloride (FeTPPS, 100 μM), and the SOD mimetic 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL, 10 mM) to assess the involvement of RBC 
mechanisms. To elucidate the involvement of peroxynitrite in Study II, RBCs from healthy 
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subjects were incubated with the peroxynitrite donor 3-morpholinosydnonimine 
hydrochloride (SIN-1, 500 μM) in the absence and presence of ABH (10 mM) or FeTPPS 
(100 μM). In Study IV, RBCs were also isolated from the two visits among the patients, 
recruited in Study III and underwent the same incubation protocol as described. In Study I, 
control experiments with vessel rings in the absence of RBCs underwent similar incubation 
protocols. Similar experiments were also performed with RBCs isolated from GK rats, 
incubated with aortic rings from WT rats with a shorter incubation time (4h). Following the 
incubation and thorough removal of RBCs, vessel rings were mounted in organ chambers for 
evaluation of ex vivo vascular reactivity, fixed with formaldehyde for immunohistochemistry, 
or stored frozen at -80°C for later arginase activity or immunoblotting. 

4.7 Ex vivo vascular reactivity (Studies I, II, IV, and V) 
 
Following incubation with RBCs, aortic rings were mounted in organ chambers containing 
KH buffer. Contractile forces were recorded with a Harvard isometric transducer. Internal 
diameter was set at a tension equivalent to 0.9 times the estimated diameter at 100 mmHg for 
rat aortic rings. For IMAs, resting tension was gradually increased to 2 mN. Following 30 
min equilibration, all vessels were exposed to KCl twice (50 mM and 100 mM, respectively). 
After that, the vessels were preconstricted with the stable thromboxane A2 analogue 9,11-
dideoxy-11α,9α-epoxymethanoprostaglandin F2α (U46619) alone or in combination with 
phenylephrine. Determination of endothelium-dependent (EDR) and -independent relaxation 
(EIDR) were performed by application of cumulatively increasing concentrations (10-9-10-5 
M) of Ach and SNP, respectively. Isometric forces for the different data points were 
quantified with LabChart™ and expressed as percentage relaxation from the preconstriction 
plateau for each dose of Ach and SNP respectively. To distinguish vascular from RBC 
arginase/ROS/reactive nitrogen species (RNS)/NOX, ABH (100 μM), NAC (10 μM), 
apocynin (1 μM), ML171 (1 μM), gp91 ds-tat (10 μM), and TEMPOL (100 μM) were added 
to the organ chamber 30-60 min before preconstruction. Experiments excluding the 
possibility of cross-over effects of the pharmacological drugs during the co-incubation of 
RBCs and vessels were performed using aortic segments from GK rats in Study I. The 
reasons for choosing higher concentrations in RBCs compared to the vasculature are due to 
the fact that arginase is markedly higher in RBCs compared to vascular tissues and that there 
is a bulk of unleashed ROS in RBCs during compromise in the anti-oxidative defence (183).  

4.8 Arginase activity assay (Studies I, II, and IV) 
 
Human RBCs, RBC-incubated aortic tissue (following 18h incubation in the absence and 
presence of NAC, catalase, or FeTPPS), or RBC-incubated human carotid arterial endothelial 
cells were lysed with radioimmunoprecipitation assay lysis buffer containing protease 
inhibitors. To elucidate glucose or peroxynitrite as possible triggers for arginase activity, 
RBCs from healthy subjects were co-incubated in KH-buffer containing high glucose (25 
mM, Study I) or SIN-1 (25 μM, Study II). Arginase activity was determined using a 
colourimetric assay by mimicking the hydrolysis reaction in the L-arginine – ornithine + urea 
pathway ex vivo. Briefly, arginase was activated by the addition of MnCl2 and incubated for 
10 min at 56°C. Excessive amounts of L-arginine (0.5 M) were added and incubated at 37°C 
(30-60 min, depending on tissue) to catalyse the reaction. The reaction was then stopped by 
a stop solution containing H2SO4:H3PO4:H2O. α-isonitrosopropiophenone, which reacts with 
urea to generate a coloured product, was added. The colour intensity was quantified by a 
spectrophotometer (Wallac 1420 VICTOR2TM) at a wavelength of 540 nm. Arginase activity 
was calculated as urea production (mmol/mg protein/min) and expressed in the percentage 
of the control group. 
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4.9 Measurement of reactive oxygen species (Studies I and V) 
 
Due to their short half-life, direct detection of ROS is challenging. Electron paramagnetic 
resonance (EPR) is a powerful tool for the detection of species with unpaired electrons. A 
spin probe, in this case 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine 
(CMH), designed to couple these electrons can be used to obtain a stable spin probe radical 
with a longer half-life. The concentration of this spin probe complex is proportional to the 
amount of superoxide. To avoid undesirable formation of free radicals by metal ions, a special 
buffer (EPR degraded KH HEPES) supplemented with iron chelator deferoxamine and 
copper chelator diethyldithiocarbamate was used. T2D-RBCs (Study I) or C19-RBCs (Study 
V) were diluted to a haematocrit of 1% and incubated with the CMH probe (200 μM) at 37°C 
for 30 min. In separate experiments for Study I, RBCs were pre-incubated in the absence 
and presence of ABH (1 mM) or the NOS inhibitor Nω-nitro-L-arginine methyl ester (100 
μM) to elucidate the source of ROS. Following incubation, cell suspensions were snap-frozen 
in liquid nitrogen and stored at -80°C. ROS formation was detected with EPR. The amount 
of CM• was determined from the calibration using 3-carboxy-proxyl with a known quantity. 

4.10 Immunohistochemistry (Studies I and V) 
 
Immunohistochemistry relies on the specific binding of antibodies to their antigens for the 
detection of proteins in cells and tissues. The antibodies are coupled to an enzyme, which 
catalyses a colour reaction and is visualised in a light microscope. One advantage of this 
method is that specific proteins can be localised in tissues compared to immunoblotting, 
which reflects the overall expression in a certain tissue. Rat aortic rings incubated with KH-
buffer, H-RBCs, or T2D-RBCs (Study I) and H-RBCs or C19-RBCs (Study V) for 18h were 
fixed for 24h in 4% Zn-formaldehyde at room temperature and hydrated in graded ethanol 
(70, 95 and 99%). The rings were then embedded in paraffin and sliced in 5 µm sections. 
Sections were deparaffinized and rehydrated in graded ethanol. Primary antibodies against 
arginase I and arginase II (Study I) or arginase I and 4-hydroxynonenal (4-HNE, Study V) 
were incubated. Isotype rabbit IgG or mouse IgG2b were used as negative controls to confirm 
the specificity of the antibodies. Secondary antibodies were conjugated with either alkaline 
phosphatase or horseradish peroxidase with subsequent detection using either Warp Red or 
3, 3’-diaminobenzidine and counterstained with haematoxylin. Fields from each section were 
captured by a digital microscope. In Study V, total positive (intima and media layers) or only 
endothelial cell positive areas were quantified. 

4.11 Statistical analyses 
 
Differences between two groups were analysed by paired or unpaired students t-test and non-
parametric Wilcoxon ranked test or Mann-Whitney test depending on normality. Distribution 
was checked with the D’Agostino Pearson normality test. Differences between more than 
two groups were analysed with one-way analyses of variance (ANOVA) or Kruskal-Wallis 
test with appropriate post-hoc tests depending on sample distribution. Concentration-
response curves were analysed with two-way ANOVA with repeated measurements as 
independent observations or paired observations, depending on comparison between two 
independent groups or absence/presence of a pharmacological drug. N in all analyses denotes 
the number of subjects recruited for each experimental condition. Subject characteristics are 
presented as mean ± standard deviation (SD) in Studies I-IV and median ± interquartile range 
(IQR) in Study V. Data are presented as mean ± standard error mean (SEM) in Studies I-IV 
and mean ± SD in Study V. Mean ± SEM is used for data presented in the current thesis. 
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Two-sided p<0.05 was considered statistically significant. All analyses were carried out with 
GraphPad Prism. 

4.12 Ethical considerations 
 
The investigations were approved by the regional Ethics Committee for research on humans 
and the Ethics Committee for animal research. All study participants were well informed 
about the study, their voluntary participation, and the possible risks involved. The 
information was given orally as well as in written form before the inclusion of the study 
subjects in line with the declaration of Helsinki. Collection of blood from patients with T2D, 
COVID-19, and healthy subjects was done by cubital vein punctures by experienced staff. 
Information about the patients’ medical history was decoded and only accessible for 
researchers involved in the studies. The ex vivo experiments of this thesis include isolation 
of aorta from healthy rats, which is a well-established model for investigating endothelial 
function. This might be replaced by human arteries from patients as done in Study I, but due 
to logistical difficulties and the multiple experiments, this was not feasible since both tissue 
and RBCs from humans have to be collected on the day of the experiment. 
 
For assessing in vivo vascular function in Study III, a catheter was introduced in the brachial 
artery of the non-dominant arm. We believe that there is no other way to administer the 
compounds of interest locally in the forearm circulation without affecting systemic 
haemodynamic parameters. To minimize the discomfort for the study participants, 
catheterization was performed under local anaesthesia. The subjects were in a supine position 
for in total of ~4h, which can feel quite long, but this period was well tolerated and none of 
the study subjects complained about the length of the experiment. 
 
These studies should be considered as proof-of-concept and explorative. The actual impact 
of the conclusions drawn from these projects should be validated in larger randomized 
controlled trials with clinical hard endpoints to introduce the compounds used in clinical 
practice. Hence, the study participants will not gain any direct advantage from participating 
in these studies but might contribute to the long-term understanding of disease mechanisms 
and development of new therapeutic targets, which they are well informed about. 
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5. Key results and discussion 

5.1 Study subjects 

5.1.1 Type 2 Diabetes 
 
Baseline characteristics for Studies I-IV are shown in Table 2. Patients recruited for Studies 
I and II had similar characteristics. As expected, these patients had elevated fasting blood 
glucose and HbA1c compared to the healthy subjects. In general, the patients had higher 
triglycerides, but better cholesterol profiles compared to the healthy subjects, which is 
explained by lipid-lowering treatment in a large number of patients with T2D. Patients 
recruited at poor glycaemic control at Visit 1 for Studies III and IV had higher fasting 
glucose, HbA1c, and blood pressure compared to the subjects recruited for Studies I and II 
but the rest of the characteristics were comparable. At Visit 2, 17 weeks later, the subjects 
had dropped markedly in fasting glucose and HbA1c as a result of the intensified treatment 
to levels comparable to subjects included for Studies I and II. The largest change in 
medication between the two visits was intensified treatment by GLP-1RA.  

5.1.2 COVID-19 
 
Characteristics of subjects in Study V are shown in Table 3. COVID-19 patients with 
moderate infection severity requiring hospitalization but not non-invasive ventilation or 
intensive care interventions were recruited. COVID-19 patients had slightly higher body 
mass index (BMI). Importantly, a majority of patients included had no comorbidity. The most 
common comorbidity consisted of hypertension. Most of the subjects required oxygen but 
with rather low demand. Haemodynamic parameters including oxygen saturation were all 
within the normal range. As expected, indices of inflammation such as C-reactive protein 
(CRP), leukocyte count, and also D-dimer were elevated.   
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Table 2. Study participants and characteristics in Studies I-IV. 
 Study I Study II Studies III and IV 

 Healthy 
(n=34) 

T2D 
(n=46) 

Healthy 
(n=20) 

T2D 
(n=18) 

T2D Visit 1 
(n=16) 

T2D Visit 2 
(n=16) 

Age (years) 61 ± 7 60 ± 12 60 ± 5 60 ± 13 64 ± 10 64 ± 10 

No. of males 31 36 18 17 12 12 

BMI (kg/m2) 25.0 ± 2.7 30.6 ± 
5.1*** 

26.3 ± 2.1 30.8 ± 
4.4*** 

31.4 ± 4.6 31.3 ± 4.4 

SBP (mmHg) 134 ± 16 137 ± 16 135 ± 15 136 ± 20 146 ± 19 147 ± 21 

DBP (mmHg) 81 ± 8 79 ± 9 82 ± 8 77 ± 10 83 ± 15 82 ± 10 

Fasting glucose (mM) 5.7 ± 0.5 11.4 ± 
3.2*** 

5.6 ± 0.5 10.4 ± 
3.6*** 

13.8 ± 2.8 9.3 ± 
3.2*** 

No. of smokers 1 7 0 2 5 5 

HbA1c, mmol/mol 36 ± 3 70 ± 20*** 35 ± 3 66 ± 23*** 88 ± 17 65 ± 11*** 

Haemoglobin, g/L 144 ± 8 139 ± 17 142 ± 9 141 ± 15 142 ± 15 137 ± 16 

Creatinine, mmol/L 83 ± 14 88 ± 29 81 ± 10 85 ± 32 81 ± 19 84 ± 21 

Triglycerides, 
mmol/L 

1.1 ± 0.4 1.9 ± 1.0*** 1.1 ± 0.4 1.8 ± 1.0** 2.1 ± 0.9 1.6 ± 0.8 

Total cholesterol, 
mmol/L 

5.2 ± 0.9 4.3 ± 1.3*** 5.1 ± 0.7 3.7 ± 1.2** 4.3 ± 1.2 3.5 ± 0.7* 

HDL, mmol/L 1.5 ± 0.4 1.1 ± 0.3*** 1.4 ± 0.3 1.0 ± 0.3** 1.1 ± 0.3 1.1 ± 0.3 

LDL, mmol/L 3.2 ± 0.8 2.2 ± 1.0*** 3.2 ± 0.7 1.8 ± 0.9*** 2.2 ± 1.1 1.6 ± 0.6* 

Medication (n):       

ACEi/ARB - 27 - 11 9 12 

Aspirin - 18 - 10 6 6 

Lipid lowering - 37 - 15 12 13 

b-blockers - 12 - 4 7 7 

Calcium channel i - 12 - 8 5 6 

Insulin - 31 - 12 8 10 

Metformin - 31 - 10 14 14 

GLP1RA - 14 - 6 4 9 

DDP-4i - 9 - 3 4 4 

SU - 2 - 5 4 5 

SGLT2i - 3 - 3 1 2 

Values are mean ± SD unless otherwise stated. *p<0.05, **p<0.01, ***p<0.001 vs. Healthy or T2DM Visit 1. ACEi - 
angiotensin-converting enzyme inhibitor, ARB - angiotensin receptor blocker, BMI - body mass index, DBP - diastolic 
blood pressure, DPP-4i - dipeptidyl peptidase-4inhibitor, GLP1RA - glucagon-like peptide 1 receptor agonist, HbA1c - 
glycosylated haemoglobin, HDL - high-density lipoprotein, LDL - low-density lipoprotein, SBP - systolic blood pressure, 
SGLT2i - sodium-glucose co-transporter 2 inhibitor, SU - sulfonylurea. 
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Table 3. Baseline characteristics for study subjects included in Study V. 
 Healthy (n=27) COVID-19 (n=17) 
Age (years) 56 (43-61) 55 (43-63) 
No of males 17 11 
BMI (kg/m2) 24 (23-26) 28 (25-31) *** 
Co-existing conditions (n):   

Hypertension 0 5 
Previous MI 0 1 
Asthma or COPD 0 2 
Diabetes 0 0 

No. of oxygen requiring at inclusion N/A 13 
Liters administered to those requiring N/A 1.5 (1.0-2.0) 
Hemodynamic parameters   

SBP (mmHg) 122 (115-136) 117 (109-129) 
DBP (mmHg) 80 (74-84) 73 (64-86) 
Heart rate (beats/min) 61 (51-68) 71 (63-88) ** 
Respiratory rate (breaths/min) - 19 (16-20) 
Oxygen saturation (%) - 95 (94-98) 

