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ABSTRACT

Cardiovascular (CVD) and metabolic diseases account for significant morbidity and mortality.
Over the last decades, despite significant research and clinical effort, their global prevalence is
estimated to further increase. This trend is similarly observed in the pregnant population, which
increases the risk of cardiometabolic complications of pregnancy, such as preeclampsia (PE),
which in turn, predisposes both the mother and offspring to increased future cardiovascular and
metabolic risk. Disruption of the delicate balance between nitric oxide (NO) and reactive
oxygen species (ROS) leads to a vicious pathogenic cycle which results in oxidative stress and
systemic vascular dysfunction, key features of numerous CVD and metabolic diseases. In the
vasculature, NO is predominantly synthesised via endothelial nitric oxide synthase (eNOS),
although the nitrate-nitrite-NO pathway can serve as an additional source. The latter can be
stimulated by dietary inorganic nitrate, found in leafy green vegetables and beetroot.

The present thesis aimed to further explore the role of NO deficiency and oxidative stress in
the pathogenesis of cardiometabolic disease, with focus on PE. We sought to dissect the
mechanisms underlying the beneficial metabolic effects of dietary nitrate, investigate the role
and mechanisms underlying erythrocrine function on endothelial homeostasis, assess the
feasibility of conducting a clinical dietary nitrate intervention RCT in PE women and finally,
examine how monocyte-derived factors perpetuate endothelial oxidative stress in PE.

In study I, models of diet-induced metabolic syndrome and liver steatosis demonstrated a novel
therapeutic role of dietary nitrate, mediated via modulation of AMPK signalling and NADPH
oxidase-derived oxidative stress. In studies II, III, and IV, ex vivo incubations of red blood
cells (RBCs) and healthy murine aortas were utilised to specifically evaluate functional RBC-
endothelial interactions. In study II, a lack of RBC eNOS induced endothelial dysfunction
(ED), in part mediated via vascular arginase, elevated endothelial oxidative stress, and reduced
NO bioavailability. In studies III and IV, RBCs isolated from PE patients, but not healthy
pregnant women, induced ED, mediated via elevated arginase activity, reduced NO
bioavailability, and elevated oxidative stress, in a contact-dependent manner. Study IV
demonstrated that short term (7-day) dietary nitrate supplementation was well accepted and not
associated with any adverse events. No significant differences in blood pressure changes were
observed. Beneficial nitrate-independent effects on RBC-endothelial communication were
observed ex vivo. In Study V an in vitro approach demonstrated that peripheral blood
mononuclear cells (PBMCs) isolated from PE women increase oxidative stress and reduce NO
bioavailability in the endothelium, which was prevented by antioxidant treatment (Silibinin).

The balance between NO bioavailability and oxidative stress governs endothelial homeostasis.
Beneficially targeting this delicate balance can be achieved via dietary inorganic nitrate, which
holds safe, therapeutic promise for cardiometabolic disease. The RBC is a central player in
mediating this balance in the vascular microenvironment, dysregulated erythrocrine function
results in ED. Further investigation regarding RBC-endothelial signalling may provide insight
into previously discarded therapeutic approaches for cardiometabolic diseases.
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1 INTRODUCTION

1.1 CARDIOMETABOLIC DISEASE

Cardiometabolic diseases are a group of common, often preventable, non-communicable
conditions which include myocardial infarction, stroke, heart failure, diabetes, and non-
alcoholic fatty liver disease (NAFLD). This interrelationship between cardiovascular (CVD)
and metabolic diseases is complex and the result of robust epidemiological evidence,
accumulated over the 20 century, demonstrating increased morbidity and mortality rates of
CVD in the setting of dysmetabolic morbidities'>. More recently, over an 8-year period,
metabolic syndrome was associated with 33.7% of male cardiovascular events, and 46.9% of
T2D diagnoses>.

Importantly, these studies identified shared causal risk factors which predispose individuals to
develop these diseases, and by extension, the targets for preventative treatment. This resulted
in a clinical focus shift towards prediction and identification of at-risk and prodromal patients
via screening of individual cardiometabolic risk scores. This concept encompasses traditional
risk factors, such as hypertension, dyslipidaemia, dysglycaemia, smoking, age, sex, and family
history, as well as emerging risk factors, such as abdominal obesity, insulin resistance, systemic

inflammation, diet, exercise, and stress.

CVD remains the overall global leading cause of mortality, accounting for 23.9% of hospital
admissions and 40% of all deaths between 2005-2016% Indeed, global CVD mortality is
estimated by WHO to exceed 23.6 million by 2030. Between 1990 and 2019, the global
prevalence of total CVD doubled, concomitant with significantly increased prevalence of

modifiable cardiovascular risk factors>° .

Concurrently, prevalence of obesity (body mass index (BMI) >30kg/m?) and type 2 diabetes
(T2D) has significantly increased®’. Between 1980-2015 global obesity rates have doubled®,
and in 2017 an estimated 462 million individuals had T2D worldwide®. In 2015, 4 million
deaths were associated with a high BMI, with CVD being the leading cause of death (2.7
million) and diabetes being the second (0.6 million deaths)®. In 2019, the CAPTURE study
reported that ~1 in 3 individuals with T2D had a diagnosed CVD'°,

These trends are mirrored in pregnant women globally. The presence of cardiometabolic
morbidity pre-pregnancy increases the risk of adverse pregnancy outcomes (APOs)!!!2, The
significant physiological adaptations of pregnancy burden the cardiovascular system, rendering
pregnant women particularly vulnerable to either development or exacerbation of existing
CMD, both in the peri- and post- partum periods. Cardiometabolic complications of pregnancy
(PE, gestational diabetes, and gestational hypertension) increase the risk of APOs and future

13716 " such that addition of cardiometabolic

cardiovascular risk of both mother and offspring
complications of pregnancy to traditional risk scores improves future CVD risk prediction of

mothers!’.



CMD morbidity and mortality is predicted to increase over the next decade, despite
implementation of improved preventative and therapeutic interventions. These contemporary
epidemiological shifts in CMD incidence and mortality rates pose significant challenges for
healthcare, therefore identification of novel therapeutic targets for the prevention of future
CMD are urgently required. This is particularly important in high-risk populations, such as

pregnant women, where treatment options are limited.

