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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-Larginine 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 (COVID19) 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
2

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).
6

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
7

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 antioxidant therapy, might reduce the risk of cardiovascular events on top of pure antiinflammatory 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, proinflammatory, 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.
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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 riskstratifying 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
9

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 endotheliumderived 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 halflife, 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).
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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 proinflammatory 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-hydroxynor-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 isoformspecific pharmacological arginase inhibitors complicates the interpretation of the relative
contribution of the two isoforms to long-term disease outcomes. Another important issue
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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 anti17

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. Endotheliumdependent 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, ischaemiareperfusion induced impairment in endothelial function in the forearm was improved by norNOHA in patients with T2D with or without CAD (126). These observations suggest that
arginase inhibition improves both micro- and macrovascular function as well as ischaemiareperfusion 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).

20

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 RBCmediated 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 NOdependent 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 (ischaemiareperfusion 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 antioxidants (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 cocultured 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 hypoxialike 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 COVID24

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 SARSCoV-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 angiotensinconverting 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 ischaemiareperfusion (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

Erythrocytes From
Patients With
Type 2 Diabetes
Induce Endothelial
Dysfunction Via
Arginase I

Healthy
vs. Type 2
Diabetes

80

RBCs +/ABH, NAC,
apocynin, and
catalase

RBCs on
vascular
reactivity
ex vivo

Arginase
activity/
expression,
ROS
production,
in vivo
endothelial
function

Myography,
immunoblotting,
enzyme activity assay,
immunohistochemistry,
venous occlusion
plethysmography, and
EPR

Healthy
vs. Type 2
Diabetes

38

RBCs +/FeTPPS, SIN-1,
and ABH

RBCs on
vascular
reactivity
ex vivo

Arginase
activity

Myography and
enzyme activity assay

II

Red Blood Cell
Peroxynitrite
Causes Endothelial
Dysfunction in Type 2
Diabetes Mellitus via
Arginase

Healthy
vs. Type 2
Diabetes
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III

Arginase inhibition
improves endothelial
function in patients
with type 2 diabetes
mellitus despite
intensive glucoselowering therapy

Arginase
Inhibition
and glycaemic
control

In vivo
endothelial
function

Amino acid
metabolites
related to
arginase
pathway

Venous occlusion
plethysmography and
liquid chromatographymass spectrometry

The Effect of Glycemic Healthy
Control on Endothelial vs. Type 2
and Cardiac
Diabetes
Dysfunction Induced
by Red Blood Cells in
Type 2 Diabetes

25

RBCs and
glycaemic
control

RBCs on
vascular
reactivity
ex vivo

Arginase
activity and
post-ischemic
recovery

Myography, isolated
Langendorff heart, and
enzyme activity assay

44

RBCs +/ABH,
TEMPOL, and
Apocynin

In vivo
endothelial
function
and RBCs
on vascular
reactivity

ROSproduction,
arginase/ROS
expression,
and nitrate
production

Myography, peripheral
arterial tonometry,
immunohistochemistry,
high-performance
liquid chromatography,
and EPR

I

IV

Erythrocytes induce
vascular dysfunction
in COVID-19
V

Healthy vs.
COVID-19

ex vivo
ABH – 2(S)-amino-6-boronohexanoic acid, EPR – electron paramagnetic resonance, FeTPPS – Fe(III)5, 10, 15, 20- tetrakis(4sulfonatophenyl) porphyrinatochloride, NAC – N-acetyl-cysteine, RBCs – red blood cells, ROS – reactive oxygen species, SIN1 – 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 intraarterial 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 SpragueDawley 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 (T2DRBCs) 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-2,2,6,6tetramethylpiperidine-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 9,11dideoxy-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 KHbuffer, 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 nonparametric 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. Concentrationresponse 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
Healthy
(n=34)

Study II
T2D
(n=46)

Healthy
(n=20)

Studies III and IV

T2D
(n=18)

T2D Visit 2
(n=16)

64 ± 10

64 ± 10

Age (years)

61 ± 7

60 ± 12

60 ± 5

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

5.7 ± 0.5

11.4 ±
3.2***

5.6 ± 0.5

10.4 ±
3.6***

13.8 ± 2.8

9.3 ±
3.2***

1

7

0

2

5

5

HbA1c, mmol/mol

36 ± 3

70 ± 20***

35 ± 3

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*

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

Fasting glucose (mM)
No. of smokers

60 ± 13

T2D Visit 1
(n=16)

66 ± 23***

Medication (n):

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) ***

Hypertension

0

5

Previous MI

0

1

Asthma or COPD

0

2

Diabetes

0

0

Co-existing conditions (n):

No. of oxygen requiring at inclusion

N/A

13

Liters administered to those requiring

N/A

1.5 (1.0-2.0)

SBP (mmHg)

122 (115-136)

117 (109-129)

DBP (mmHg)

80 (74-84)

73 (64-86)

Heart rate (beats/min)

Hemodynamic parameters

61 (51-68)

71 (63-88) **

Respiratory rate (breaths/min)

-

19 (16-20)

Oxygen saturation (%)

-

95 (94-98)

Erythrocyte indices
Haemoglobin (g/L)
EVF
MCV (fL)
MCH (pg)

142 (133-147)

136 (129-141) *

0.42 (0.39-0.43)

0.38 (0.38-0.41) *

89 (87-92)

87 (84-89) *

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) **

5.0 (4.3-5.9)

9.5 (5.3-11.2)

-

1.2 (0.9-1.8)

Leukocytes (109/L)
Lymphocytes (109/L)
Creatinine (µM)

74 (63-91)

64 (49-69) ***

0.61 (0.35-1.0)

36 (12-94) ***

Ferritin (µg/L)

-

1525 (915-2215)

LD (µkat/L)

-

5.5 (4.4-6.8)

Troponin T elevation (>4 ng/L, n)

-

11

CRP (mg/L)
D-dimer (mg/L)

0.74 (0.33-0.94)

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 nondiabetic 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 endotheliumindependent 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.
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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 proinflammatory 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 HRBCs 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 ischaemiareperfusion. 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 pretreatment with NAC in mice protected against post-ischemic dysfunction induced by T2DRBCs. 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
49

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 COVID19 (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-Noxyl (TEMPOL, n=8). (E) Increase in nitrate in the supernatant following 30 min incubation with HRBCs 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 4hydroxynonenal (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 COVID19.
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 followup (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 isoformspecific 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 antiinflammatory properties. Thus, systemic inhibition might aggravate the atherosclerotic
process. However, no adverse effects have been observed in chronic treatment with norNOHA 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.
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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 COVID19. 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 proinflammatory 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 cellfree 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.
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