Erythrocyte indices   

Haemoglobin (g/L) 142 (133-147) 136 (129-141) * 
EVF 0.42 (0.39-0.43) 0.38 (0.38-0.41) * 
MCV (fL) 89 (87-92) 87 (84-89) * 
MCH (pg) 30 (29-31) 30 (29-31) 
RBC count (1012/L) 4.7 (4.4-4.9) 4.6 (4.4-4.8) 

Thrombocytes (109/L) 234 (192-278) 301 (240-421) ** 
Leukocytes (109/L) 5.0 (4.3-5.9) 9.5 (5.3-11.2) 

Lymphocytes (109/L) - 1.2 (0.9-1.8) 
Creatinine (µM) 74 (63-91) 64 (49-69) *** 
CRP (mg/L) 0.61 (0.35-1.0) 36 (12-94) *** 
D-dimer (mg/L)  0.74 (0.33-0.94) 
Ferritin (µg/L) - 1525 (915-2215) 
LD (µkat/L) - 5.5 (4.4-6.8) 
Troponin T elevation (>4 ng/L, n) - 11 

Value among those (ng/L) - 7 (6-8) 
Values are median and interquartile ranges unless otherwise stated. *p<0.05, **p<0.01, ***p<0.001 vs. Healthy. BMI - body 
mass index, COPD - chronic obstructive pulmonary disease, CRP - C-reactive protein, DBP - diastolic blood pressure, EVF 
- erythrocyte volume fraction, LD - lactate dehydrogenase, MCH - mean corpuscular haemoglobin, MCV - mean corpuscular 
volume, MI - myocardial infarction; mmHg - millimetre mercury, RBC - red blood cell, SBP - systolic blood pressure. 
Reference values for data without corresponding for healthy:  D-dimer <0.5 mg/L for age <51 years and <0.71 mg/L for age 
>50 years, ferritin 30-350 µg/L, LD <3.5 µkat/L, lymphocytes 1.1-3.5x109/L, troponin T <15 ng/L. 
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5.2 The red blood cell - a mediator of endothelial dysfunction in Type 2 
Diabetes 

 
To establish the presence of endothelial dysfunction in vivo in our patient cohort in Study I, 
a subgroup of patients from which RBCs were isolated underwent characterizations of 
endothelial function. This confirmed that, in our cohort, patients with T2D have impaired 
endothelial function (Figure 14A, left) but preserved endothelium-independent function 
(Figure 14A, right). In Studies I and II, we were able to demonstrate that T2D-RBCs induce 
impairment in endothelial function using multiple approaches. Specifically, isolated RBCs 
from patients with T2D, but not from healthy subjects, incubated with IMAs from non-
diabetic patients resulted in a marked impairment of EDR (Figure 14B, left) without affecting 
EIDR (Figure 14B, right). Similar results were obtained using rat aortic rings (Figure 14C). 
Subsequent experiments were continued using rat aortic rings, due to the availability of the 
tissue. To exclude the possible influence of comorbidities or medications, similar 
experiments were performed with RBCs isolated from non-obese GK rats with spontaneously 
developed T2D. RBCs from these rats induced impairment in endothelial function 
comparable to that induced by T2D-RBCs, suggesting that it is T2D per se that changes the 
function of RBCs rather than co-morbidities or co-medication. Altogether, these data extend 
previous investigations, which clearly implicate a role of RBCs in physiology, especially 
their role in modulating vascular tone by hypoxic vasodilatation (130) and their role in 
regulating blood pressure (138). These results suggest that RBCs also contribute to vascular 
injury in T2D patients with established endothelial dysfunction in vivo. Furthermore, this 
crosstalk between RBCs and endothelium in a cardiovascular risk factor provides a link 
between haematology and cardiology and points towards an interesting touchpoint between 
these two fields, which certainly warrants future investigations.  
 
RBCs have been considered as simple nuclei-free cells responsible for gas transport and have 
largely been overlooked in CVD. There are indications from early reports that T2D-RBCs 
are more adhesive and can physically interact with endothelial cells through the expression 
of adhesion molecules and AGE (132, 133). Furthermore, structural alterations in RBCs 
might represent an independent predictor of cardiovascular mortality in high-risk populations 
including T2D (184). However, direct evidence and mechanistic explanations behind any 
unfavourable effects of RBCs on other cells are lacking. The mechanisms underlying 
endothelial dysfunction in T2D, and the atherosclerotic process have largely been focused on 
the vessel and plaque itself. The atherosclerotic process is considered as an “inside-out” 
response, starting from the dysfunctional endothelium and propagating to neointimal 
formation. This “inside-out” response is extended in the current work illustrated by the fact 
that the first detectable change in the atherosclerotic process, endothelial dysfunction, is 
triggered by dysfunctional RBCs in T2D. 
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Figure 14. (A) In vivo endothelium-dependent vasodilatation induced by serotonin and endothelium-
independent vasodilatation by sodium nitroprusside (SNP) assessed with venous occlusion 
plethysmography in a subgroup of healthy (n=8) and patients with Type 2 diabetes (T2D, n=10) from 
which RBCs were collected. (B and C) Ex vivo endothelium-dependent and -independent relaxation 
induced by acetylcholine (ACh) or SNP, respectively in internal mammary arteries (n=3) or rat aortas 
(n=8-9) following 18h incubation with RBCs from healthy subjects (H-RBCs) or patients with T2D 
(T2D-RBCs). *p<0.05, **p<0.01. 
 



 
 

 
42 

Emerging evidence, beyond this work, provides further support to the “inside out” 
phenomenon. One example is the recently described crosstalk between vascular 
inflammation and the pro-inflammatory phenotype of adipocytes. Paracrine pro-
inflammatory signals from the vasculature induce both morphological and compositional 
changes in adipocytes, including increased lipid accumulation (185). Of further interest, a 
novel quantification method on coronary tomography angiography scans revealed that the fat 
attenuation index as a marker of coronary inflammation predicts cardiovascular outcome, 
suggesting that perivascular adipose tissue represents a sensor of vascular health (186). 
Whether this bi-directional crosstalk is initiated by dysfunctional RBCs and whether the 
vasculature itself affects the structure and function of RBCs in CVD remain unclear and 
elusive, but certainly deserves attention in future experimental investigations. 

5.3 Role of reactive oxygen species and arginase in red blood cell dysfunction 
in Type 2 Diabetes 

 
The RBC is equipped with well-developed anti-oxidant defence machinery. Under certain 
circumstances, the production of ROS exceeds the anti-oxidative capacity causing a state of 
oxidative stress. In Study I, the production of ROS (Figure 15A) including H2O2 (Figure 
15B) was enhanced in T2D-RBCs compared to H-RBCs. To pinpoint the source of ROS, 
these RBCs were pre-incubated with a NOS-inhibitor or an arginase inhibitor, which both 
attenuated ROS production. This suggests that an important source is through eNOS 
uncoupling as a consequence of arginase upregulation. Indeed, both arginase activity (Figure 
15C) and arginase I expression were increased in T2D-RBCs, and these changes were 
attenuated in the presence of NAC but not catalase. These observations suggest a mutual 
regulatory interplay between arginase I – eNOS – ROS in dysfunctional T2D-RBCs whereby 
arginase induces uncoupling of eNOS to produce superoxide, and ROS stimulates the 
activation of arginase in a vicious cycle. An important source of ROS in RBCs is through the 
enzymatic formation of superoxide by NOX (187). NOX2 but not NOX1 was increased in 
T2D-RBCs compared to H-RBCs. To understand which factor in the diabetic phenotype 
triggers upregulation of arginase and ROS, H-RBCs were pre-incubated with glucose with 
subsequent quantification of ROS and arginase. These analyses revealed that glucose only 
slightly increases arginase activity, whereas ROS-production was unaltered, in line with a 
previous investigation (188). This suggests that elevated glucose is unlikely to explain the 
molecular changes driving dysfunctional RBCs. It should be noted that these incubations 
were performed in vitro and may not reflect long-term in vivo exposure of glucose and might 
therefore not be the optimal model for studying the enzymatic changes of RBCs in T2D (188). 
To further elucidate the trigger for increased arginase activity in T2D, the peroxynitrite donor 
SIN-1 was incubated with H-RBCs in Study II. This exposure elevated arginase activity to 
levels similar to those observed in T2D-RBCs, suggesting that peroxynitrite might be a key 
driver of dysfunctional RBCs (Figure 15D). 
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Figure 15. (A) Levels of reactive oxygen species (ROS, n=14-17), (B) hydrogen peroxide (H2O2, 
n=12), and (C) arginase activity (n=15-20) in H-RBCs and T2D-RBCs. (D) Arginase activity in H-
RBCs following 24h incubation with/without the peroxynitrite donor 3-morpholinosydnonimine 
hydrochloride (SIN-1, n=8). (E-H) Endothelium-dependent relaxation in rat aortic rings following 
18h incubation with T2D-RBCs in the absence and presence of anti-oxidant N-acetyl cysteine (NAC, 
n=9), hydrogen peroxide catalyst catalase (n=5), arginase inhibitor 2(S)-amino-6-boronohexanoic 
acid (ABH, n=8), and peroxynitrite scavenger Fe(III)5, 10, 15, 20-tetrakis(4-sulfonatophenyl) 
porphyrinatochloride (FeTPPS, n=6). *p<0.05, **p<0.01, ***p<0.001. 
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The functional implications of increased production of ROS and arginase were investigated 
by the application of various pharmacological agents in the co-incubations of RBCs and 
aortic rings with subsequent determination of EDR. In Study I, anti-oxidants (NAC, Figure 
15E), catalase (Figure 15F), pharmacological inhibition of arginase (ABH, Figure 15G), and 
in Study II peroxynitrite decomposition catalyst (FeTPPS, Figure 15H) in a co-incubation 
of T2D-RBCs and aortic rings improved EDR. This pinpoints how the involved ROS in this 
crosstalk is mainly driven by H2O2 and peroxynitrite. To determine a likely source for these 
ROS, similar experiments were performed in the presence of either a NOX1 or NOX2 
inhibitor. Only the presence of a NOX2 inhibitor attenuated the RBC-induced endothelial 
dysfunction, which is in line with the increased expression of NOX2 in T2D-RBCs (Study 
I). Furthermore, to mimic the T2D milieu, H-RBCs were exposed to the peroxynitrite donor 
SIN-1 (Study II) in a similar co-incubation system. Under these conditions, RBCs induced 
endothelial dysfunction comparable to that induced by T2D-RBCs. Impairment in endothelial 
function by peroxynitrite was attenuated by arginase inhibition (Study II), in line with the 
observation that peroxynitrite triggers arginase activity in RBCs. This clearly implicates 
peroxynitrite as a trigger of RBC-induced upregulation of endothelial arginase leading to 
endothelial dysfunction. Similar experiments with incubation of interferon gamma (IFNγ) 
but not IL-6 or TNFα induced impairment in endothelial function in Study V. Since T2D is 
a chronic low-grade inflammatory disease, it is possible that the inflammatory milieu as a 
result of dysglycaemia and insulin resistance induces alterations in RBCs in T2D. However, 
long-term hyperglycaemia might be different compared to the in vitro incubations in several 
aspects. Since the RBCs are regarded as transcriptionally and translationally inert, it might 
be speculated that these alterations are derived in the early stages of the haematopoiesis in 
patients with T2D. However, the concept of nucleus independent protein synthesis has been 
proposed, based on the presence of genes encoding for transcription and translation in mature 
human RBCs (189). This challenging concept lacks solid experimental evidence yet, and 
remains to be established in well-designed experimental investigations. Another possibility 
is that the T2D milieu induces intracellular changes in enzymatic activity and stability rather 
than expression, which is supported by the fact that in vitro exposure to the peroxynitrite 
donor SIN-1 increase arginase activity in H-RBCs and induces endothelial dysfunction to a 
level comparable to that of RBCs collected from patients with T2D (Study II). 
 
Beyond endothelial function, T2D-RBCs are also known to deteriorate cardiac function 
(190). T2D-RBCs given to a Langendorff-perfused isolated heart model immediately after 
ischaemia with continuous monitoring of left ventricle developed pressure (LVDP) allow the 
assessment of cardiac post-ischemic recovery influenced by a single cell type. This study 
revealed that T2D-RBCs also aggravate myocardial function in conditions of ischaemia-
reperfusion. Post-ischemic LVDP was rescued by pharmacological pre-treatment of RBCs 
from T2D patients with an arginase inhibitor. Detailed investigations revealed that eNOS 
inhibition also improved post-ischemic recovery in the presence of RBCs from patients with 
T2D but not in the presence of RBCs from healthy controls (190). Furthermore, eNOS 
inhibition abolished the cardioprotective effect of arginase inhibition in the presence of RBCs 
from healthy subjects but did not affect cardiac recovery following arginase inhibition in the 
presence of T2D-RBCs (190). Accordingly, both acute pre-treatment and long-term oral pre-
treatment with NAC in mice protected against post-ischemic dysfunction induced by T2D-
RBCs. Using multiple approaches with different readouts, these observations suggest that in 
a pro-oxidative and pro-inflammatory milieu like T2D, the RBC phenotype is switched 
towards increased oxidative stress and arginase production/expression resulting in reduced 
export of NO bioactivity. These alterations in the intracellular redox state and NO signalling 
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in RBCs induce functional changes in the cardiovascular system both under basal conditions 
(endothelial function) and under stress like ischaemia-reperfusion. 

5.4 Vascular changes induced by red blood cells in Type 2 Diabetes 
 
Beyond the observations within the RBC in T2D, these dysfunctional RBCs, induce profound 
molecular changes in the vascular wall. Co-incubation of T2D-RBCs with aortic rings 
(Figure 16A) or endothelial cells (Figure 16B) resulted in upregulation of arginase activity 
as well as arginase I protein (Figure 16C). As expected, there was a clear upregulation of 
arginase I following incubation with T2D-RBCs at the endothelial cell level, but interestingly 
enough, also smooth muscle cells were positively stained. This effect was driven by increases 
in vascular ROS formation as co-incubation with the anti-oxidant NAC prevented the 
increase in arginase activity induced by RBCs from patients with T2D (Figure 16A). 
Consequently, both NAC (Figure 16D) and ABH (Figure 16E) rescued endothelial function 
following exposure to T2D-RBCs. This suggests not only that oxidative alterations and a 
shift in L-arginine metabolism in the RBCs impair endothelial function, but also that RBCs 
induce similar changes in a previously healthy artery, which impairs endothelial function. 
These changes are likely occurring at a transcriptional level as T2D-RBCs induced a transient 
upregulation of arginase I mRNA expression at an earlier time point (8h) compared to the 
protein expression (18h). It should be noted that these investigations were performed in 
conduit arteries. However, the beneficial effect of in vivo arginase inhibition has also been 
demonstrated in the microcirculation in patients with T2D (125). It is therefore likely that 
similar changes are also induced by T2D-RBCs in the microcirculation, given the close 
interaction of RBCs in the capillary beds. 
 