1.2 VASCULAR HOMEOSTASIS & DYSFUNCTION

Vascular homeostasis is crucial for optimal control of vascular tone to ensure adequate tissue
perfusion. It is precisely regulated by crosstalk between multiple cellular compartments,
including endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and adventitial
tissues containing inflammatory cells, autonomic nervous innovation, and the vasa vasorum.
These are arranged into three distinct layers of the vascular wall, the intima, the tunica media,
and the tunica externa. More recently, the role of local deposits of abluminal adipose tissue
(perivascular adipose tissue; PVAT) in paracrine vascular regulation has been established!-°.
Together, these cells/tissues interact to precisely orchestrate homeostasis and morphogenesis

of the vascular wall.

Across differing vascular beds, the organisation of layers within the vascular wall differs
depending on function, location, and size. Understanding these unique properties informs site-
specific diagnostics and therapeutics. Briefly, the transition from artery to arteriole is
characterised by a progressive thinning of elastic tissue within the tunica media, decreased
lumen diameter and loss of definitive distinction between the three layers. Arterioles
predominantly consist of VSMCs and are highly innervated by sympathetic nerves, this
facilitates optimal regulation of blood flow relative to tissue requirements. To facilitate optimal
tissue perfusion, capillary walls are composed of a single layer of ECs, which enhances gas,
metabolite, and nutrient transfer between blood and tissues. Notably, the endothelial cell
monolayer persists throughout.

Vascular dysfunction, specifically endothelial dysfunction (ED), is a crucial early predictor of
future cardiovascular risk, correlates with disease progression and is a central mechanism
which underpins cardiometabolic pathologies, including stroke?*?!, hypertension?>%, coronary
artery disease (CAD)?*, heart failure?>%¢, peripheral artery disease?’?8, T2D?*°, NAFLD?3!-32,

gestational diabetes mellitus and PE33-4,

1.2.1 Endothelial function & dysfunction

The vascular endothelium is a highly dynamic, multi-functional monolayer of endothelial cells,
with heterogeneity in structure and function across the vascular tree®. Its position enables it to
play a key sentinel role in maintaining vascular homeostasis via acting as both a semipermeable
physical barrier between blood and tissues, and rapidly responding to physical, chemical and
hormonal signals via the local synthesis of endocrine mediators which regulate processes such
as inflammation, vasomotion, vascular permeability, haemostasis, angiogenesis and

fibrinolysis®®. Its importance in the regulation of local vascular tone was seminall
y p g y
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demonstrated by Furchgott and Zawadzki in 1980, whereby removal of the endothelial layer
from isolated arteries prevented in vitro acetylcholine-induced vasorelaxation, suggesting the
release of an endothelial-derived relaxation factor (EDRF)?.

Physiologically, the quiescent endothelium regulates the above processes via maintaining
balanced production of vasoactive factors. These include vasodilatory, anti-thrombotic and
anti-proliferative factors, such as NO, prostacyclin (PGL) and endothelium-derived
hyperpolarizing factor (EDHF), or vasoconstrictive, pro-inflammatory and pro-thrombotic
factors, such as thromboxane (TXA:), endothelin-1 (ET-1), angiotensin II (Ang II), ROS, and
von Willebrand factor (VWF).

ED is classically viewed as the disruption to this balance, which alters its ability to regulate the
above processes in response to chronic exposure to several deleterious stimuli. These include
the individual or cumulative effects of dysregulatory cardiovascular risk factors*®. However,
the exact influential interplay of cardiovascular risk factors on ED pathogenesis is complex and
is only beginning to be elucidated. In 2020, EC heterogeneity across vascular beds and tissues
was evidenced in single-cell RNA-seq murine analyses, which observed 78 sub-clusters of EC
transcriptomes across 11 tissues, with tissue source dictating EC heterogeneity rather than type

of vascular bed*. More recently, Pinheiro-de-Sousa et a/*°

investigated the specific influence
of CV risk factors on endothelial molecular architecture. /n vitro exposure of human carotid
artery ECs to surrogate CV risk factors, modelled the differentially expressed genes observed
in human coronary artery plaques, in a hierarchical pattern of influence. Interestingly, the
authors found that a combination of stimuli, as observed clinically in CV patients, induced a
different global gene expression response vs the sum of each individual stimulus®. These
studies highlight that the pathophysiological mechanisms underlying ED varies between

diseases and patients, such that the definition and evaluation of ED must be context dependent.

1.3 NITRIC OXIDE (NO)

Following the discovery of an EDRF, substantial research effort was focused on its
identification. Subsequent studies revealed that EDRF was unstable, mediated vasorelaxation
via stimulation of soluble guanylate cyclase, inactivated by the superoxide (O") anion and
other compounds with redox activity and haemoglobin (Hb), which culminated in Furchgott
and Ignarro proposing nitric oxide as EDRF*!. In 1998, Furchgott, Ignarro and Murad were
awarded the Nobel Prize in Physiology and Medicine for their discoveries concerning “nitric

oxide as a signalling molecule in the cardiovascular system”.

NO is a diatomic, colourless, gaseous signalling molecule and a free radical. Its characteristics
(highly reactive, uncharged, small size, and lipid soluble) facilitate it to play a crucial
homeostatic role in multiple physiological systems, as well as in several pathophysiological
processes, via autocrine and paracrine actions. This is especially true for the cardiovascular
system as NO governs cardiovascular homeostasis via mechanisms including regulation of
vascular tone, platelet aggregation and overall cardiac function. Further, irregular NO synthesis
and/or bioavailability is associated with several CV risk factors and is observed prior to



cardiovascular events and throughout cardiovascular pathogenesis. Indeed, reduced NO
bioavailability is a crucial early mechanism in the pathogenesis of endothelial dysfunction*?.

1.3.1 NO signalling

The diverse biological properties of NO are mediated through a complex, redox-sensitive
network of signalling pathways, such that it acts as both a substrate for oxidant formation and
in an antioxidant capacity. Its three key reactions are with transition metals in enzymes, other

free radical species and oxidation reactions which form reactive nitrogen species (RNS).

Reactions of NO with transition metals within enzymes, directly regulate their function. NO
activates soluble guanylyl cyclase (sGC) via binding to its heme moiety. In the vasculature,
this generates the second messenger cyclic guanosine monophosphate (cGMP) in VSMCs,
which triggers a signalling cascade involving intracellular protein kinases, resulting in
vasodilation, angiogenesis, and nerve signalling. Additionally, these reactions regulate
mitochondrial and metabolic functions via reversible inhibition of the heme-copper oxygen
binding site of cytochrome C oxidase, the terminal enzyme in the mitochondrial electron
transport chain, and the oxidation of the iron-sulphur cluster within aconitase, respectively*’.

NO reacts with free radical species, including Oy, resulting in instant inactivation of NO,
scavenging of O, or formation of other RNS, such as peroxynitrite (ONOQO"). RNS can also be
formed during oxidation of NO and have the capacity to post-translationally modify proteins
or small molecules, thereby regulating their function. For example, via nitrosation of cysteine
residues or nitration of tyrosine residues. Depending on the basal redox state and target of these
reactions, their outcome can be protective (antioxidant, immunomodulatory), regulatory
(vascular tone and permeability), or deleterious (DNA damage, lipid peroxidation, protein

inhibition)®.
1.3.2 1.2.1 NO generation pathways

1.3.2.1 NO synthase (NOS) pathway
The canonical NO synthesis pathway is nitric oxide synthase (NOS)-dependent, whereby NOS

enzymes convert L-arginine to NO in an oxygen-dependent manner, as summarised in Figure
1A. There are three NOS isoforms: endothelial NOS (eNOS, NOS3), inducible NOS (iNOS,
NOS2) and neuronal NOS (nNOS, NOSI). Structurally, they possess multiple binding sites,
which are crucial for their function. These include sites for L-arginine, the co-factor
tetrahydrobiopterin (BH4) and a reductase domain which allows for interaction with electron
donors (nicotinamide adenine dinucleotide phosphate; NADPH and flavin adenine
dinucleotide; FAD/FMN)*. eNOS and nNOS are constitutively expressed and their activity is
regulated by calcium. In contrast, iNOS is commonly induced via inflammatory stimuli and

generates higher amounts of NO relative to the other NOS isoforms.

eNOS is highly abundant in blood vessels, primarily the endothelium. It accounts for the
majority of NOS-dependent NO synthesis in this system and as such, is crucial for its



homeostasis. Mechanistic outcomes of reduced eNOS-derived NO include increased platelet
aggregation**, VSMC proliferation®* and amelioration of endothelium-derived relaxation*.
Indeed, eNOS dysregulation has been associated with an array of cardiovascular and metabolic
disorders, including pro-atherogenic*’ and hypertensive*® phenotypes, increased risk of
thrombosis*® and stroke**-°, T2D°!52, metabolic syndrome®*>, and NAFLD-¢,

Regulation of eNOS activity and expression is complex and involves several mechanisms,
including dynamic transcriptional and post-translational regulation, as well as substrate and
enzymatic co-factor availability. BH4 depletion or L-Arginine deficiency result in uncoupling
of eNOS, whereby the enzyme switches from a NO to O»" source, which in turn, triggers a
cascade of detrimental redox reactions, as discussed further below (section 1.4). Multisite
phosphorylation of eNOS regulates its activity. Phosphorylation of Ser615, 633 and 1177 of
eNOS results in its activation, and phosphorylation of Thr495 reduces its activity. Ser1177
phosphorylation is governed by several kinases including AMP-activated protein kinase
(AMPK), Akt, ERK1/2 and CaMK-II, the activation of which has been observed to be

beneficial in several models of cardiometabolic pathologies®’-

. Due to the diversity in
signalling pathways that converge to regulate eNOS, and in turn bioavailability of eNOS-
derived NO, it has been suggested as a crucial integration point which underlies the ED

observed across cardiovascular and metabolic disorders™°.

1.3.2.2 NOS-independent nitrate-nitrite-NO pathway

Dietary nitrate (NO37) and nitrite (NO2") have long been considered unwanted residues in the
food chain due to concerns related to the formation of carcinogenic nitrosamines, which drove
substantial anti-nitrite sentiment®’. Following the discovery of endogenously produced NO3¢!,
and the role as a stable end-product of NO oxidation®?, the effects and physiological importance
of NOs™and NO; were reconsidered. In 1994, two independent research groups demonstrated
that NO3™and NO; could endogenously be reduced to NO in the stomach, providing the first
indication of a NOS-independent NO synthesis pathway (i.e., nitrate-nitrite-NO pathway). The
following year, direct reduction of NO> to NO was evidenced during myocardial ischemia,
which was not completely blocked by NOS inhibitors®®. These observations triggered the
development of a new research field focused on stimulation of the nitrate-nitrite-NO pathway
as a source of NO in vivo.

A short half-life (milliseconds to seconds) and rapid scavenging reactions via other radical
species and transition metals, limit the bioactivity of NO. In contrast, NO>" and NO;3™ anions are
more stable, with intravascular half-lives of ~ 20 min and ~ 5-8 hours, respectively, and thus
have widely been used a surrogate measure of NO. Leafy green vegetables (spinach, lettuce,
rucola) and beetroot are rich sources of NOs". Sources of NOz and NO» also include the
oxidation of NOS-derived NO in blood and tissues, with fasting levels ranging from 20-40uM
and 0.05-0.3uM, respectively®*. Circulating levels of these anions are dynamic, key influential
factors include timing of dietary NO3™ ingestion, which induces peak nitrate levels after 15-30

mins®, and NOS activity and expression.