Another aspect of these results is the concept that blood-borne substances govern vascular 
homeostasis. In a recent study, serum-derived exosomes from patients or mice with T2D 
were able to induce endothelial dysfunction (163). The mechanism behind this was attributed 
to alterations in the arginase I – NO – ROS axis within the exosomes, consequently altering 
vascular function. As arginase I is most abundantly expressed in the liver, the conclusion 
from these investigations was that these serum exosomes are derived from the liver, without 
clear evidence, however. Considering this work, an alternative possibility is that these 
exosomes are partly derived from RBCs and consequently induce changes in the vasculature. 
This would provide an explanation of how the communication of RBCs and endothelial cells 
is governed considering the cell-free zone between these cell types. Other possibilities of how 
the communication between RBCs and the vasculature is orchestrated are discussed in later 
sections.   
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Figure 16. (A) Arginase activity in rat aortic rings following 18h incubation with buffer, H-RBCs, 
and T2D-RBCs with/without NAC (n=5-24). (B) Similar experiments but in human carotid 
endothelial cells (n=5-7). (C) Cross-section of rat aortic rings stained for arginase I following 
incubation with buffer, H-RBCs, or T2D-RBCs. Lower inserts represent immunoglobulin G isotype 
controls for each experimental condition. (D and E) Following 18h incubation with T2D-RBCs and 
rat aortic rings, vessels were rinsed, mounted in organ chambers, and treated with NAC (n=7) or ABH 
(n=6) to selectively inhibit vascular ROS or arginase prior to evaluation of endothelium-dependent 
relaxation. *p<0.05, **p<0.01, ***p<0.001 vs. T2D-RBCs. 

5.5 Endothelial dysfunction and glycaemic control 
 
We established the presence of endothelial dysfunction in our cohort of T2D patients in 
Study III by showing that the endothelium-dependent vasodilatation was markedly 
attenuated compared to healthy subjects in our experimental conditions and setup (Figure 
17A). It should be noted that this was observed despite the fact that the majority of the 
subjects were well treated with preventive medication including ACE-inhibitors and statins, 
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drugs that are known to improve endothelial function. Intensive glycaemic control has not 
proven unequivocally to be efficient in reducing adverse cardiovascular events in patients 
with T2D (9). In line with this, we were not able to observe any change in endothelial function 
following glycaemic control despite a reduction in HbA1c of 26% and fasting plasma glucose 
of 33% between the visits (Figure 17A). Almost all available anti-glycaemic agents are 
known to improve endothelial function either directly or through pleiotropic properties by 
increasing NO bioavailability as evidenced by experimental and clinical studies. 
Hyperglycaemia is known to trigger arginase activity, thereby shunting L-arginine and 
limiting NO production in endothelial cells. This has been confirmed in patients with T2D 
by applying a hyperglycaemic clamp with a clear reduction in arginase activity in plasma 
(123). It is therefore likely that hyperglycaemia might be a trigger for increased arginase 
activity in T2D in endothelial cells. Interestingly, insulin blunted the rise in increased 
arginase activity, suggesting a key role of insulin in the regulation of arginase. Whether this 
is an effect from insulin per se or secondary to glucose-lowering is unclear. What cellular 
compartment and which of the arginase isoforms are regulated by insulin remain also 
unknown. 
 
To elucidate the role of long-term glycaemic control on the effects of RBCs on cardiovascular 
dysfunction, a sub-study was performed with a collection of RBCs on the two study visits as 
in Study III (Study IV). The extent of impairment in endothelial function induced by the 
RBCs was of a similar degree on both occasions, in line with in vivo endothelial function 
(Figure 17B). The reason why glycaemic control does not reverse the detrimental effects of 
hyperglycaemia has been a matter of investigation. One idea has been attributed to a 
phenomenon referred to as hyperglycaemic memory with epigenetic modifications at the 
post-translational level, which are triggered by hyperglycaemia and sustained despite 
glycaemic control (191). Markers of oxidative stress and pro-oxidative enzymes including 
PKC and NOXs are induced by hyperglycaemia and remain elevated in endothelial cells 
despite the achievement of normoglycaemia (192). In a very recent study, it was shown that 
hyperglycaemia induces trained immunity in bone marrow progenitor cells through 
alterations in epigenetics (193). These changes persist after the differentiation of these 
progenitor cells even following the normalization of glucose levels. Interestingly, this 
immunity response drives and promotes atherosclerosis. The hyperglycaemia-induced 
trained immunity might have implications on the behaviour of RBCs and endothelial function 
in T2D. Collectively, hyperglycaemia might be a driver of oxidative damage on RBCs and 
vascular dysfunction, but it is not required for maintenance of sustained vascular injury. 

5.6 Arginase inhibition and dysglycaemia in Type 2 Diabetes 
 
Based on the findings that endothelial dysfunction in vivo and RBC-induced endothelial 
dysfunction persisted following optimized glycaemic control, we hypothesized that arginase 
inhibition would be effective in patients following improvement in glycaemic control. 
Indeed, the magnitude of improvement in endothelial function by nor-NOHA in T2D patients 
was similar at poor glycaemic control (Figure 17C) and following 17 weeks of glycaemic 
optimization (Figure 17D). This was despite the fact that the majority of the subjects were 
taking GLP-1 analogues at follow-up, which is known to improve cardiovascular status, 
including endothelial function. This observation holds the promise that boosting endogenous 
production of NO through shunting of L-arginine might be a strategy to counteract vascular 
dysfunction in T2D. As previously described, L-arginine has failed to show a clinical benefit 
in terms of cardiovascular outcomes, likely because of increased arginase and subsequent 
eNOS uncoupling. Based on Study III, inhibition of arginase represents an attractive strategy 
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to endogenously boost NO bioactivity and suppress ROS production beyond established 
hyperglycaemic agents. 
 
Metabolites reflecting arginase activity in plasma were not changed between the visits 
(Figure 17E) but arginase activity in RBCs was reduced following glycaemic control (Figure 
17F). It is unclear why the reduction in RBC arginase activity at Visit 2 did not attenuate the 
influence of RBCs on endothelial function. One possibility is that the magnitude of this 
reduction is not sufficient to improve the function of RBCs. Supportive of this is that 
pharmacological inhibition of arginase reduces RBC arginase activity far more than the 
observed reduction between the visits (75). The source of plasma and RBC arginase is 
unknown, but it has been speculated that hepatic arginase is released into the blood (194). If 
this is true, arginase activity in RBCs from haematopoietic KO of arginase I should not be 
different from WT littermates, which remains to be established. Which cellular compartment 
and what isoform of arginase is targeted by nor-NOHA in this clinical setup is unclear. It is 
tempting to speculate that administration of nor-NOHA in vivo targets RBC arginase I or 
RBC-induced vascular arginase I. Supportive of this is the fact that the expression of arginase 
I is more pronounced than arginase II in the human vasculature (124) and incubation with 
T2D-RBCs exclusively induces upregulation of arginase I but not of arginase II (Study I) in 
healthy arteries. 
 
Another endpoint in Study IV was the influence of RBCs on post-ischemic cardiac recovery. 
Contrary to the effect of RBCs on endothelial function, aggravated post-ischemic recovery 
induced by T2D-RBCs was markedly attenuated following glycaemic control. This might be 
partly explained by the reduction in RBC arginase activity following glycaemic control but 
also due to the difference in experimental conditions. The effect of RBCs on cardiac function 
might differ due to the hypoxic insult in the isolated heart model compared to when RBCs 
are exposed to isolated arteries during oxygenation. Other factors, not elucidated in the study, 
such as the release of ATP and its subsequent effects on purinergic receptors and its 
downstream signalling may also provide an explanation. In another study by our group, we 
found that RBCs from patients with T2D induce endothelial dysfunction through alterations 
in purinergic receptor signalling (195). However, the effect of purinergic signalling on 
cardiac post-ischemic recovery might differ. Intriguingly, the effect of arginase inhibition on 
post-ischemic recovery was independent of glycaemic control but exceeded the improvement 
in post-ischemic recovery far beyond the level observed by glycaemic control.  
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Figure 17. (A) Baseline in vivo endothelium-dependent vasodilatation by intra-arterial infusion of 
serotonin with venous occlusion plethysmography in healthy subjects (n=16), patients with T2D at 
poor glycaemic control (Visit 1, n=16), and following improvement in glycaemic control (Visit 2, 
n=16). (B) Isolated RBCs were collected from a subgroup of the subjects and incubated with rat aortic 
rings with subsequent evaluation of endothelium-dependent relaxation (n=6-9). (C and D) 
Endothelium-dependent vasodilatation before and after 120 min intra-arterial infusion of nor-NOHA 
(1 mg/min) in patients with T2D at Visit 1 and Visit 2 (n=16 each). (E) Metabolite ratios reflecting 
arginase activity in plasma (n=15) and (F) arginase activity in RBCs at Visits 1 and 2 (n=15). *p<0.05, 
**p<0.01, ***p<0.001, ns = not significant. 
 

5.7 Red blood cells mediate vascular dysfunction in COVID-19 
 
Early in the pandemic with COVID-19, it was speculated that one of the key targets of the 
virus was the endothelial cells. COVID-19 is characterized by cytokine-induced 
inflammatory activation with diverse clinical presentation and multiple complications, 
involving multiple organs. A unifying pathological explanation behind the wide range of 
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symptoms, including myocardial injury, substantially increased incidence of 
thromboembolic complications, and reduced tissue perfusion might be a systemic endothelial 
injury. In light of the observations obtained from the detailed experimental evidence on 
patients with T2D and the alterations observed in RBCs from patients infected with COVID-
19 (165), we aimed to test the hypothesis that the RBC is a mediator of endothelial injury and 
to dissect the dynamics of this observation over time. First, the presence of microvascular 
endothelial dysfunction in patients with ongoing COVID-19 infection and at follow-up four 
months later was established (Figure 18A). To elucidate the role of RBCs as mediators, the 
same approach as in Study I with co-incubation with rat aorta was undertaken. C19-RBCs 
collected at ongoing infection, but not at follow-up, markedly impaired endothelial function 
(Figure 18B) and endothelium independent vascular function. As no impairment was 
observed at follow-up, mechanistic experiments were performed in RBCs from COVID-19 
patients only in the acute stage of the infection. ROS formation was significantly elevated in 
C19-RBCs compared to H-RBCs (Figure 18C). Consequently, the addition of TEMPOL 
attenuated the degree of impairment in endothelial function induced by C19-RBCs (Figure 
18D). To evaluate the ability for C19-RBCs to export NO by determination of the stable 
metabolite nitrate as readout, H-RBCs and C19-RBCs were preincubated with ABH since 
NO formation is tightly regulated by arginase. In line with our previous observation (75), 
nitrate in the supernatant of H-RBCs was markedly elevated in the presence of ABH, but 
unchanged in the supernatant collected from C19-RBCs. 
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Figure 18. (A) Reactive hyperaemia index reflecting endothelium-dependent relaxation in vivo in 
healthy subjects (n=14) and patients with COVID-19 during acute infection (n=15) and at follow-up 
(FU, n=10) 4 months later. (B) H-RBCs (n=8) or RBCs isolated from COVID-19 patients during 
acute infection (C19-RBCs, n=14) or at FU (C19-RBCs FU, n=7) with subsequent evaluation of 
endothelium-dependent relaxation. (C) ROS levels in H-RBCs and C19-RBCs (n=7-10) and (D) 
endothelium-dependent relaxation following incubation of rat aortic rings with C19-RBCs in the 
absence and presence of superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPOL, n=8). (E) Increase in nitrate in the supernatant following 30 min incubation with H-
RBCs and C19-RBCs in the absence and presence of ABH at different doses as indicated (n=9-11). 
*p<0.05, **p<0.01, ***p<0.001. 
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Altogether, these observations suggest that the redox balance in C19-RBCs is switched 
towards increased oxidative stress and reduced ability to export NO bioactivity. This 
consequently impairs vascular function during ongoing infection but not following one 
renewal cycle of RBCs. However, the endothelial injury persists four months after the acute 
infection, as evident by the persistent impairment in reactive hyperaemia index. This might 
be explained by RBCs inducing a persistent endothelial injury in the acute phase, which is 
maintained by other mechanisms, independent of RBCs. One possibility is that RBCs in the 
acute stage induce changes in the vascular wall with increased arginase and oxidative stress. 
Indeed, arginase I (Figure 19A) and 4-HNE (Figure 19B), a stable marker of lipid 
peroxidation reflecting oxidative stress, were upregulated in endothelial cells and smooth 
muscle cells following incubation of C19-RBCs with aortic rings isolated from WT rats. 
Consequently, inhibition of vascular arginase (Figure 19C) or superoxide scavenging (Figure 
19D) following incubation with C19-RBCs attenuated the degree of endothelial dysfunction. 
To further elucidate the trigger for dysfunctional RBCs, H-RBCs were preincubated with 
pro-inflammatory cytokines. Only IFNγ, but not IL-6 or TNFα, resulted in induction of 
impairment in endothelial function by RBCs. Since this cytokine storm is transient and 
normally resolved following recovery from the acute phase of the infection, it is likely that 
this represents an important trigger of dysfunctional C19-RBCs and supports the data that 
RBCs induce endothelial dysfunction only during the acute phase of the COVID-19 infection. 

Figure 19. (A) Representative stainings for arginase I or (B) the stable lipid peroxidation product 4-
hydroxynonenal (4-HNE), as a marker of oxidative stress, in rat aortic rings following incubation 
with H-RBCs or C19-RBCs. Endothelium-dependent relaxation in aortic rings following 18h 
incubation with C19-RBCs and subsequent treatment with ABH (n=8) or TEMPOL (n=7). *p<0.05. 
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Patients with underlying cardiovascular risk factors are at higher risk when suffering from 
COVID-19 compared to other respiratory viral infections (196). It is therefore tempting to 
speculate that already dysfunctional pro-oxidative RBCs, such as in T2D, become even more 
harmful once these patients are infected with SARS-CoV-2. This might be one of the 
explanations behind the multiorgan failure with a worse prognosis in patients with T2D and 
other cardiovascular risk factors. It remains to be established whether the interactions 
between RBCs and the vasculature described here are important for reduced tissue perfusion 
due to augmented vascular tone or thrombosis development in COVID-19. Indeed, it has 
been shown that RBCs are the first to adhere to the endothelium following oxidative injury 
and mediate platelet adhesion in thrombi formation (197). This suggests that the switch in 
RBC redox balance might have implications beyond disturbed vascular function in COVID-
19.  

5.8 Limitations and methodological considerations 

5.8.1 Study subjects 
 
All studies in the current thesis are of mechanistic nature and the group sizes are therefore 
limited. This increases the risk of type 1 and 2 errors. The influence of co-medications and 
co-morbidities might have affected the results obtained in the work presented. Also, it might 
be criticized that the diabetic population included have too poor glycaemic control and 
multiple manifestations of the metabolic syndrome for the results to be generalized to the 
overall diabetic population. However, experiments were also performed with RBCs isolated 
from spontaneously developed lean T2D GK rats without treatment (Study I) and these 
evoked a similar degree of impairment suggesting that the diabetic phenotype per se, rather 
than other confounding factors, is associated with the changes observed. It should be noted, 
however, that in general, patients with T2D are heterogeneous and display comorbidities 
associated with the metabolic syndrome. As all subjects were consecutively recruited without 
adjustment for gender distribution, it resulted in an uneven gender distribution with the 
majority of the subjects recruited being males in both the T2D group and the COVID-19 
group. However, this gender distribution is comparable to other clinical trials with similar 
inclusion and exclusion criteria as in the present studies (12, 198). Any gender differences 
regarding the effects of RBCs in these situations need to be addressed in the future in properly 
designed studies. 
 
It might be argued that the time between the visits in Studies III and IV was too short to 
assess the influence of glycaemic control. Therefore, we asked the study subjects to report a 
mean daily blood glucose curve four weeks after inclusion, which did not differ from follow-
up (Study III). This means that the patients were optimized for at least three months, which 
might still be considered too short to expect an improvement in endothelial function and 
should be addressed with longer follow-up in future studies.  
 
The healthy subjects in all studies might be considered too healthy to be representative of the 
general population. In particular, the control group in Study V was not matched for oxygen 
demand, co-morbidities, treatments, and other infectious parameters, which might have 
influenced the results. Given the COVID-19 restrictions, we were not able to recruit patients 
with other viral infections during the study period, due to a marked decline in the incidence 
of influenza and other viral infections. Another issue with the healthy subjects is that they 
might have subclinical atherosclerotic CVD. We did not exclude this possibility by, for 
instance, a stress test. However, the presence of atherosclerosis would possibly underestimate 
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the magnitude of difference observed in the studies. The nature of these studies should be 
considered as explorative and proof-of-concept. Therefore, any extrapolation to a larger 
group of patients should be made cautiously. Furthermore, the studies were not powered for 
clinical endpoints. 