The nitrate-nitrite-NO pathway utilises NO3™ and NO>" to produce NO and other bioactive
nitrogen oxide species via serial reduction catalysed by native mammalian and commensal
bacteria proteins®, as summarised in Figure 1B. Digestion of dietary nitrate occurs via an
enterosalivary mechanism. Following efficient absorption in the gut, nitrate enters the
circulation. The majority of circulating nitrate is renally excreted, however up to 25% is taken
up by salivary glands, concentrated and excreted into the oral cavity. For the conversion of
nitrate to nitrite, oral commensal anaerobic bacteria are required. This is due to the abundance
of nitrate reductase (NiRs) enzymes in some of these bacteria, which mammalian cells are
functionally lacking. NiRs refer to a wide variety of enzymes which catalyse the reduction of
nitrite. In the acidic environment of the stomach, the nitrite in the saliva is either immediately
protonated to form nitrous acid (HNO>), which subsequently decomposes to NO and other
nitrogen oxides via non-enzymatic dehydration and disproportionation reactions or absorbed
in the small intestine to reach the circulation. In less acidic pH environments, circulating and
intratissue nitrite is reduced to NO and other reactive nitrogen oxide species, via both non-
enzymatic and enzymatic (NiR) systems (e.g. low pH/hypoxia, ferrous globins (Hb and
MyoHDb), xanthine oxidase (XO), cytochrome P450s, mitochondrial electron transport chain
complexes)®*. Both the NOS-dependent and independent NO synthesis pathways can work in
parallel. Both function under normoxic conditions, however, the latter is oxygen-independent,
and is downregulated in hypoxic/ischemic and acidic environments, when function of the NOS
enzymes are compromised. Interestingly, evidence of a potential crosstalk between these
pathways was demonstrated in vivo, whereby long-term dietary nitrate supplementation
reduced aortic eNOS Ser1177 phosphorylation in a dose-dependent manner and increased
eNOS Thr495 phosphorylation. These observations were concomitant with a reduction in
eNOS-dependent vasoreactivity and, at a higher nitrate dose, elevated blood pressure and
plasma cGMP levels vs controls. However, following pharmacological inhibition of NOS, the
higher nitrate dose significantly reduced blood pressure vs controls®.
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Figure 1. Comparison of pathways of NO generation and metabolism. (A) Endogenously
generated NO from NOS enzymes, which use L-Arginine and molecular oxygen as substrates.
Cofactor BH4 enables dimerization of eNOS and L-Arginine binding. Arginase competes with
NOS for the substrate L-Arginine. (B) Ingested dietary inorganic nitrates are serially reduced
during an entero-salivary circulation, by oral commensal bacteria and nitrite reductase enzymes
(NiRs) to NO and other RNS.

1.3.3 Therapeutic aspects of the nitrate-nitrite-NO pathway

1.3.3.1 Modulation of cardiovascular function

In 2006, Larsen et al’” were the first to present a short-term vasodilatory effect of nitrite-derived
NO, whereby inorganic nitrate supplementation (0.1 mmol/kg for 3 days) in healthy
normotensive participants decreased diastolic blood pressure (DBP) by 3.7mmHg compared to
placebo. Subsequently, Webb er al’® demonstrated similar vasodilatory effects following
ingestion of beetroot juice (0.3 mmol/kg nitrate). The peak difference in systolic blood pressure
(SBP) was -10.4mmHg vs control, 2.5 hours post ingestion. This effect was maintained at 24hrs
post ingestion, with a 4.4mmHg reduction in SBP vs control. However, disruption of the
enterosalivary circulation post ingestion (via spitting out saliva for 3 hours) prevented
decreases in SBP and increases in plasma nitrite®®. Later, similar findings (-7.7 mmHg SBP, -
5.2 mmHg DBP vs placebo) were demonstrated in hypertensive patients following a 4 week
daily ingestion of beetroot juice (6.5 mM nitrate)®®. Since then, numerous studies have

demonstrated a blood pressure lowering effect of dietary nitrate ingestion®-°.

In humans, endothelial function correlates with plasma nitrite concentration. Accordingly,
elevations in plasma nitrite via dietary supplementation has been shown to improve endothelial
function’!. Concomitant to the BP observations, Webb et al®® observed prevention of ischemia-
reperfusion induced reduction in flow-mediated dilatation (FMD) following ingestion of
beetroot juice. Following a single dose of dietary nitrate (0.15 mM/kg in 150ml, post 1.5 hours),
FMD of the brachial artery was improved in healthy volunteers, which was associated with



increased abundance of circulating endothelial progenitor cells’, thus suggesting a mechanistic

role of nitrate in vascular regeneration.

In an in vivo model of diet-induced hypercholesterinaemia, nitrite supplementation (33 mg/L
nitrite for 3 weeks) prevented development of endothelial dysfunction, vascular leukocyte
recruitment and emigration, and elevations in circulating C-reactive protein (CRP), suggesting
an anti-inflammatory vascular role of nitrite. Additionally, a nitrite-induced elevation in hepatic
BH, levels was observed vs control”. Carotid arterial ED and aortic pulse wave velocity was
reduced in aged mice following nitrate supplementation (50 mg/L) for 3 weeks, to levels
comparable to young mice. In the same study, scavenging of free radicals via 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL) and NADPH oxidase (NOX) inhibition via apocynin
treatment restored endothelial function in control aged mice, suggesting nitrate mediates a
reduction in NOX-derived O, production’. More recently, a meta-analysis confirmed these
findings demonstrating that dietary nitrate supplementation via beetroot juice significantly
decreased arterial pulse wave velocity by 0.27 m/s and increased FMD by 0.62%, compared

with controls’.

1.3.3.2  Modulation of metabolic function

Following the discovery of NO signalling, eNOS knock-out (KO) mice were demonstrated to
be hypertensive, insulin resistant and exhibit hallmark features of metabolic syndrome,
including dyslipidaemia, glucose intolerance, and increased abdominal fat*®’s, thus
highlighting the crucial role of eNOS in metabolic homeostasis. Similar findings were observed
following a 14-day pharmacological inhibition of eNOS in vivo’’. Utilising this model,
Carlstrom et al’® first demonstrated the beneficial metabolic potential of dietary nitrate. eNOS
KO mice supplemented with dietary nitrate (1mM in drinking water; 8-10 weeks), at similar
concentrations to replace physiologically generated eNOS-derived NO”, exhibited improved
glucose tolerance, and reduced plasma triglycerides, lower levels of glycated haemoglobin
(HbAlc,) weight gain and visceral fat. Thus, highlighting the capacity of dietary nitrate to
partially compensate for the dysfunctional metabolic sequalae of deficiency in eNOS-
dependent signalling. Later results expanded the beneficial effects of dietary nitrate in other in
vivo models of metabolic syndrome and T2D, including increased insulin secretion and islet
blood flow, increased skeletal muscle glucose uptake and mitochondrial efficiency, and

increased browning of fat3-3,

In accordance with the significant prevalence of liver steatosis patients with metabolic
comorbidities®, the beneficial metabolic effects of dietary nitrate are conferred to the liver. In
vivo induction of hepatic steatosis via a calorie dense diet and ovariectomy was suppressed by
150 mg/L nitrite supplementation for 18 weeks®. In healthy mice, supplementation with
0.5mM sodium nitrate for 7 months decreased hepatic lipid deposition®”. Interestingly, after 18
months consumption of a nitrate-depleted diet (<4.8 pmol/kg vs 548.3 umol/kg in regular diet),
control mice exhibited endothelial dysfunction, hypertension, and features of metabolic
syndrome®®. This demonstrated that sufficient long-term intake of dietary nitrate is crucial for

maintenance of metabolic homeostasis.
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P investigated

Despite this, supporting evidence from clinical trials is lacking. Gilchrist et a
dietary nitrate supplementation (via beetroot juice) on insulin sensitivity in T2D patients
(n=27), which failed to observe beneficial effects. Of note, these patients maintained their
hypoglycaemic medications, including metformin. The mechanism of which is thought to be
mediated via AMPK activation, similarly to the mechanism of action of dietary nitrate, as

discussed below.

The identification and interplay of mechanisms underlying the observed beneficial metabolic
effects of dietary nitrate supplementation remain to be fully elucidated. Thus far, evidence
supports modulation of mitochondrial function, AMPK activation, glucose transporter type 4
(GLUT-4) translocation, elevated insulin release, reduction of NOX-derived oxidative stress

and immune cell regulation, as mechanistic candidates®.

The serine/threonine kinase AMPK complex is an important sensor of cellular metabolism,
which facilitates rapid metabolic adaptation to meet intracellular energy requirements and
respond to availability of nutrients. AMPK responds to an increased intracellular [AMP]/[ATP]
ratio via phosphorylating specific targets to induce ATP generation and reduce ATP
consumption. This ‘energy switch’ regulates multiple cellular processes including lipid and
glucose metabolism®. However, in diet-induced obesity and T2D, AMPK activation is
repressed’!?2, therefore it is a desirable therapeutic target for these diseases. Dietary nitrate
treatment increased AMPK phosphorylation, thus activation, in liver®® and skeletal muscle® in
in vivo models of metabolic syndrome, as well as in skeletal muscle biopsies from patients with
metabolic syndrome”. Amongst other mechanisms, AMPK increases cellular glucose
utilisation via promoting trafficking of GLUT-4 to the plasma membrane, where it facilitates
transport of glucose into the cell’’. Exposure to nitrite was demonstrated to increase GLUT-4
translocation in vitro facilitated via a proposed mechanism of nitrite derived-NO mediation of
GLUT-4 nitrosation®. Similarly, in vivo models of T2D supplemented with dietary nitrate
demonstrated increased GLUT-4 protein expression on the cell membrane of soleus muscle,

9497 However, Lai et al’* suggested an

epididymal adipose tissue®® and skeletal muscle
alternative mechanism of a nitrite-driven activation of SIRT3-AMPK signalling, and

downstream GLUT4 translocation.

Evidence is mounting in support of dietary nitrate supplementation reducing NOX activity,
specifically in metabolic in vivo models, thus reducing NOX-derived ROS and elevating NO
bioavailability. In aged rats (22 months), supplementation with nitrate (10mM in drinking
water, 14 days) significantly reduced NOX activity in cardiac and renal tissues, concomitant to
improved glucose clearance and insulin release®®. In a genetic model of metabolic syndrome,
A2B receptor knockout mice (A7), nitrate treatment improved the metabolic phenotype and
hepatic NOX activity both before and after acute glucose supplementation®*.

In summary, the therapeutic scope of stimulating the nitrate-nitrite-NO pathway via dietary
interventions to boost NO bioavailability in cardiometabolic pathologies is vast. Further
exploration of the specific targets and mechanisms underlying these beneficial effects is

warranted.



1.4 VASCULAR OXIDATIVE STRESS

Oxidative stress arises due to an imbalance between pro- and antioxidant systems. It is induced
in pathophysiological states via an abundance of ROS, and decreased synthesis and dysfunction

of antioxidant protective pathways”.

ROS are short-lived, reactive molecules and ions, derived from partially reduced molecular
oxygen, which play critical signalling roles in the regulation of various physiological and
pathophysiological processes. ROS are classified as either free radical, containing an unpaired
electron, or nonradical. Free radicals include O>", the hydroxyl radical (OH") and peroxyl
radical (ROO"), they are highly unstable and thus have short biological half-lives. In
comparison, nonradicals have relatively longer half-lives and are more stable, these include
hydrogen peroxide (H202) and ONOO". Physiological functions of ROS, where low levels of
ROS are present, include regulation of host defence, vascular homeostasis, immunity and
cellular growth, senescence, apoptosis, oxygen tension. However, excessive accumulation of

ROS, can lead to states of oxidative stress and result in cellular damage.

In the vasculature, the major sources of ROS are NOXs, especially isoforms NOX1, NOX2,
NOX4 and NOX35, XO, the mitochondrial electron transport chain, and uncoupled eNOS'®,
Vascular antioxidant systems consist of various enzymes, including superoxide dismutase
(SOD), catalase and glutathione peroxidase (GPx), which act to stabilise or deactivate ROS
and in turn, reduce the oxidative burden. In addition, dietary or endogenously synthesised
compounds, such as vitamin C, vitamin E, uric acid, flavonoids, and thiol compounds,
neutralise ROS!'%!, Importantly, the capacity/efficiency of these antioxidant systems to provide
redox homeostasis may be impaired by excessive ROS, thus propagating their imbalance.