5.8.2 Red blood cell co-incubations 
 
In all studies except Study III, ex vivo incubations of RBCs and aortic rings were performed. 
This allows investigation of the contribution of a single cell type on vascular function. These 
experiments were performed ex vivo, which complicates the interpretation of the relative 
contribution of RBCs to in vivo endothelial dysfunction. In another study of ours, RBCs from 
GK or WT rats were transfused to WT rats with subsequent isolation and evaluation of aortic 
endothelial function (195). These experiments showed that in vivo exposure of RBCs from 
T2D rats induces a profound endothelial dysfunction compared to transfusions from WT rats. 
It has also been shown that in vivo transfusion of RBCs from streptozotocin-induced diabetic 
rats to WT rats induces oxidative stress through RAGE-dependent mechanisms (133). 
Furthermore, both subject groups (T2D and COVID-19) underwent in vivo characterization 
of endothelial function with clear impairment compared to age and sex-matched healthy 
controls (Studies I and V). Collectively, this strongly suggests that the RBC represents an 
important mediator of endothelial dysfunction in vivo. 
 
Another issue is the use of pharmacological compounds in the studies to pinpoint the 
mechanisms behind the crosstalk of RBCs and the endothelium. Some of the compounds are 
known to have off-target or unspecific effects. One example of this is the peroxynitrite donor 
SIN-1. Although SIN-1 has been employed as a peroxynitrite donor in numerous studies 
(199, 200), it has also been shown that it acts as a NO donor in the presence of electron 
acceptors (201). Ideally, transgenic mouse models would have been a good complement to 
provide further evidence and strengthen the conclusions. On the other hand, such models 
would have limited the use of human RBCs. Furthermore, since the RBC does not contain a 
machinery for protein synthesis, ex vivo gene silencing is not possible. It is therefore of 
importance that biochemical analyses including immunoblotting, enzymatic activity, ROS 
production, and immunohistochemistry corroborated the functional readouts. Vessel rings 
used in the majority of the studies are aortic rings, i.e. conduit arteries. The effects of RBCs 
might differ when assessing other vascular beds such as resistance arteries or the 
microcirculation. This was not possible due to methodological reasons. The criticism might 
be advanced that different species were used in the experimental setup with RBCs from 
humans and arteries from rats, given the fact that the expression and sensitivity of different 
receptors might differ between humans and animals. Importantly, the use of tissues from 
different species might induce unspecific immunological reactions. This is, however, 
unlikely as RBCs from GK rats induced a similar magnitude of impairment in endothelial 
function as T2D-RBCs. Furthermore, RBCs from T2D patients were incubated with human 
IMAs from non-diabetic patients undergoing coronary artery bypass grafting. These 
experiments confirmed that RBCs are also able to induce endothelial dysfunction in human 
arteries. It should, however, be noted that the patients from whom isolated arteries were 
collected have CAD. For unknown reasons, IMAs are resistant against atherosclerosis (202). 
This is further supported by the observation that these vessels displayed similar responses to 
ACh and SNP compared to aortic rings from WT animals in the absence of RBCs or the 
presence of RBCs from healthy subjects (Study I). 

5.8.3 Arginase inhibition in vivo 
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The acute and local administration of nor-NOHA in the forearm in Study III might not fully 
reflect the long-term and systemic effects of arginase inhibition. Further, the lack of isoform-
specific arginase inhibitors limits the interpretation of the relative contribution of arginase I 
vs. arginase II to endothelial dysfunction in T2D, since both isoforms have been implicated 
in CVD. However, genetic approaches to selectively target a specific isoform have been 
undertaken to elucidate the specific roles of arginase I and arginase II in health and disease 
(78, 203, 204). It should be noted that silencing one isoform might upregulate the other 
isoform (205). As with all pharmacological compounds, safety and toxicity are concerns that 
should be addressed before introducing systemic administration of an arginase inhibitor. One 
concern might be that arginase inhibition results in the accumulation of ammonia, as arginase 
I is highly expressed by hepatocytes and participates in the hydrolysis of L-arginine to 
ornithine and urea. However, the levels of arginase I are far higher in hepatocytes compared 
to the expression in endothelial cells or RBCs. Finding the optimal level of endothelial and 
RBC arginase inhibition without affecting hepatic arginase will therefore be of utmost 
importance. Another issue is that macrophage arginase I is known to possess anti-
inflammatory properties. Thus, systemic inhibition might aggravate the atherosclerotic 
process. However, no adverse effects have been observed in chronic treatment with nor-
NOHA in experimental setups even in atherosclerotic models (92, 93). 
 
It might be argued that evaluation of forearm circulation might not reflect a relevant vascular 
bed for atherosclerotic disease. However, it is clear from previous studies that endothelial 
dysfunction is systemic and that peripheral endothelial function correlates to coronary 
vascular function. Also, improvement in forearm endothelial function is associated with 
improved clinical outcomes in patients with CAD (42). It is therefore likely that interventions 
that improve endothelial function may be translated into positive clinical outcomes in patients 
with T2D. 





 

 
 

 
57 

6. Future perspectives 
 
The findings in the studies included in the current thesis pave the way for the development 
of new pharmacological drug targets focusing on RBCs in patients with T2D and COVID-
19. However, several challenges have yet to be overcome before RBCs can be targeted in 
patients for the prevention of vascular complications. The lack of isoform-specific arginase 
inhibitors represents one important obstacle to specifically target arginase I. This is 
important, based on the fact that the predominant isoform differs between various CVDs 
where arginase I is the preferable target in T2D and COVID-19. Another issue is that there 
are no pharmacological tools to exclusively target RBCs. The development of such 
pharmacological drugs will aid the understanding and translation of the findings obtained in 
the current thesis with more specific and tailored interventions. Phase 2 trials assessing 
systemic and long-term arginase inhibition are needed before launching trials with hard 
clinical endpoints. As arginase has been implicated in a number of different settings, 
including CAD, myocardial ischaemia-reperfusion injury, hypercholesterolaemia, obesity, 
hypertension, and T2D, choosing the optimal clinical condition is of vital importance (72). 
To limit reperfusion injury by infusion of an RBC-specific arginase inhibitor in patients with 
acute myocardial infarction and T2D could be one interesting alternative. An attractive 
alternative is to perform a longitudinal study with an oral arginase inhibitor in patients with 
T2D with endpoints assessing micro/macro-vascular function. Arginase inhibition is 
currently under clinical investigation in patients with advanced/metastatic solid tumours of 
various origins (ClinicalTrials.gov, Identifier: NCT02903914). This study will offer a 
possibility to characterize the pharmacokinetic properties and safety profile of arginase 
inhibition in humans and might drive the development of arginase inhibitors also for CVD 
prevention if no serious concerns regarding these issues are raised. 
 
Notwithstanding vaccination against COVID-19, it is likely that these vaccines do not 
sufficiently neutralize all variants of concern (206). Therefore, it is reasonable to believe that 
the development of pharmacological drugs ameliorating acute complications of the virus will 
still be of pivotal importance, and that the RBC might be one of the key targets. Arginase has 
been implicated in COVID-19 by several studies, beyond its importance in the crosstalk 
between RBCs and the vasculature (207, 208). These observations hold promise that an 
attractive target to ameliorate the injury by COVID-19 might be to inhibit arginase activity, 
thereby boosting NO bioactivity. Furthermore, post-acute COVID-19 syndrome (PACS) has 
emerged as a major clinical challenge with a number of cardiovascular symptoms, including 
chest pain, possibly due to microvascular dysfunction, and postural orthostatic tachycardia 
syndrome (209, 210). Whether these manifestations are a result of vascular injury with 
deregulation of NO-related pathways remains speculative but certainly deserves 
investigation. The subjects included in the follow-up in Study V did not strictly belong to 
the PACS group and might therefore differ from patients with PACS. If endothelial 
dysfunction is established in this patient group, it is reasonable to believe that a possible 
mediator of such dysfunction might be through RBCs and L-arginine dysregulation. 
 
Another unanswered question that arises from the data obtained in the current thesis is what 
factor(s) triggers RBCs to become pro-oxidative and dysfunctional. Is it the pro-
inflammatory milieu? Possibly, since both peroxynitrite (Study II) and IFNγ (Study V) 
induced dysfunction of RBCs from healthy subjects to impair endothelial function. Is it 
glucose? This is less likely since glucose only induced a modest increase in arginase activity 
and did not affect ROS production in RBCs. This does, however, not rule out the possibility 
that glucose or other factors associated with the T2D phenotype play a role in shifting the 
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oxidative balance in RBCs. Chronic inflammatory stimuli, hypercholesterolaemia, insulin, 
and FFA in T2D, most likely in combination, trigger dysfunctional RBCs. One example is 
that RBCs from hypercholesterolemic subjects adhere to a larger extent to endothelial cells 
compared to H-RBCs, regardless of statin treatment (211). These triggers might affect the 
early stages of haematopoiesis, such as the reticulocytes with active machinery for protein 
synthesis. Changes in reticulocytes might be carried to later stages of the haematopoietic 
development, as in the case with macrophages (193). Future studies, using haematopoietic 
cell KO animals and detailed analysis of reticulocytes and/or even earlier precursors to RBCs 
should focus on the molecular changes resulting in the RBC dysfunction in a disease setting 
with metabolic alterations. Furthermore, different stages of T2D might be considered to 
investigate whether prediabetes or well-controlled T2D also display similar changes in RBC 
dysfunction as the observations observed here.  
 
One important unresolved issue in light of the obtained results in the current thesis is how 
the communication between RBCs and the vasculature is transmitted. Considering the cell-
free zone between RBCs and the vasculature, there are multiple possible explanations for 
this. Export of signalling molecules may be through one of several transport protein channels 
of the RBC (212). It was recently described that certain lipids are transported through a 
specific channel which is vital for maintaining RBC morphology (213). These transporters 
may be altered in diseases like T2D and COVID-19, consequently altering their function. An 
alternative is the diffusion of oxidative metabolites from the RBC membrane to resident cell 
types in the vasculature. Another possibility is that RBCs release extracellular vesicles such 
as exosomes and microvesicles, as these biological carriers are known to be enriched in RBCs 
(214). Extracellular vesicles carrying signalling molecules are involved in the development 
of atherosclerosis (215). Supportive of this hypothesis is the recently described observation 
that serum exosomes from patients with T2D deliver arginase I and consequently induce 
endothelial dysfunction (216). RBCs might represent a source of these extracellular vesicles, 
further supported by that the number of RBC-derived microvesicles in patients with newly 
diagnosed T2D is threefold higher compared to healthy subjects (217). However, the content 
of T2D-RBC-derived microvesicles has not been characterized, but might be oxidative 
metabolites and/or arginase, as it is known that RBC-derived microvesicles modulate arterial 
tone through ROS-dependent mechanisms (218). RBC-derived microvesicles are also known 
to contain several microRNAs, which are short pieces of non-coding RNAs known to control 
metabolically relevant genes (219). Elucidating the role and content of RBC-derived 
microvesicles in T2D might provide one piece of the explanation of how the RBCs 
communicate with the endothelial layer. Collectively, there are multiple possibilities on how 
the intriguing crosstalk between RBCs and the vasculature is orchestrated and certainly 
deserves attention in future experimental investigations. 
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7. Conclusions 
 
This thesis was designed to understand and explore the role of RBCs as a novel disease 
mediator in patients with T2D and COVID-19, and the role of arginase as a pharmacological 
target. From the included projects, we conclude the following: 

I. RBCs from patients with T2D impair endothelial function through arginase I- and 
ROS-mediated mechanisms. 
 

II. Peroxynitrite plays a major role in regulating RBC arginase activity and thereby 
mediating endothelial dysfunction in T2D.  
 

III. Arginase inhibition improves in vivo endothelial function in patients with T2D both 
at poor glycaemic control and following improvement in glycaemic control.  
 

IV. RBC-induced endothelial dysfunction in patients with T2D is independent of 
glycaemic control.  
 

V. RBCs mediate impairment in endothelial function in patients with COVID-19 through 
mechanisms involving arginase I and ROS. 

Collectively, the results obtained in the current thesis shed light on a previously overlooked 
pathological mechanism underlying vascular dysfunction in patients with chronic and acute 
inflammation by demonstrating a clear involvement of RBCs. The RBC does not seem to be 
the innocent, nuclei-free bystander in CVD but rather a contributor to cardiovascular 
dysfunction. As illustrated (Figure 20), RBCs from patients with T2D or COVID-19, with 
established endothelial dysfunction in vivo, induce vascular dysfunction mediated by an 
increase in ROS and arginase. Inhibition of arginase in patients with T2D improves 
endothelial function despite improvement in glycaemic control, possibly through inhibition 
of RBC arginase. RBC-arginase and/or ROS may be targeted to boost NO formation and 
improve endothelial function in T2D and COVID-19. These observations hold promise, may 
lay the foundation for future drug developments and targets, and provide an important piece 
in the huge puzzle of understanding vascular complications in chronic and acute 
inflammation. 
 
Or, in other words: 

 
“Every time a scientific paper presents a bit of data, an error bar - a quiet but insistent 
reminder that no knowledge is complete or perfect, accompanies it. The most each generation 
can hope for is to reduce the error bars a little, and to add to the body of data to which error 
bars apply.” 

- Carl Sagan, 1995 
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Figure 20. Schematic illustration of the overall conclusions obtained in the current thesis. eNOS - 
endothelial nitric oxide synthase, H2O2 - hydrogen peroxide, NO - nitric oxide, NOX - nicotinamide 
adenine dinucleotide phosphate oxidase, O2

•- - superoxide, ONOO- - peroxynitrite, ROS - reactive 
oxygen species, SARS-CoV-2 - severe acute respiratory syndrome coronavirus-2. Created with 
BioRender.com. 

 
 

 



 

 
 

 
61 

8. Acknowledgements 
 
I consider myself very fortunate to have been a part of this adventure. These years have been 
filled with failed experiments, dealing with demanding peer reviewers, rejections from 
scientific journals, discarding extremely intelligent hypotheses (often formulated by me), a 
pandemic with postponed experiments, and the exponential propagation of grey hairs to a 
point where I have lost count. Jokes aside. This journey has been the most wonderful, 
developing, challenging, and fun experience and is certainly not a one man’s job, but rather 
the contribution of many people inside and outside work. In particular, I wish to express my 
sincere gratitude to:  
 
All the patients and healthy subjects who have participated in the studies included in the 
thesis. None of the studies would have been possible without your kind participation, for 
which I am forever grateful! 
 
All the financial supporters of the projects included in the thesis and my doctoral studies, in 
particular: the Clinical Scientist Training Programme at KI, forskar-AT, the Swedish 
Heart and Lung Foundation, the Swedish Research Council, and the Novo Nordisk 
Foundation.  
 
Supervisors (I needed n=5 to aid me through this process): 
 
John Pernow, main supervisor, for inviting me to the lab and for giving me the opportunity 
to pursue an academic path, despite only being a lost third-year medical student. Your 
scientific wisdom (even after adjusting for strong risk-factors, like age) is remarkable. I am 
grateful for your support, for giving me the freedom to pursue my own ideas, for your never-
ending enthusiasm for science (which is highly contagious), and for your fair, articulate, and 
empathetic leadership. A few of the many things you have taught me are: the importance of 
formulating hypotheses initiated from a clinical unmet need, that boring control experiments 
are of vital importance for scientifically sound conclusions, who David Bowie is, that golf is 
a heart rate-boosting activity, and that a cardiologist is more than a furosemide titrator. I am 
also thankful for your genuine interest, support, and wise advice in my scientific and clinical 
development and for giving me the freedom to combine medical studies, clinical work, and 
doctoral studies.  
 