Vascular oxidative stress contributes to the pathogenesis of multiple cardiometabolic diseases,

such as atherosclerosis, hypertension, and diabetes!??

. This oxidative stress is propagated
systemically in the vasculature and contributes to development of vascular injury via multiple
mechanisms, including inducing an imbalance between vasodilatory and vasocontractile
factors, promotion of VSMC hypertrophy, deposition of collagen and fibronectin in the
vascular wall, oxidation of low-density lipoproteins (LDLs) leading to foam cell formation and

platelet activation!®,

Excessive ROS crucially mediates sustained damage to the endothelium, resulting in
endothelial dysfunction. As aforementioned, NO can act as an antioxidant via reacting with
free radical species, whereby O, can react rapidly with NO to produce ONOO". However, this
results in a reduction in NO bioavailability and propagation of ONOO™ induced cellular
damage. This process becomes pathological in environments with excessive ROS, resulting in
NO bioavailability being significantly compromised. This results in a dysregulation of NO
homeostasis, and in turn, endothelial dysfunction.

NOS enzymes compete with arginase for the common substrate L-arginine. Increased arginase
activity is stimulated by a variety of stimuli, including H>O2, ONOO™and NOX. This results in
the shunting of L-arginine into ornithine and urea production (Figure 1A), resulting in reduced
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NO formation concomitant with eNOS uncoupling!®. As outlined above, eNOS uncoupling
significantly reduces eNOS-derived NO bioavailability. BHy4 is particularly sensitive to
oxidation by ONOO, resulting in its depletion, which leads to further uncoupling of eNOS.
Uncoupled eNOS produces O,™, which is catalytically converted by SOD to form hydrogen
peroxide, which can be eliminated by catalase-mediated decomposition to oxygen and water.
Under oxidative stress conditions, these antioxidant defence systems may become
overwhelmed. Further redox regulation of eNOS activity includes oxidative disruption of in
the binding region of the eNOS dimer, S-Glutathionylation of the eNOS reductase domain, and
phosphorylation of Thr495!%, Overall, this results in a viscous cycle of a progressive increase
in ROS and decrease in NO bioavailability, thus propagating oxidative stress.

Heme oxygenase-1 (HO-1) is an endogenous cytoprotective enzyme which plays a role in
maintaining homeostasis during oxidative stress via catabolism of pro-oxidant heme into
carbon monoxide (CO), biliverdin and free iron (Fe>*). Both HO-1 per se and heme metabolites
exhibit antioxidant and anti-inflammatory properties, both of which are crucial for preservation
of vascular NO. HO-1 expression is upregulated by multiple stimuli including oxidative stress
and cytokines. Oxidative stress activates various transcription factors including nuclear factor
E2-related factor-2 (Nrf2), activator protein-1 (AP-1), and nuclear factor-«B (NfkB), which
promote HO-1 expression. HO-1 deficiency has been demonstrated to render the endothelium
more susceptible to systemic damage via mechanisms including acceleration of atherosclerotic
lesion formation, increased lipid accumulation, VSMC proliferation and elevated ROS!%6-108,
HO-1 has been demonstrated to mediate its protective endothelial effects via preserving
bioavailability of NO, mechanistically via prevention of eNOS uncoupling!'®, suppression of
NOX activity!''%, and upregulating SOD and catalase!!!. Therefore HO-1 is a promising target
for protection against oxidative stress, whilst concomitantly preserving eNOS-derived NO.

1.5 RED BLOOD CELLS IN CARDIOMETABOLIC DISEASE

Canonically, red blood cells (RBCs) play a critical physiological role via gaseous (O2 and CO»)
transportation between the lungs and peripheral tissues, this is governed by complex inter- and
intracellular mechanisms. The close proximity of RBCs to other blood cells and adjacent
vascular beds, promotes their dynamic interaction which can influence their function. RBCs
synthesise, store and export vasoactive molecules, including NO-like bioactivity and adenosine
triphosphate (ATP), which enables them to induce vasorelaxation under hypoxia!'>!13,
Changes in RBC structure and function have been described in cardiometabolic disease, a
phenomenon entitled ‘erythropathy’!!#. These include increased ROS formation, a reduction in
antioxidant capacity and increased vascular wall adhesion, as well as altered protein levels and

expression, morphology, and deformability!!4!15,

1.5.1 RBC-derived NO bioactivity

RBCs generate NO bioactivity, however questions regarding the specific source, molecular
form and export of RBC-derived NO remain. As a result of the high levels of Hb in RBCs
facilitating the ultrarapid scavenging of NO by oxyhaemoglobin (oxyHb), the functional
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importance of RBC export of NO has long been debated. Proposed sources of RBC-derived
NO bioactivity include the export of S-nitrosothiols (SNO) from intraerythrocytic S-nitrosated
Hb (SNO-Hb)!'¢, nitrosyliron(Il)haemoglobin (HbFe(I[)NO)!!7, mobile nitrosyl-heme!'®, and

nitrite! 19121,

Catalytically active eNOS is expressed in RBCs at low levels, localised to the plasma
membrane and cytoplasm!??; however, its physiological role remains the subject of debate!?>.
Interestingly, even in the presence of high Hb levels, studies have evidenced that RBC eNOS

influences plasma nitrite concentration!?*, blood pressure!!: 120

and mediates cardioprotection
in ischemia-reperfusion injury'?%!'?’. Further, recent evidence suggests that RBC eNOS
modulates levels of circulating NO metabolites and blood pressure, independently of EC

eNOS!%,

1.5.2 Redox signalling in RBCs

RBCs are supersaturated with Hb (~10mM heme), which is maintained in its reduced Fe?" state
to facilitate oxygen binding via coordinated network of antioxidant and reducing enzymes,
including SOD, catalase, glutathione, and glutathione peroxidase. These enable RBCs to
maintain cell function and integrity and, via conferring their protection to peripheral tissues,