Jiangning Yang, co-supervisor, for sharing your wide and far knowledge and experience 
regarding experimental protocols, study design, RBC biology and physiology, and most of 
all your problem-solving, positive, and humble attitude towards everything. Your words of 
encouragement during times of despair have been invaluable, for which I am forever 
thankful. 
 
Jon Lundberg, co-supervisor, for your generous attitude towards collaborations (especially 
Study V), your genuine interest in my research projects, for sharing your knowledge 
regarding NO, and for your inspiring and enthusiastic attitude towards science. I wish for 
future collaborations.  
 
Michael Alvarsson, for your help with identifying and recruiting patients for Studies I-IV. 
None of these studies would have been possible without your invaluable help. I am also glad 
that we had the chance to meet during my clinical rotations and that I could contribute to the 
clinical work at your department.  



 
 

 
62 

Oskar Kövamees, co-supervisor, for your positive attitude, your support with the clinical 
aspects of the projects, and for introducing and supervising me the plethysmography method 
in Study III. I am thankful for all our interesting (sometimes way too loud!) discussions about 
science, talk the talk, work-work balance, and for being a good friend. I am inspired to 
witness your development into a full-blown cardiologist and most importantly a father! 
 
Group members:  
 
Zhichao Zhou, my unofficial supervisor, for introducing me to the myography method, for 
our joint nice, fruitful but also challenging Study I, and for all our fun side-projects. I am 
inspired by your ambitions and your development into a research leader. I am convinced that 
you will be guilty of very exciting scientific discoveries in the future. Thank you also for our 
interesting and sometimes very funny scientific discussions, you know which they are. I hope 
that this is only the end of the beginning of a long scientific exchange.  
 
Marita Wallin for introducing me to the experimental work when I first joined the lab and 
for all the help with running numerous experiments for my studies. My samples are in really 
good hands if they are handled by you. You have contributed to almost all my projects with 
your expertise. I know the feeling of spending time in western-träsket, and I don’t wish that 
to my worst enemy (I know that I am guilty of that you spent many hours in that horrible 
träsk, sorry).  
 
David Ersgård. It is safe to say that none of the included studies would have been possible 
without your help. I am forever thankful for your technical contribution and patient 
coordination for all the studies, but especially Studies III and V. I have a lot to learn from 
your structured and methodical way of dealing with things. I have to admit that I didn’t fully 
understand your skånska in the beginning, but I really understand (and appreciate) it fully 
now. Above all, thank you for your humble, positive and problem-solving attitude 
(sometimes at a very short notice) and for your help with the layout of this thesis.  
 
John (L-J) Tengbom, my partner in crime, for your positive attitude and energy you bring 
to the lab. I am amazed by your patience and that no problem is big enough to be solved. 
Thank you for your help with experiments when I haven’t been around, especially Study II 
and V. I am impressed to witness your scientific development and your transition from a 
clinical rat to a lab rat. Thank you also for good trash talk. Wish for future scientific 
collaborations, we will make big things together!  
 
Aida Collado, for your major contribution to study V and for sharing your insightful 
experimental and scientific competence and experience. I am truly amazed by your helpful 
and positive attitude, and for your sharp and detailed comments on my work. Thank you also 
for proof-reading my thesis and for your moral support during the completion of this work. I 
owe you a lot of abstracts and more are yet to come (I guess). I wish that you will hire me 
the day you become a successful PI, despite me being only a simple clinician.  
 
Yahor Tratsiakovich, for all your help with animal work and invaluable and sharp 
comments on my papers. Your ability to see details that no one else can see is truly amazing. 
Thank you also for inviting me to Sweden vs. Italy. Wish you all the best for your future in 
the clinic and I am convinced that you will become a super clinician with your thorough and 
sharp mindset.  
 
Tong Jiao, for all your help with animal work and contribution to numerous papers. I feel 



 

 
 

 
63 

guilty that I have caused you a lot of headache. Your positive attitude and jokes are highly 
contagious. I am amazed by your work-ethics and wish that one day I will be as hard working 
as you.  
 
Tigist Wodaje, for bringing clinical perspectives to our projects, for your insightful 
experimental and scientific questions, and for your help with the FH project. Thank you for 
all our discussions we have had about culture, cardiology, science, Lp(a), FH, and everything 
in between. It is amazing how you can juggle clinical work, two kids and doctoral studies.  
 
All previous group members I had the chance to meet including; Dinos, Arnar, Bernhard, 
Andrei, Adrian, Christian, Alexey, and Attila. Thank you for nice and interesting 
discussions and funny retreats.  
 
All our students that I had the fortune to supervise throughout the years and who have 
contributed to my projects. You have taught me a lot and I wish you all the best in the future. 
I expect nothing but big deeds from you!  
 
Colleagues and mentors:  
 
All research nurses, technicians and administrators at Norrbacka including; Kerstin H, Ann 
H-C, Ann L, Eva W, Britt-Marie, Magnus, Matthias, Victoria, and Ashwin for all your 
help with patient coordination, blood donations, ordering, IT-problems, and above all a 
positive and friendly reception. I always feel welcome when visiting Norrbacka and leave 
with a smile, thanks to you. I would especially like to thank Raquel (Mirakel) for all 
administrative help and for solving all my administrative issues, even those outside your 
scope. 
 
Current and previous members and group leaders of the vascular surgery group, Ulf, Ljubica, 
Joy, Anton, Marko (Bågge), Antti, Nikos, Bianca, Ula, Till, Sampath, Melody, Katarina, 
Samuel, Moritz, Hong, Malin, Mona, Linnéa, and Silvia, for creating a nice working 
environment with a highly efficient and competent research group, for helping out when 
needed, and for letting us borrow your instruments. Special thanks to Mette for help with 
study I. I miss the Thursday-fikas and hope that they can be reintroduced one day soon.  
 
All the current and previous members of Sergiu Catrina’s and Francesco Cosentino’s 
group, Sofie, Cheng, Allan, Anders, Jacob, Anette, Ma, Xiaowei, and Rosa, Shafaat, 
Amin, Nadia, Julia, Liang, Effy. Sharing lab space and office with you has been really nice. 
Thank you all for your kindness, small-talk, nice discussions, and practical help.  
 
All other competent researchers, technicians, and group leaders at the Cardiovascular 
Division, especially Per, Anton, Osman, Nancy, Katja and Greg. Thank you all for nice 
interactions, discussions, lunch-company, help when needed, and for creating a nice 
atmosphere. I have felt extremely fortunate to be part of the Cardiovascular Divison and to 
be surrounded by such competent and nice people from all corners of the world. 
 
All the staff at KERIC, especially Pellina, Anki and Kicki for your helpful attitude, all the 
small chats, and most importantly the fikas. I really enjoyed performing experiments at 
KERIC back in the days, thanks to your friendly reception.  
 
All collaborators and co-authors not mentioned above, especially Maaria von Heijne for 
help with recruitment of patients to study III and IV, Marcus Ståhlberg, for co-initiation of 



 
 

 
64 

a highly interesting ongoing project, Jonas Brinck for all help and interest with the FH-
project and T1D project, Miriam CK for broadening and deepening my knowledge regarding 
RBC biochemistry and physiology and for the nice collaboration on the review paper, Claes-
Göran Östenson for your sharp comments on manuscripts and developing and providing 
GK rats, and staff at Ersta Hospital, especially Charlotte and Anette for help with the obese 
project, that unfortunately had to be postponed due to the pandemic. 
 
My external mentor Wilhelmina Ekström, thank you for wise advice, interesting discussions 
and genuine interest in my personal and professional development and my clinical mentor 
during my clinical internship and former clinical boss, Lotta Renström Koskela for our fun 
and insightful lunches, and for your interest in my clinical development. I also wish to thank 
my clinical supervisor at the primary care, Nikoleta Pachylaki for thorough, competent, and 
sharp supervision. 
 
Friends and family 
   
All my friends whom I had the privilege to get to know during medical school, through 
research, and friends outside medicine, no one mentioned no one forgotten. I feel extremely 
fortunate to have you in my life. Thank you for everything, especially all the laughter, 
braindead discussions, the gä3das, and all the challenges, you know which they are (I am still 
the undisputed champ).  
 
My biggest critic, source of inspiration, and role model, father Jasem. Mother Zahra for 
your unconditional love and support (extended in Arabic below). My dearest brother Haidar 
and sister Dania for your energy and spirit. I cherish every moment I have spent and will 
spend with you. All my cousins, aunts, uncles, and grandparents for your kindness, support, 
and genuine interest in my development. 
  

بان توصفك. انجازاتي تبدو اود ان اخصص الفقرة االخیرة الى اعز الناس الي و ھیة امي العزیزة. الكلمات تعجز  
ة مع ما اعطیت لي من قلبك. اریدكي ان تعرفي بانني ال شيء لو ال انت و هللا. شكر الجزیلوكانھا ال شيء بالمقارن  

  لمحتبتك ولدعواتك. بارك هللا فیكي وحفظكي, امي الحبیبة



 

 
 

 
65 

9. References 
1. Mortality GBD, Causes of Death C. Global, regional, and national age-sex 
specific all-cause and cause-specific mortality for 240 causes of death, 1990-2013: a 
systematic analysis for the Global Burden of Disease Study 2013. Lancet. 
2015;385(9963):117-71. 

2. Mahmood SS, Levy D, Vasan RS, Wang TJ. The Framingham Heart Study and 
the epidemiology of cardiovascular disease: a historical perspective. Lancet. 
2014;383(9921):999-1008. 

3. Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel 
WB. Prediction of coronary heart disease using risk factor categories. Circulation. 
1998;97(18):1837-47. 

4. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, et al. Effect of 
potentially modifiable risk factors associated with myocardial infarction in 52 countries (the 
INTERHEART study): case-control study. Lancet. 2004;364(9438):937-52. 

5. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart 
Disease and Stroke Statistics-2017 Update: A Report From the American Heart Association. 
Circulation. 2017;135(10):e146-e603. 

6. Lin J, Thompson TJ, Cheng YJ, Zhuo X, Zhang P, Gregg E, et al. Projection of 
the future diabetes burden in the United States through 2060. Popul Health Metr. 
2018;16(1):9. 

7. Paneni F, Beckman JA, Creager MA, Cosentino F. Diabetes and vascular 
disease: pathophysiology, clinical consequences, and medical therapy: part I. European heart 
journal. 2013;34(31):2436-43. 

8. Seuring T, Archangelidi O, Suhrcke M. The Economic Costs of Type 2 
Diabetes: A Global Systematic Review. Pharmacoeconomics. 2015;33(8):811-31. 

9. Palmer SC, Mavridis D, Nicolucci A, Johnson DW, Tonelli M, Craig JC, et al. 
Comparison of Clinical Outcomes and Adverse Events Associated With Glucose-Lowering 
Drugs in Patients With Type 2 Diabetes: A Meta-analysis. JAMA. 2016;316(3):313-24. 

10. Action to Control Cardiovascular Risk in Diabetes Study G, Gerstein HC, 
Miller ME, Byington RP, Goff DC, Jr., Bigger JT, et al. Effects of intensive glucose lowering 
in type 2 diabetes. N Engl J Med. 2008;358(24):2545-59. 

11. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JF, Nauck 
MA, et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. N Engl J Med. 
2016;375(4):311-22. 

12. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. 
Empagliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes. N Engl J Med. 
2015;373(22):2117-28. 

13. von Lewinski D, Kolesnik E, Wallner M, Resl M, Sourij H. New 
Antihyperglycemic Drugs and Heart Failure: Synopsis of Basic and Clinical Data. Biomed 
Res Int. 2017;2017:1253425. 

14. Lundberg JO, Gladwin MT, Weitzberg E. Strategies to increase nitric oxide 
signalling in cardiovascular disease. Nat Rev Drug Discov. 2015;14(9):623-41. 



 
 

 
66 

15. Rahman M, Siddik AB. Anatomy, Arterioles.  StatPearls. Treasure Island 
(FL)2021. 

16. Mercadante AA, Raja A. Anatomy, Arteries.  StatPearls. Treasure Island 
(FL)2021. 

17. Galley HF, Webster NR. Physiology of the endothelium. Br J Anaesth. 
2004;93(1):105-13. 

18. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N 
Engl J Med. 2005;352(16):1685-95. 

19. Gimbrone MA, Jr., Garcia-Cardena G. Endothelial Cell Dysfunction and the 
Pathobiology of Atherosclerosis. Circ Res. 2016;118(4):620-36. 

20. Libby P, Ridker PM, Hansson GK, Leducq Transatlantic Network on A. 
Inflammation in atherosclerosis: from pathophysiology to practice. J Am Coll Cardiol. 
2009;54(23):2129-38. 

21. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy 
SA, et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease. N 
Engl J Med. 2017;376(18):1713-22. 

22. Pedersen TR. The Success Story of LDL Cholesterol Lowering. Circ Res. 
2016;118(4):721-31. 

23. Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative Stress in 
Atherosclerosis. Curr Atheroscler Rep. 2017;19(11):42. 

24. Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung MC, Morse JS, et al. 
Simvastatin and niacin, antioxidant vitamins, or the combination for the prevention of 
coronary disease. N Engl J Med. 2001;345(22):1583-92. 

25. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, 
et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N Engl J 
Med. 2017;377(12):1119-31. 

26. Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, et al. 
Colchicine in Patients with Chronic Coronary Disease. N Engl J Med. 2020;383(19):1838-47. 

27. Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R, Maggioni AP, et al. 
Efficacy and Safety of Low-Dose Colchicine after Myocardial Infarction. N Engl J Med. 
2019;381(26):2497-505. 

28. Kalluri AS, Vellarikkal SK, Edelman ER, Nguyen L, Subramanian A, Ellinor 
PT, et al. Single-Cell Analysis of the Normal Mouse Aorta Reveals Functionally Distinct 
Endothelial Cell Populations. Circulation. 2019;140(2):147-63. 

29. Li Z, Solomonidis EG, Meloni M, Taylor RS, Duffin R, Dobie R, et al. Single-
cell transcriptome analyses reveal novel targets modulating cardiac neovascularization by 
resident endothelial cells following myocardial infarction. Eur Heart J. 2019;40(30):2507-20. 

30. Lerman A, Zeiher AM. Endothelial function: cardiac events. Circulation. 
2005;111(3):363-8. 

31. Di Serafino L, Mangiacapra F, Pyxaras S, Morisco C, Bartunek J, De Bruyne 
B, et al. Relationship between peripheral arterial reactive hyperemia and the index of 



 

 
 

 
67 

myocardial resistance in patients undergoing invasive coronary angiography. Int J Cardiol. 
2021;333:8-13. 

32. Bonetti PO, Pumper GM, Higano ST, Holmes DR, Jr., Kuvin JT, Lerman A. 
Noninvasive identification of patients with early coronary atherosclerosis by assessment of 
digital reactive hyperemia. J Am Coll Cardiol. 2004;44(11):2137-41. 

33. Bonetti PO, Lerman LO, Lerman A. Endothelial dysfunction: a marker of 
atherosclerotic risk. Arterioscler Thromb Vasc Biol. 2003;23(2):168-75. 

34. Xu Y, Arora RC, Hiebert BM, Lerner B, Szwajcer A, McDonald K, et al. Non-
invasive endothelial function testing and the risk of adverse outcomes: a systematic review 
and meta-analysis. Eur Heart J Cardiovasc Imaging. 2014;15(7):736-46. 