122 The dominant source of ROS in RBCs is the continuous

provide systemic redox buffering
autooxidation of HbFe?*, which produces methaemoglobin (MetHb; Fe**) and O, and in turn,
hydrogen peroxide. Enzymatic sources include NOX!?? and XO!*°, Oxidative stress in RBCs
has been linked with T2D, whereby elevations in RBC-derived ROS deleteriously impact the
cardiovascular system, including induction of endothelial oxidative stress and reduced

endothelial function!31-133,

1.5.3 RBC arginase

Findings suggest a tight regulation of RBC-derived NO bioactivity via arginase which is
dependent on RBC eNOS!%, Studies have highlighted dysregulation of RBC arginase in
cardiac function'?¢ and T2D!*>!*%, In an ex vivo model of myocardial-ischemia-reperfusion
injury, inhibition of RBC arginase in perfused RBCs significantly improved cardiac function
post-ischemia. Additionally, export of NO metabolites (nitrate and nitrite) from isolated RBCs
was increased following arginase inhibition'?®. In a separate study, co-incubation of RBCs from
T2D patients with wild-type rat aortas induced ED when compared with healthy RBCs. This
dysfunction was alleviated when RBCs were pre-incubated with a pharmacological arginase
132

inhibitor'~. In addition, arginase activity and expression was upregulated in human T2D RBCs

vs healthy, with concomitant increased NOX1 and NOX2 expression'32,

Together, these observations suggest that RBC eNOS is biologically active, and has the
capacity to influence cardiovascular function. Additionally, that RBC-derived ROS are linked
to the development of cardiometabolic disease. Further, RBC arginase downregulates export
of RBC-derived NO bioactivity in pathological cardiometabolic states. Further investigation
into whether this phenomenon is mirrored across other cardiometabolic diseases is warranted.

Additionally, further detailed insight into the specific functional interaction(s) between RBC
12



eNOS and the endothelium would be valuable in elucidating the specific mechanisms by which
RBCs mediate cardiometabolic disease. In future, these could be developed into novel
therapeutic strategies for CMD.

1.6 PREECLAMPSIA

PE is a major multisystem obstetric disorder, clinically characterised by a new-onset maternal
hypertension (=140 mmHg SBP and/or 290 mmHg DBP), and de novo proteinuria or evidence
of other renal or liver dysfunction, a low platelet count or new-onset headaches or visual
disturbances, after 20 weeks of gestation!?. PE with severe features (sPE) is characterised via
severe range hypertension (>160 mmHg SBP and/or >110 mmHg DBP) or any other severe
features. Estimated global PE incidence ranges from 3.4-4.6% of all pregnancies!*®!37, and it
is a major cause of foetal and maternal mortality!3®. Incidence of PE is associated with
increased risk of adverse maternal complications. Between 2010-2011, 16.3% of severe

maternal outcomes were attributed to PE globally'.

Further, the outcomes of PE extend beyond the gestational period for both the mother and
offspring. A history of PE is independently associated with a 1.97-fold increased risk of CVD!40
and development of CVD risk factors'#!. Post-PE, women have a 3.13-fold greater risk of
hypertension'#?, and a 2.25-fold increased risk of T2D'* vs women with normal pregnancies.
In utero exposure to PE was associated with hypertension (+2.39/4+1.35 mmHg SBP/DBP vs
controls), increased BMI'*, and increased fasting glucose!* during childhood and young
adulthood.

1.6.1 PE Pathogenesis

PE represents a complex, heterogenous disorder which is associated with multiple pathogenic
mechanisms; however, the exact cause is unknown. In 1991, Redman'#® was the first to
associate the placenta with PE, proposing the classical two-stage model of PE pathogenesis;
pre-clinical placental dysfunction (Stage 1), and subsequent induction of the clinical maternal
syndrome (Stage 2) via release of factors from the hypoxic placenta. Later seminal findings
confirmed this, and in 1989, ED was first suggested to underlie the clinical manifestations of
PE!#, Since then, the 2-stage model has evolved to integrate maternal risk factors, the two main
placental dysfunction pathways (extrinsic vs intrinsic) and the mediators which link stage 1
and 2 (illustrated in Figure 2)'47.

PE patients are classified by the time of delivery, either early-onset PE (EO-PE; <34 weeks),
intermediate onset (34-37 weeks) or late-onset PE (LO-PE; >37 weeks). EO-PE is largely a
result of dysfunction of placentation and unmodeled spiral arteries (the extrinsic placenta). This
results in increased uterine-circulation resistance and uteroplacental hypoperfusion, thus
creating an ischaemic/hypoxic placental environment. Subsequently, this induces a state of
oxidative stress and the placental release of multiple pro-inflammatory and anti-angiogenic

148

factors into the systemic circulation'*®. LO-PE pathogenesis has more recently been postulated

to be due to placental capacity being exceeded as gestation advances (the intrinsic placenta).
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This induces a state of placental inflammation and oxidative stress, which triggers the systemic

manifestations!*.

Pregestational Risk Factors

Nulliparity Diabetes mellitus
Extreme maternal age (>35 years) = Autoimmune diseases

Personal or familial PE history Dysregulated pregnancy-induced
Maternal obesity/overweight immunomodulation

Stage 1
Placental Dysfunction

Extrinsic Placenta
Defective placentation
Spiral arteries unremodelled

Oxidative

stress /

Dysregulated NO

homeostasis  Elevated

/N

Syncytiotrophoblast

Peripartum Risk Factors

Large Placenta

Fetal growth restriction
Gestational diabetes mellitus
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Figure 2. Two-stage model of PE pathogenesis, integrating maternal risk factors,
placental pathways, and clinical manifestations. NO; nitric oxide, PE; preeclampsia, [UGR;
intrauterine growth restriction, NAFLD; non-alcoholic fatty liver disease, RAAS; renin-

angiotensin-aldosterone system. Created with BioRender.com.