35. Hamburg NM, Palmisano J, Larson MG, Sullivan LM, Lehman BT, Vasan RS, 
et al. Relation of brachial and digital measures of vascular function in the community: the 
Framingham heart study. Hypertension. 2011;57(3):390-6. 

36. Rubinshtein R, Kuvin JT, Soffler M, Lennon RJ, Lavi S, Nelson RE, et al. 
Assessment of endothelial function by non-invasive peripheral arterial tonometry predicts late 
cardiovascular adverse events. Eur Heart J. 2010;31(9):1142-8. 

37. Lind L, Berglund L, Larsson A, Sundstrom J. Endothelial function in resistance 
and conduit arteries and 5-year risk of cardiovascular disease. Circulation. 
2011;123(14):1545-51. 

38. Takase B, Uehata A, Akima T, Nagai T, Nishioka T, Hamabe A, et al. 
Endothelium-dependent flow-mediated vasodilation in coronary and brachial arteries in 
suspected coronary artery disease. Am J Cardiol. 1998;82(12):1535-9, A7-8. 

39. Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T. Endothelial 
dysfunction, oxidative stress, and risk of cardiovascular events in patients with coronary 
artery disease. Circulation. 2001;104(22):2673-8. 

40. Daiber A, Steven S, Weber A, Shuvaev VV, Muzykantov VR, Laher I, et al. 
Targeting vascular (endothelial) dysfunction. Br J Pharmacol. 2017;174(12):1591-619. 

41. Alexander Y, Osto E, Schmidt-Trucksass A, Shechter M, Trifunovic D, 
Duncker DJ, et al. Endothelial function in cardiovascular medicine: a consensus paper of the 
European Society of Cardiology Working Groups on Atherosclerosis and Vascular Biology, 
Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology and Microcirculation, 
and Thrombosis. Cardiovasc Res. 2021;117(1):29-42. 

42. Kitta Y, Obata JE, Nakamura T, Hirano M, Kodama Y, Fujioka D, et al. 
Persistent impairment of endothelial vasomotor function has a negative impact on outcome in 
patients with coronary artery disease. J Am Coll Cardiol. 2009;53(4):323-30. 

43. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur 
Heart J. 2012;33(7):829-37, 37a-37d. 

44. Mattson DL, Wu F. Nitric oxide synthase activity and isoforms in rat renal 
vasculature. Hypertension. 2000;35(1 Pt 2):337-41. 

45. Ichihara A, Inscho EW, Imig JD, Navar LG. Neuronal nitric oxide synthase 
modulates rat renal microvascular function. Am J Physiol. 1998;274(3):F516-24. 

46. Sessa WC. eNOS at a glance. J Cell Sci. 2004;117(Pt 12):2427-9. 



 
 

 
68 

47. Kuchan MJ, Frangos JA. Role of calcium and calmodulin in flow-induced nitric 
oxide production in endothelial cells. Am J Physiol. 1994;266(3 Pt 1):C628-36. 

48. Forstermann U, Munzel T. Endothelial nitric oxide synthase in vascular 
disease: from marvel to menace. Circulation. 2006;113(13):1708-14. 

49. Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC. Nitric oxide 
production contributes to the angiogenic properties of vascular endothelial growth factor in 
human endothelial cells. J Clin Invest. 1997;100(12):3131-9. 

50. Garthwaite J. Glutamate, nitric oxide and cell-cell signalling in the nervous 
system. Trends Neurosci. 1991;14(2):60-7. 

51. Schlossmann J, Feil R, Hofmann F. Signaling through NO and cGMP-
dependent protein kinases. Ann Med. 2003;35(1):21-7. 

52. Li Z, Ajdic J, Eigenthaler M, Du X. A predominant role for cAMP-dependent 
protein kinase in the cGMP-induced phosphorylation of vasodilator-stimulated 
phosphoprotein and platelet inhibition in humans. Blood. 2003;101(11):4423-9. 

53. Pilz RB, Casteel DE. Regulation of gene expression by cyclic GMP. Circ Res. 
2003;93(11):1034-46. 

54. Stamler JS. Redox signaling: nitrosylation and related target interactions of 
nitric oxide. Cell. 1994;78(6):931-6. 

55. Chandra J, Samali A, Orrenius S. Triggering and modulation of apoptosis by 
oxidative stress. Free Radic Biol Med. 2000;29(3-4):323-33. 

56. Rapoport RM. Nitric oxide inhibition of endothelin-1 release in the vasculature: 
in vivo relevance of in vitro findings. Hypertension. 2014;64(5):908-14. 

57. Sandoval YH, Atef ME, Levesque LO, Li Y, Anand-Srivastava MB. 
Endothelin-1 signaling in vascular physiology and pathophysiology. Curr Vasc Pharmacol. 
2014;12(2):202-14. 

58. Rapoport RM. Acute nitric oxide synthase inhibition and endothelin-1-
dependent arterial pressure elevation. Front Pharmacol. 2014;5:57. 

59. Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J. Free radicals 
and antioxidants in normal physiological functions and human disease. Int J Biochem Cell 
Biol. 2007;39(1):44-84. 

60. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J. 
2009;417(1):1-13. 

61. Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N, Masters BS, Karoui 
H, et al. Superoxide generation by endothelial nitric oxide synthase: the influence of 
cofactors. Proc Natl Acad Sci U S A. 1998;95(16):9220-5. 

62. Kuzkaya N, Weissmann N, Harrison DG, Dikalov S. Interactions of 
peroxynitrite, tetrahydrobiopterin, ascorbic acid, and thiols: implications for uncoupling 
endothelial nitric-oxide synthase. J Biol Chem. 2003;278(25):22546-54. 

63. Zhang Y, Murugesan P, Huang K, Cai H. NADPH oxidases and oxidase 
crosstalk in cardiovascular diseases: novel therapeutic targets. Nat Rev Cardiol. 
2020;17(3):170-94. 



 

 
 

 
69 

64. Francis SH, Busch JL, Corbin JD, Sibley D. cGMP-dependent protein kinases 
and cGMP phosphodiesterases in nitric oxide and cGMP action. Pharmacol Rev. 
2010;62(3):525-63. 

65. Frostell C, Fratacci MD, Wain JC, Jones R, Zapol WM. Inhaled nitric oxide. A 
selective pulmonary vasodilator reversing hypoxic pulmonary vasoconstriction. Circulation. 
1991;83(6):2038-47. 

66. Ghofrani HA, Osterloh IH, Grimminger F. Sildenafil: from angina to erectile 
dysfunction to pulmonary hypertension and beyond. Nat Rev Drug Discov. 2006;5(8):689-
702. 

67. Oesterle A, Laufs U, Liao JK. Pleiotropic Effects of Statins on the 
Cardiovascular System. Circ Res. 2017;120(1):229-43. 

68. Ceremuzynski L, Chamiec T, Herbaczynska-Cedro K. Effect of supplemental 
oral L-arginine on exercise capacity in patients with stable angina pectoris. Am J Cardiol. 
1997;80(3):331-3. 

69. Adams MR, McCredie R, Jessup W, Robinson J, Sullivan D, Celermajer DS. 
Oral L-arginine improves endothelium-dependent dilatation and reduces monocyte adhesion 
to endothelial cells in young men with coronary artery disease. Atherosclerosis. 
1997;129(2):261-9. 

70. Lekakis JP, Papathanassiou S, Papaioannou TG, Papamichael CM, Zakopoulos 
N, Kotsis V, et al. Oral L-arginine improves endothelial dysfunction in patients with essential 
hypertension. Int J Cardiol. 2002;86(2-3):317-23. 

71. Schulman SP, Becker LC, Kass DA, Champion HC, Terrin ML, Forman S, et 
al. L-arginine therapy in acute myocardial infarction: the Vascular Interaction With Age in 
Myocardial Infarction (VINTAGE MI) randomized clinical trial. JAMA. 2006;295(1):58-64. 

72. Mahdi A, Kovamees O, Pernow J. Improvement in endothelial function in 
cardiovascular disease - Is arginase the target? Int J Cardiol. 2020;301:207-14. 

73. Caldwell RW, Rodriguez PC, Toque HA, Narayanan SP, Caldwell RB. 
Arginase: A Multifaceted Enzyme Important in Health and Disease. Physiol Rev. 
2018;98(2):641-65. 

74. Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, et al. Arginine 
metabolism and nutrition in growth, health and disease. Amino Acids. 2009;37(1):153-68. 

75. Yang J, Gonon AT, Sjoquist PO, Lundberg JO, Pernow J. Arginase regulates 
red blood cell nitric oxide synthase and export of cardioprotective nitric oxide bioactivity. 
Proc Natl Acad Sci U S A. 2013;110(37):15049-54. 

76. Morris SM, Jr., Bhamidipati D, Kepka-Lenhart D. Human type II arginase: 
sequence analysis and tissue-specific expression. Gene. 1997;193(2):157-61. 

77. Vockley JG, Jenkinson CP, Shukla H, Kern RM, Grody WW, Cederbaum SD. 
Cloning and characterization of the human type II arginase gene. Genomics. 1996;38(2):118-
23. 

78. Pandey D, Bhunia A, Oh YJ, Chang F, Bergman Y, Kim JH, et al. OxLDL 
triggers retrograde translocation of arginase2 in aortic endothelial cells via ROCK and 
mitochondrial processing peptidase. Circ Res. 2014;115(4):450-9. 



 
 

 
70 

79. Pernow J, Jung C. Arginase as a potential target in the treatment of 
cardiovascular disease: reversal of arginine steal? Cardiovasc Res. 2013;98(3):334-43. 

80. Durante W. Role of arginase in vessel wall remodeling. Front Immunol. 
2013;4:111. 

81. Bhatta A, Yao L, Toque HA, Shatanawi A, Xu Z, Caldwell RB, et al. 
Angiotensin II-induced arterial thickening, fibrosis and stiffening involves elevated arginase 
function. PLoS One. 2015;10(3):e0121727. 

82. Pernow J, Jung C. The Emerging Role of Arginase in Endothelial Dysfunction 
in Diabetes. Curr Vasc Pharmacol. 2016;14(2):155-62. 

83. Wang XP, Chen YG, Qin WD, Zhang W, Wei SJ, Wang J, et al. Arginase I 
attenuates inflammatory cytokine secretion induced by lipopolysaccharide in vascular smooth 
muscle cells. Arterioscler Thromb Vasc Biol. 2011;31(8):1853-60. 

84. Getz GS, Reardon CA. Arginine/arginase NO NO NO. Arterioscler Thromb 
Vasc Biol. 2006;26(2):237-9. 

85. Gonon AT, Jung C, Katz A, Westerblad H, Shemyakin A, Sjoquist PO, et al. 
Local arginase inhibition during early reperfusion mediates cardioprotection via increased 
nitric oxide production. PLoS One. 2012;7(7):e42038. 

86. Tenu JP, Lepoivre M, Moali C, Brollo M, Mansuy D, Boucher JL. Effects of 
the new arginase inhibitor N(omega)-hydroxy-nor-L-arginine on NO synthase activity in 
murine macrophages. Nitric Oxide. 1999;3(6):427-38. 

87. Havlinova Z, Babicova A, Hroch M, Chladek J. Comparative pharmacokinetics 
of N(omega)-hydroxy-nor-L-arginine, an arginase inhibitor, after single-dose intravenous, 
intraperitoneal and intratracheal administration to brown Norway rats. Xenobiotica. 
2013;43(10):886-94. 

88. Havlinova Z, Hroch M, Nagy A, Sispera L, Holecek M, Chladek J. Single- and 
multiple-dose pharmacokinetics of arginase inhibitor Nomega-hydroxy-nor-L-arginine, and 
its effect on plasma amino acids concentrations in Wistar rats. Gen Physiol Biophys. 
2014;33(2):189-98. 

89. Pudlo M, Demougeot C, Girard-Thernier C. Arginase Inhibitors: A Rational 
Approach Over One Century. Med Res Rev. 2017;37(3):475-513. 

90. Van Zandt MC, Whitehouse DL, Golebiowski A, Ji MK, Zhang M, Beckett RP, 
et al. Discovery of (R)-2-amino-6-borono-2-(2-(piperidin-1-yl)ethyl)hexanoic acid and 
congeners as highly potent inhibitors of human arginases I and II for treatment of myocardial 
reperfusion injury. J Med Chem. 2013;56(6):2568-80. 

91. Sin YY, Baron G, Schulze A, Funk CD. Arginase-1 deficiency. J Mol Med 
(Berl). 2015;93(12):1287-96. 

92. Olivon VC, Fraga-Silva RA, Segers D, Demougeot C, de Oliveira AM, 
Savergnini SS, et al. Arginase inhibition prevents the low shear stress-induced development 
of vulnerable atherosclerotic plaques in ApoE-/- mice. Atherosclerosis. 2013;227(2):236-43. 

93. Bagnost T, Ma L, da Silva RF, Rezakhaniha R, Houdayer C, Stergiopulos N, et 
al. Cardiovascular effects of arginase inhibition in spontaneously hypertensive rats with fully 
developed hypertension. Cardiovasc Res. 2010;87(3):569-77. 



 

 
 

 
71 

94. Van Gaal LF, Mertens IL, De Block CE. Mechanisms linking obesity with 
cardiovascular disease. Nature. 2006;444(7121):875-80. 

95. Ferrannini G, Norhammar A, Gyberg V, Mellbin L, Ryden L. Is Coronary 
Artery Disease Inevitable in Type 2 Diabetes? From a Glucocentric to a Holistic View on 
Patient Management. Diabetes Care. 2020;43(9):2001-9. 

96. Rask-Madsen C, King GL. Mechanisms of Disease: endothelial dysfunction in 
insulin resistance and diabetes. Nat Clin Pract Endocrinol Metab. 2007;3(1):46-56. 

97. Dal Canto E, Ceriello A, Ryden L, Ferrini M, Hansen TB, Schnell O, et al. 
Diabetes as a cardiovascular risk factor: An overview of global trends of macro and micro 
vascular complications. Eur J Prev Cardiol. 2019;26(2_suppl):25-32. 

98. Fong DS, Aiello L, Gardner TW, King GL, Blankenship G, Cavallerano JD, et 
al. Retinopathy in diabetes. Diabetes Care. 2004;27 Suppl 1:S84-7. 

99. Al-Shabrawey M, Zhang W, McDonald D. Diabetic retinopathy: mechanism, 
diagnosis, prevention, and treatment. Biomed Res Int. 2015;2015:854593. 

100. Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M. Mortality from 
coronary heart disease in subjects with type 2 diabetes and in nondiabetic subjects with and 
without prior myocardial infarction. N Engl J Med. 1998;339(4):229-34. 

101. Godo S, Shimokawa H. Endothelial Functions. Arterioscler Thromb Vasc Biol. 
2017;37(9):e108-e14. 

102. Brownlee M. Biochemistry and molecular cell biology of diabetic 
complications. Nature. 2001;414(6865):813-20. 

103. Nishikawa T, Edelstein D, Du XL, Yamagishi S, Matsumura T, Kaneda Y, et 
al. Normalizing mitochondrial superoxide production blocks three pathways of 
hyperglycaemic damage. Nature. 2000;404(6779):787-90. 

104. Zhou H, Li YJ. Rho kinase inhibitors: potential treatments for diabetes and 
diabetic complications. Curr Pharm Des. 2012;18(20):2964-73. 

105. Montagnani M, Chen H, Barr VA, Quon MJ. Insulin-stimulated activation of 
eNOS is independent of Ca2+ but requires phosphorylation by Akt at Ser(1179). J Biol 
Chem. 2001;276(32):30392-8. 

106. Ferri C, Pittoni V, Piccoli A, Laurenti O, Cassone MR, Bellini C, et al. Insulin 
stimulates endothelin-1 secretion from human endothelial cells and modulates its circulating 
levels in vivo. J Clin Endocrinol Metab. 1995;80(3):829-35. 

107. Cusi K, Maezono K, Osman A, Pendergrass M, Patti ME, Pratipanawatr T, et 
al. Insulin resistance differentially affects the PI 3-kinase- and MAP kinase-mediated 
signaling in human muscle. J Clin Invest. 2000;105(3):311-20. 

108. Montagnani M, Golovchenko I, Kim I, Koh GY, Goalstone ML, Mundhekar 
AN, et al. Inhibition of phosphatidylinositol 3-kinase enhances mitogenic actions of insulin in 
endothelial cells. J Biol Chem. 2002;277(3):1794-9. 

109. Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in signalling pathways: 
insights into insulin action. Nat Rev Mol Cell Biol. 2006;7(2):85-96. 



 
 

 
72 

110. Jiang ZY, Lin YW, Clemont A, Feener EP, Hein KD, Igarashi M, et al. 
Characterization of selective resistance to insulin signaling in the vasculature of obese Zucker 
(fa/fa) rats. J Clin Invest. 1999;104(4):447-57. 

111. Arcaro G, Cretti A, Balzano S, Lechi A, Muggeo M, Bonora E, et al. Insulin 
causes endothelial dysfunction in humans: sites and mechanisms. Circulation. 
2002;105(5):576-82. 

112. Akoumianakis I, Badi I, Douglas G, Chuaiphichai S, Herdman L, Akawi N, et 
al. Insulin-induced vascular redox dysregulation in human atherosclerosis is ameliorated by 
dipeptidyl peptidase 4 inhibition. Sci Transl Med. 2020;12(541). 

113. Achari AE, Jain SK. Adiponectin, a Therapeutic Target for Obesity, Diabetes, 
and Endothelial Dysfunction. Int J Mol Sci. 2017;18(6). 

114. Erdogdu O, Nathanson D, Sjoholm A, Nystrom T, Zhang Q. Exendin-4 
stimulates proliferation of human coronary artery endothelial cells through eNOS-, PKA- and 
PI3K/Akt-dependent pathways and requires GLP-1 receptor. Mol Cell Endocrinol. 
2010;325(1-2):26-35. 

115. Nystrom T, Gutniak MK, Zhang Q, Zhang F, Holst JJ, Ahren B, et al. Effects of 
glucagon-like peptide-1 on endothelial function in type 2 diabetes patients with stable 
coronary artery disease. Am J Physiol Endocrinol Metab. 2004;287(6):E1209-15. 

116. Romero MJ, Platt DH, Tawfik HE, Labazi M, El-Remessy AB, Bartoli M, et al. 
Diabetes-induced coronary vascular dysfunction involves increased arginase activity. Circ 
Res. 2008;102(1):95-102. 

117. Chandra S, Romero MJ, Shatanawi A, Alkilany AM, Caldwell RB, Caldwell 
RW. Oxidative species increase arginase activity in endothelial cells through the RhoA/Rho 
kinase pathway. Br J Pharmacol. 2012;165(2):506-19. 

118. Beleznai T, Feher A, Spielvogel D, Lansman SL, Bagi Z. Arginase 1 
contributes to diminished coronary arteriolar dilation in patients with diabetes. Am J Physiol 
Heart Circ Physiol. 2011;300(3):H777-83. 

119. Gronros J, Jung C, Lundberg JO, Cerrato R, Ostenson CG, Pernow J. Arginase 
inhibition restores in vivo coronary microvascular function in type 2 diabetic rats. Am J 
Physiol Heart Circ Physiol. 2011;300(4):H1174-81. 

120. Tratsiakovich Y, Yang J, Gonon AT, Sjoquist PO, Pernow J. Arginase as a 
target for treatment of myocardial ischemia-reperfusion injury. Eur J Pharmacol. 2013;720(1-
3):121-3. 

121. Tratsiakovich Y, Gonon AT, Krook A, Yang J, Shemyakin A, Sjoquist PO, et 
al. Arginase inhibition reduces infarct size via nitric oxide, protein kinase C epsilon and 
mitochondrial ATP-dependent K+ channels. Eur J Pharmacol. 2013;712(1-3):16-21. 

122. Kovamees O, Shemyakin A, Pernow J. Amino acid metabolism reflecting 
arginase activity is increased in patients with type 2 diabetes and associated with endothelial 
dysfunction. Diab Vasc Dis Res. 2016;13(5):354-60. 

123. Kashyap SR, Lara A, Zhang R, Park YM, DeFronzo RA. Insulin reduces 
plasma arginase activity in type 2 diabetic patients. Diabetes Care. 2008;31(1):134-9. 



 

 
 

 
73 

124. Shemyakin A, Kovamees O, Rafnsson A, Bohm F, Svenarud P, Settergren M, 
et al. Arginase inhibition improves endothelial function in patients with coronary artery 
disease and type 2 diabetes mellitus. Circulation. 2012;126(25):2943-50. 

125. Kovamees O, Shemyakin A, Checa A, Wheelock CE, Lundberg JO, Ostenson 
CG, et al. Arginase Inhibition Improves Microvascular Endothelial Function in Patients With 
Type 2 Diabetes Mellitus. J Clin Endocrinol Metab. 2016;101(11):3952-8. 

126. Kovamees O, Shemyakin A, Pernow J. Effect of arginase inhibition on 
ischemia-reperfusion injury in patients with coronary artery disease with and without diabetes 
mellitus. PLoS One. 2014;9(7):e103260. 

127. Mahdi A, Cortese-Krott MM, Kelm M, Li N, Pernow J. Novel perspectives on 
redox signaling in red blood cells and platelets in cardiovascular disease. Free Radic Biol 
Med. 2021;168:95-109. 

128. Pernow J, Mahdi A, Yang J, Zhou Z. Red blood cell dysfunction: a new player 
in cardiovascular disease. Cardiovasc Res. 2019;115(11):1596-605. 

129. Cortese-Krott MM, Kelm M. Endothelial nitric oxide synthase in red blood 
cells: key to a new erythrocrine function? Redox Biol. 2014;2:251-8. 

130. Jia L, Bonaventura C, Bonaventura J, Stamler JS. S-nitrosohaemoglobin: a 
dynamic activity of blood involved in vascular control. Nature. 1996;380(6571):221-6. 

131. Kleinbongard P, Schulz R, Rassaf T, Lauer T, Dejam A, Jax T, et al. Red blood 
cells express a functional endothelial nitric oxide synthase. Blood. 2006;107(7):2943-51. 

132. Wautier JL, Paton RC, Wautier MP, Pintigny D, Abadie E, Passa P, et al. 
Increased adhesion of erythrocytes to endothelial cells in diabetes mellitus and its relation to 
vascular complications. N Engl J Med. 1981;305(5):237-42. 

133. Wautier JL, Wautier MP, Schmidt AM, Anderson GM, Hori O, Zoukourian C, 
et al. Advanced glycation end products (AGEs) on the surface of diabetic erythrocytes bind to 
the vessel wall via a specific receptor inducing oxidant stress in the vasculature: a link 
between surface-associated AGEs and diabetic complications. Proc Natl Acad Sci U S A. 
1994;91(16):7742-6. 

134. Azarov I, Huang KT, Basu S, Gladwin MT, Hogg N, Kim-Shapiro DB. Nitric 
oxide scavenging by red blood cells as a function of hematocrit and oxygenation. J Biol 
Chem. 2005;280(47):39024-32. 

135. Benz PM, Fleming I. Can erythrocytes release biologically active NO? Cell 
Commun Signal. 2016;14(1):22. 

136. Cortese-Krott MM, Rodriguez-Mateos A, Sansone R, Kuhnle GG, Thasian-
Sivarajah S, Krenz T, et al. Human red blood cells at work: identification and visualization of 
erythrocytic eNOS activity in health and disease. Blood. 2012;120(20):4229-37. 

137. Tziakas DN, Chalikias G, Pavlaki M, Kareli D, Gogiraju R, Hubert A, et al. 
Lysed Erythrocyte Membranes Promote Vascular Calcification. Circulation. 
2019;139(17):2032-48. 

138. Leo F, Suvorava T, Heuser SK, Li J, LoBue A, Barbarino F, et al. Red Blood 
Cell and Endothelial eNOS Independently Regulate Circulating Nitric Oxide Metabolites and 
Blood Pressure. Circulation. 2021. 



 
 

 
74 

139. Gladwin MT. Endothelium Seeing Red: Should We Redefine eNOS as the 
Endothelial and Erythrocytic NOS? Circulation. 2021;144(11):890-2. 

140. Mihov D, Vogel J, Gassmann M, Bogdanova A. Erythropoietin activates nitric 
oxide synthase in murine erythrocytes. Am J Physiol Cell Physiol. 2009;297(2):C378-88. 

141. Yang BC, Nichols WW, Mehta JL. Cardioprotective Effects of Red Blood 
Cells on Ischemia and Reperfusion Injury in Isolated Rat Heart: Release of Nitric Oxide as a 
Potential Mechanism. J Cardiovasc Pharmacol Ther. 1996;1(4):297-306. 

142. Cortese-Krott MM, Mergia E, Kramer CM, Luckstadt W, Yang J, Wolff G, et 
al. Identification of a soluble guanylate cyclase in RBCs: preserved activity in patients with 
coronary artery disease. Redox Biol. 2018;14:328-37. 

143. Bohmer A, Beckmann B, Sandmann J, Tsikas D. Doubts concerning functional 
endothelial nitric oxide synthase in human erythrocytes. Blood. 2012;119(5):1322-3. 

144. Kang ES, Ford K, Grokulsky G, Wang YB, Chiang TM, Acchiardo SR. Normal 
circulating adult human red blood cells contain inactive NOS proteins. J Lab Clin Med. 
2000;135(6):444-51. 

145. Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT, Bonaventura J, et al. 
Blood flow regulation by S-nitrosohemoglobin in the physiological oxygen gradient. Science. 
1997;276(5321):2034-7. 

146. Sun CW, Yang J, Kleschyov AL, Zhuge Z, Carlstrom M, Pernow J, et al. 
Hemoglobin beta93 Cysteine Is Not Required for Export of Nitric Oxide Bioactivity From 
the Red Blood Cell. Circulation. 2019;139(23):2654-63. 

147. Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter CD, Martyr S, et al. 
Nitrite reduction to nitric oxide by deoxyhemoglobin vasodilates the human circulation. Nat 
Med. 2003;9(12):1498-505. 

148. Schwab DE, Stamler JS, Singel DJ. Nitrite-methemoglobin inadequate for 
hypoxic vasodilation. Nat Chem Biol. 2009;5(6):366; author reply 7. 

149. Ulker P, Ozen N, Abdullayeva G, Koksoy S, Yaras N, Basrali F. Extracellular 
ATP activates eNOS and increases intracellular NO generation in Red Blood Cells. Clin 
Hemorheol Microcirc. 2018;68(1):89-101. 

150. Mesquita R, Pires I, Saldanha C, Martins-Silva J. Effects of acetylcholine and 
spermineNONOate on erythrocyte hemorheologic and oxygen carrying properties. Clin 
Hemorheol Microcirc. 2001;25(3-4):153-63. 

151. Bor-Kucukatay M, Yalcin O, Gokalp O, Kipmen-Korgun D, Yesilkaya A, 
Baykal A, et al. Red blood cell rheological alterations in hypertension induced by chronic 
inhibition of nitric oxide synthesis in rats. Clin Hemorheol Microcirc. 2000;22(4):267-75. 

152. Merx MW, Gorressen S, van de Sandt AM, Cortese-Krott MM, Ohlig J, Stern 
M, et al. Depletion of circulating blood NOS3 increases severity of myocardial infarction and 
left ventricular dysfunction. Basic Res Cardiol. 2014;109(1):398. 

153. Suhr F, Brenig J, Muller R, Behrens H, Bloch W, Grau M. Moderate exercise 
promotes human RBC-NOS activity, NO production and deformability through Akt kinase 
pathway. PLoS One. 2012;7(9):e45982. 



 

 
 

 
75 

154. Alayash AI, Patel RP, Cashon RE. Redox reactions of hemoglobin and 
myoglobin: biological and toxicological implications. Antioxid Redox Signal. 2001;3(2):313-
27. 

155. Baba Y, Kai M, Kamada T, Setoyama S, Otsuji S. Higher levels of erythrocyte 
membrane microviscosity in diabetes. Diabetes. 1979;28(12):1138-40. 

156. Garnier M, Attali JR, Valensi P, Delatour-Hanss E, Gaudey F, Koutsouris D. 
Erythrocyte deformability in diabetes and erythrocyte membrane lipid composition. 
Metabolism. 1990;39(8):794-8. 

157. Buys AV, Van Rooy MJ, Soma P, Van Papendorp D, Lipinski B, Pretorius E. 
Changes in red blood cell membrane structure in type 2 diabetes: a scanning electron and 
atomic force microscopy study. Cardiovasc Diabetol. 2013;12:25. 

158. Nunes JM, Pretorius E. Red blood cell membrane cholesterol in type 2 diabetes 
mellitus. Thromb Res. 2019;178:91-8. 

159. Abo K, Mio T, Sumino K. Comparative analysis of plasma and erythrocyte 7-
ketocholesterol as a marker for oxidative stress in patients with diabetes mellitus. Clin 
Biochem. 2000;33(7):541-7. 

160. Schwartz RS, Madsen JW, Rybicki AC, Nagel RL. Oxidation of spectrin and 
deformability defects in diabetic erythrocytes. Diabetes. 1991;40(6):701-8. 

161. Marossy A, Svorc P, Kron I, Gresova S. Hemorheology and circulation. Clin 
Hemorheol Microcirc. 2009;42(4):239-58. 

162. Peters SA, Woodward M, Rumley A, Tunstall-Pedoe HD, Lowe GD. Plasma 
and blood viscosity in the prediction of cardiovascular disease and mortality in the Scottish 
Heart Health Extended Cohort Study. Eur J Prev Cardiol. 2017;24(2):161-7. 

163. Savu O, Iosif L, Bradescu OM, Serafinceanu C, Papacocea R, Stoian I. L-
arginine catabolism is driven mainly towards nitric oxide synthesis in the erythrocytes of 
patients with type 2 diabetes at first clinical onset. Ann Clin Biochem. 2015;52(Pt 1):135-43. 

164. Ramirez-Zamora S, Mendez-Rodriguez ML, Olguin-Martinez M, Sanchez-
Sevilla L, Quintana-Quintana M, Garcia-Garcia N, et al. Increased erythrocytes by-products 
of arginine catabolism are associated with hyperglycemia and could be involved in the 
pathogenesis of type 2 diabetes mellitus. PLoS One. 2013;8(6):e66823. 

165. Thomas T, Stefanoni D, Dzieciatkowska M, Issaian A, Nemkov T, Hill RC, et 
al. Evidence of Structural Protein Damage and Membrane Lipid Remodeling in Red Blood 
Cells from COVID-19 Patients. J Proteome Res. 2020;19(11):4455-69. 

166. Foy BH, Carlson JCT, Reinertsen E, Padros IVR, Pallares Lopez R, Palanques-
Tost E, et al. Association of Red Blood Cell Distribution Width With Mortality Risk in 
Hospitalized Adults With SARS-CoV-2 Infection. JAMA Netw Open. 2020;3(9):e2022058. 

167. Li J, Wang X, Chen J, Zuo X, Zhang H, Deng A. COVID-19 infection may 
cause ketosis and ketoacidosis. Diabetes Obes Metab. 2020;22(10):1935-41. 

168. Gentile S, Strollo F, Mambro A, Ceriello A. COVID-19, ketoacidosis and new-
onset diabetes: Are there possible cause and effect relationships among them? Diabetes Obes 
Metab. 2020;22(12):2507-8. 



 
 

 
76 

169. Ghosh A, Anjana RM, Shanthi Rani CS, Jeba Rani S, Gupta R, Jha A, et al. 
Glycemic parameters in patients with new-onset diabetes during COVID-19 pandemic are 
more severe than in patients with new-onset diabetes before the pandemic: NOD COVID 
India Study. Diabetes Metab Syndr. 2021;15(1):215-20. 

170. Libby P, Luscher T. COVID-19 is, in the end, an endothelial disease. Eur Heart 
J. 2020;41(32):3038-44. 

171. Evans PC, Rainger GE, Mason JC, Guzik TJ, Osto E, Stamataki Z, et al. 
Endothelial dysfunction in COVID-19: a position paper of the ESC Working Group for 
Atherosclerosis and Vascular Biology, and the ESC Council of Basic Cardiovascular Science. 
Cardiovasc Res. 2020;116(14):2177-84. 

172. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger F, et 
al. Pulmonary Vascular Endothelialitis, Thrombosis, and Angiogenesis in Covid-19. N Engl J 
Med. 2020;383(2):120-8. 

173. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS, 
et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. 
2020;395(10234):1417-8. 

174. Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, 
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a 
Clinically Proven Protease Inhibitor. Cell. 2020;181(2):271-80 e8. 

175. Nicin L, Abplanalp WT, Mellentin H, Kattih B, Tombor L, John D, et al. Cell 
type-specific expression of the putative SARS-CoV-2 receptor ACE2 in human hearts. Eur 
Heart J. 2020;41(19):1804-6. 

176. McCracken IR, Saginc G, He L, Huseynov A, Daniels A, Fletcher S, et al. Lack 
of Evidence of Angiotensin-Converting Enzyme 2 Expression and Replicative Infection by 
SARS-CoV-2 in Human Endothelial Cells. Circulation. 2021;143(8):865-8. 

177. Rauch A, Dupont A, Goutay J, Caplan M, Staessens S, Moussa M, et al. 
Endotheliopathy Is Induced by Plasma From Critically Ill Patients and Associated With 
Organ Failure in Severe COVID-19. Circulation. 2020;142(19):1881-4. 

178. Mahdi A, Kovamees O, Pernow J. Improvement in endothelial function in 
cardiovascular disease - Is arginase the target? Int J Cardiol. 2019. 

179. Jung C, Gonon AT, Sjoquist PO, Lundberg JO, Pernow J. Arginase inhibition 
mediates cardioprotection during ischaemia-reperfusion. Cardiovasc Res. 2010;85(1):147-54. 

180. Nohria A, Gerhard-Herman M, Creager MA, Hurley S, Mitra D, Ganz P. Role 
of nitric oxide in the regulation of digital pulse volume amplitude in humans. J Appl Physiol 
(1985). 2006;101(2):545-8. 

181. Hamburg NM, Keyes MJ, Larson MG, Vasan RS, Schnabel R, Pryde MM, et 
al. Cross-sectional relations of digital vascular function to cardiovascular risk factors in the 
Framingham Heart Study. Circulation. 2008;117(19):2467-74. 

182. Ostenson CG, Khan A, Abdel-Halim SM, Guenifi A, Suzuki K, Goto Y, et al. 
Abnormal insulin secretion and glucose metabolism in pancreatic islets from the 
spontaneously diabetic GK rat. Diabetologia. 1993;36(1):3-8. 

183. Mohanty JG, Nagababu E, Rifkind JM. Red blood cell oxidative stress impairs 
oxygen delivery and induces red blood cell aging. Front Physiol. 2014;5:84. 



 

 
 

 
77 

184. Tsuboi S, Miyauchi K, Kasai T, Ogita M, Dohi T, Miyazaki T, et al. Impact of 
red blood cell distribution width on long-term mortality in diabetic patients after 
percutaneous coronary intervention. Circ J. 2013;77(2):456-61. 

185. Antonopoulos AS, Sanna F, Sabharwal N, Thomas S, Oikonomou EK, 
Herdman L, et al. Detecting human coronary inflammation by imaging perivascular fat. Sci 
Transl Med. 2017;9(398). 

186. Oikonomou EK, Marwan M, Desai MY, Mancio J, Alashi A, Hutt Centeno E, 
et al. Non-invasive detection of coronary inflammation using computed tomography and 
prediction of residual cardiovascular risk (the CRISP CT study): a post-hoc analysis of 
prospective outcome data. Lancet. 2018;392(10151):929-39. 

187. George A, Pushkaran S, Konstantinidis DG, Koochaki S, Malik P, Mohandas 
N, et al. Erythrocyte NADPH oxidase activity modulated by Rac GTPases, PKC, and plasma 
cytokines contributes to oxidative stress in sickle cell disease. Blood. 2013;121(11):2099-
107. 

188. Viskupicova J, Blaskovic D, Galiniak S, Soszynski M, Bartosz G, Horakova L, 
et al. Effect of high glucose concentrations on human erythrocytes in vitro. Redox Biol. 
2015;5:381-7. 

189. Kabanova S, Kleinbongard P, Volkmer J, Andree B, Kelm M, Jax TW. Gene 
expression analysis of human red blood cells. Int J Med Sci. 2009;6(4):156-9. 

190. Yang J, Zheng X, Mahdi A, Zhou Z, Tratsiakovich Y, Jiao T, et al. Red Blood 
Cells in Type 2 Diabetes Impair Cardiac Post-Ischemic Recovery Through an Arginase-
Dependent Modulation of Nitric Oxide Synthase and Reactive Oxygen Species. JACC Basic 
Transl Sci. 2018;3(4):450-63. 

191. Paneni F, Volpe M, Luscher TF, Cosentino F. SIRT1, p66(Shc), and Set7/9 in 
vascular hyperglycemic memory: bringing all the strands together. Diabetes. 
2013;62(6):1800-7. 

192. Ihnat MA, Thorpe JE, Kamat CD, Szabo C, Green DE, Warnke LA, et al. 
Reactive oxygen species mediate a cellular 'memory' of high glucose stress signalling. 
Diabetologia. 2007;50(7):1523-31. 

193. Edgar L, Akbar N, Braithwaite AT, Krausgruber T, Gallart-Ayala H, Bailey J, 
et al. Hyperglycaemia Induces Trained Immunity in Macrophages and Their Precursors and 
Promotes Atherosclerosis. Circulation. 2021. 

194. Ogino N, Takahashi H, Nagaoka K, Harada Y, Kubo M, Miyagawa K, et al. 
Possible contribution of hepatocyte secretion to the elevation of plasma exosomal arginase-1 
in high-fat diet-fed mice. Life Sci. 2021;278:119588. 

195. Mahdi A, Tratsiakovich Y, Tengbom J, Jiao T, Garib L, Alvarsson M, et al. 
Erythrocytes Induce Endothelial Injury in Type 2 Diabetes Through Alteration of Vascular 
Purinergic Signaling. Front Pharmacol. 2020;11:603226. 

196. Piroth L, Cottenet J, Mariet AS, Bonniaud P, Blot M, Tubert-Bitter P, et al. 
Comparison of the characteristics, morbidity, and mortality of COVID-19 and seasonal 
influenza: a nationwide, population-based retrospective cohort study. Lancet Respir Med. 
2020. 



 
 

 
78 

197. Barr JD, Chauhan AK, Schaeffer GV, Hansen JK, Motto DG. Red blood cells 
mediate the onset of thrombosis in the ferric chloride murine model. Blood. 
2013;121(18):3733-41. 

198. Guimaraes PO, Quirk D, Furtado RH, Maia LN, Saraiva JF, Antunes MO, et al. 
Tofacitinib in Patients Hospitalized with Covid-19 Pneumonia. N Engl J Med. 
2021;385(5):406-15. 

199. Antoniades C, Shirodaria C, Warrick N, Cai S, de Bono J, Lee J, et al. 5-
methyltetrahydrofolate rapidly improves endothelial function and decreases superoxide 
production in human vessels: effects on vascular tetrahydrobiopterin availability and 
endothelial nitric oxide synthase coupling. Circulation. 2006;114(11):1193-201. 

200. Wang H, Joseph JA. Quantifying cellular oxidative stress by 
dichlorofluorescein assay using microplate reader. Free Radic Biol Med. 1999;27(5-6):612-6. 

201. Singh RJ, Hogg N, Joseph J, Konorev E, Kalyanaraman B. The peroxynitrite 
generator, SIN-1, becomes a nitric oxide donor in the presence of electron acceptors. Arch 
Biochem Biophys. 1999;361(2):331-9. 

202. Otsuka F, Yahagi K, Sakakura K, Virmani R. Why is the mammary artery so 
special and what protects it from atherosclerosis? Ann Cardiothorac Surg. 2013;2(4):519-26. 

203. Bivalacqua TJ, Burnett AL, Hellstrom WJ, Champion HC. Overexpression of 
arginase in the aged mouse penis impairs erectile function and decreases eNOS activity: 
influence of in vivo gene therapy of anti-arginase. Am J Physiol Heart Circ Physiol. 
2007;292(3):H1340-51. 

204. Yang M, Rangasamy D, Matthaei KI, Frew AJ, Zimmmermann N, Mahalingam 
S, et al. Inhibition of arginase I activity by RNA interference attenuates IL-13-induced 
airways hyperresponsiveness. J Immunol. 2006;177(8):5595-603. 

205. Bhatta A, Yao L, Xu Z, Toque HA, Chen J, Atawia RT, et al. Obesity-induced 
vascular dysfunction and arterial stiffening requires endothelial cell arginase 1. Cardiovasc 
Res. 2017;113(13):1664-76. 

206. McCallum M, Bassi J, De Marco A, Chen A, Walls AC, Di Iulio J, et al. 
SARS-CoV-2 immune evasion by the B.1.427/B.1.429 variant of concern. Science. 2021. 

207. Rees CA, Rostad CA, Mantus G, Anderson EJ, Chahroudi A, Jaggi P, et al. 
Altered amino acid profile in patients with SARS-CoV-2 infection. Proc Natl Acad Sci U S 
A. 2021;118(25). 

208. Falck-Jones S, Vangeti S, Yu M, Falck-Jones R, Cagigi A, Badolati I, et al. 
Functional monocytic myeloid-derived suppressor cells increase in blood but not airways and 
predict COVID-19 severity. J Clin Invest. 2021;131(6). 

209. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, et 
al. Post-acute COVID-19 syndrome. Nat Med. 2021;27(4):601-15. 

210. Stahlberg M, Reistam U, Fedorowski A, Villacorta H, Horiuchi Y, Bax J, et al. 
Post-COVID-19 Tachycardia Syndrome: A Distinct Phenotype of Post-Acute COVID-19 
Syndrome. Am J Med. 2021. 

211. Cilla A, Lopez-Garcia G, Collado-Diaz V, Blanch-Ruiz MA, Garcia-Llatas G, 
Barbera R, et al. Hypercholesterolemic patients have higher eryptosis and erythrocyte 



 

 
 

 
79 

adhesion to human endothelium independently of statin therapy. Int J Clin Pract. 
2021:e14771. 

212. Ballas SK, Krasnow SH. Structure of erythrocyte membrane and its transport 
functions. Ann Clin Lab Sci. 1980;10(3):209-19. 

213. Vu TM, Ishizu AN, Foo JC, Toh XR, Zhang F, Whee DM, et al. Mfsd2b is 
essential for the sphingosine-1-phosphate export in erythrocytes and platelets. Nature. 
2017;550(7677):524-8. 

214. Thangaraju K, Neerukonda SN, Katneni U, Buehler PW. Extracellular Vesicles 
from Red Blood Cells and Their Evolving Roles in Health, Coagulopathy and Therapy. Int J 
Mol Sci. 2020;22(1). 

215. Boulanger CM, Loyer X, Rautou PE, Amabile N. Extracellular vesicles in 
coronary artery disease. Nat Rev Cardiol. 2017;14(5):259-72. 

216. Zhang H, Liu J, Qu D, Wang L, Wong CM, Lau CW, et al. Serum exosomes 
mediate delivery of arginase 1 as a novel mechanism for endothelial dysfunction in diabetes. 
Proc Natl Acad Sci U S A. 2018;115(29):E6927-E36. 

217. Gkaliagkousi E, Nikolaidou B, Gavriilaki E, Lazaridis A, Yiannaki E, Anyfanti 
P, et al. Increased erythrocyte- and platelet-derived microvesicles in newly diagnosed type 2 
diabetes mellitus. Diab Vasc Dis Res. 2019;16(5):458-65. 

218. Poisson J, Tanguy M, Davy H, Camara F, El Mdawar MB, Kheloufi M, et al. 
Erythrocyte-derived microvesicles induce arterial spasms in JAK2V617F myeloproliferative 
neoplasm. J Clin Invest. 2020;130(5):2630-43. 

219. Doss JF, Corcoran DL, Jima DD, Telen MJ, Dave SS, Chi JT. A 
comprehensive joint analysis of the long and short RNA transcriptomes of human 
erythrocytes. BMC Genomics. 2015;16:952. 

 


	1. List of abbreviations
	2. Background
	2.1 Cardiovascular disease
	2.2 The arterial wall
	2.3 Vascular dysfunction
	2.3.1 Atherosclerosis
	2.3.2 Endothelial function and dysfunction
	2.3.3 Nitric oxide
	2.3.4 Reactive oxygen species
	2.3.5 Boosting nitric oxide bioavailability in cardiovascular disease
	2.3.6 Arginase - generation, regulation, and pharmacological potential

	2.4 Type 2 Diabetes
	2.4.1 Endothelial dysfunction in Type 2 Diabetes
	2.4.2 Arginase in Type 2 Diabetes

	2.5 Red blood cells in cardiovascular disease
	2.5.1 Nitric oxide formation in red blood cells
	2.5.2 Redox signalling in red blood cells
	2.5.3 Red blood cells in Type 2 Diabetes

	2.6 COVID-19
	2.7 The path leading to this thesis

	3. Aims
	4. Materials and key methods
	4.1 Overview
	4.2 Workflow
	4.3 Study subjects
	4.3.1 Type 2 Diabetes (Studies I-IV)
	4.3.2 COVID-19 (Study V)
	4.3.3 Healthy controls (Studies I-V)
	4.3.4 Coronary artery bypass grafts (Study I)

	4.4 In vivo evaluation of endothelial function
	4.4.1 Venous occlusion plethysmography (Studies I and III)
	4.4.1.1 Study design (Study III)

	4.4.2 Peripheral arterial tonometry (Study V)

	4.5 Animals
	4.6 Red blood cell isolation and incubation (Studies I, II, IV, and V)
	4.7 Ex vivo vascular reactivity (Studies I, II, IV, and V)
	4.8 Arginase activity assay (Studies I, II, and IV)
	4.9 Measurement of reactive oxygen species (Studies I and V)
	4.10 Immunohistochemistry (Studies I and V)
	4.11 Statistical analyses
	4.12 Ethical considerations

	5. Key results and discussion
	5.1 Study subjects
	5.1.1 Type 2 Diabetes
	5.1.2 COVID-19

	5.2 The red blood cell - a mediator of endothelial dysfunction in Type 2 Diabetes
	5.3 Role of reactive oxygen species and arginase in red blood cell dysfunction in Type 2 Diabetes
	5.4 Vascular changes induced by red blood cells in Type 2 Diabetes
	5.5 Endothelial dysfunction and glycaemic control
	5.6 Arginase inhibition and dysglycaemia in Type 2 Diabetes
	5.7 Red blood cells mediate vascular dysfunction in COVID-19
	5.8 Limitations and methodological considerations
	5.8.1 Study subjects
	5.8.2 Red blood cell co-incubations
	5.8.3 Arginase inhibition in vivo


	6. Future perspectives
	7. Conclusions
	8. Acknowledgements
	9. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