1.6.2 PE Treatment Approaches

Development of pharmacological approaches for pregnant populations is complex due to the

interdependent maternal and fetal safety concerns and ethical considerations. This issue is

compounded by the elusive aetiology and complex pathophysiology of PE. Despite its

prevalence, aspirin (75-150 mg/day for 11-14 weeks) is the only approved preventative strategy
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for PE, having been associated with lower incidence vs placebo'®. Currently, despite a
significant research effort, there are no approved available treatment options for pre-eclamptic
patients, aside from delivery of the placenta!>’. Therapeutic options for PE are limited to the
treatment of hypertension, expectant management of seizures, and close foetal monitoring.
Current clinical recommendations include administration of magnesium sulphate for the
prevention and treatment of seizures, and anti-hypertensive and anti-thrombotic medications!*>.
However, there is a lack of consensus regarding the associated maternal and foetal risks of

employing antihypertensive agents!>1-135,

1.6.3 PE-associated vascular endothelial dysfunction

Importantly, it is the progression of the diverse systemic manifestations of the disease (stage 2)
which accounts for its severe clinical manifestations and maternal and fetal mortality. The
vasculature is central to this progression, and as such, is consistently exposed to deleterious
circulating factors. This results in systemic ED, characterised by oxidative stress and
dysregulation of angiogenic signalling and inflammatory processes!#’. Therefore, therapeutic
approaches aiming to protect the endothelium, via targeting the pathogenic mediators, may
provide prophylaxis for women at high risk for PE.

1.6.3.1 Oxidative stress in PE

Oxidative stress is a central pathogenic contributor to the ED observed in PE. The
ischemic/hypoxic and inflammatory environment of the utero-placental circulation induced by
placental dysfunction is reported to be the initial stimulus of excessive ROS. Indeed, studies
have reported multiple placental sources of ROS including; mitochondria'>®, NADPH
oxidases!'>"1%%, XO'%? and uncoupled eNOS!®!, As gestation progresses, in addition to placental
sources, ROS production is also propagated by maternal circulating factors such as
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cytokines!'®8, oxidised low-density lipoproteins'®? and lipid peroxides'®’. Concomitantly,

insufficiency in placental and vascular antioxidant capacities has been reported in vitro'®4,
however clinical studies have failed to report beneficial therapeutic effects of vitamin C and E

supplementation in PE!65:166,

1.6.3.2 NO metabolism in PE

During pregnancy, NO is crucial in mediating the diverse response to the systemic increases in
blood volume, cardiac output and decreased vascular resistance, therefore in healthy
pregnancy, endogenous NO is elevated'®’. Whereas in PE, although there have been conflicting
reports, dysregulated maternal NO homeostasis has been evidenced clinically via reduced

8 9 0

urinary'®® and plasma!® nitrate/nitrite levels, increased NO consumption!™ and reduced

FMD!"! in PE vs healthy pregnancies.

In vivo studies utilising eNOS KO and NOS inhibited pregnant mice have demonstrated a role
of dysfunctional eNOS in the development of a pre-eclamptic phenotype!'’%. Ex vivo studies
observed reduced endothelium-dependent relaxation in vessels incubated with plasma from PE
vs healthy pregnant (HP) women!”*!7#, In addition, the anti-platelet aggregative properties of
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NO are reduced in women with PE as evidenced by elevated systemic activation of platelets'”.

Proposed mechanisms underlying reduced endogenous NO bioavailability in PE include
scavenging via ROS and/or ferric heme, upregulation of arginase, vascular endothelial growth
factor deficiency, upregulation of endogenous NOS inhibitors such as asymmetric

176

dimethylarginine!’¢, and upregulation of soluble fms-like tyrosine kinase 1 (SFLT1)!72,

1.6.4 Boosting NO in PE

Therapeutics aiming to boost endogenous NO in PE are of great interest, although findings
have been inconclusive. In a pilot study, the NO donor pentaerythritol tetranitrate (PETN)
improved uteroplacental blood flow and reduced APOs. A larger RCT is currently being
conducted to confirm these findings!”’. A Cochrane systematic review failed to establish a
reliable conclusion regarding the efficacy of NO donors (glyceryl trinitrate; GTN) or precursors
(L-arginine) in the reduction of PE complications!’®. Sildenafil is a selective inhibitor of the
cGMP-specific phosphodiesterase (PDE5). A small meta-analysis reported an association
between sildenafil and increased fetal weight!”. More recently, the UK arm of the STRIDER
trial failed to observe beneficial effects of sildenafil to prolong pregnancy or improve
pregnancy outcomes'®’. Later, the Dutch arm was suspended due to unexplained fetal
mortality'®!. As outlined above, low dose aspirin prophylaxis (60-150 mg/day) reduces PE
incidence and outcomes'*’. Alongside its anti-aggregant and anti-inflammatory properties,
aspirin has been shown to boost HO-1 protein expression in a NO-dependent manner in vitro'®?,
and vasodilate uterine arcuate and mesenteric arteries ex vivo in an endothelial and NOS-

dependent manner!'®?

. Together these findings suggests that aspirin in part mediates prevention
of reduced NO bioavailability in PE. However, the beneficial effects of aspirin are solely

preventative, as they are only observed when initiated before 16 weeks of gestational age.

1.6.5 The nitrate-nitrite-NO pathway in PE

Importantly, metabolism of nitrite to NO via the NOS-independent pathway is enhanced under
hypoxic conditions, therefore, has the potential to alter NO bioavailability in the hypoxic utero-
placental circulation during PE. Thus, supplementation with nitrate or nitrite may provide
beneficial effects for both the mother and foetus. More recent efforts have focused on
investigating the therapeutic potential of boosting NO via the nitrate-nitrite-NO pathway in
hypertensive diseases of pregnancy. Dietary nitrite (vs placebo) was demonstrated to reduce
SBP, preserve plasma antioxidant function and prevent negative gestational outcomes in an in
vivo NG-Nitro-L-arginine-methyl ester (L-NAME) induced hypertension-in-pregnancy
model'84, Levels of maternal nitrate supplementation were linearly related to vitality of piglets
from HP sows'®®. In HP women, a single dose of 140 ml beetroot juice (8.95 mmol/L nitrate;
equal to 77.69 mg nitrate) improved endothelial function (FMD) by 5.48%, whereas placebo
juice remained comparable to baseline!®6. In a clinical feasibility study, safety, and
acceptability of dietary nitrate supplementation via 70 ml concentrated beetroot juice (92.4 +
11.9 mmol/L; equal to 400 mg nitrate) in borderline hypertensive pregnant women (>22 weeks
gestation) was demonstrated. Although no significant difference in blood pressure was
demonstrated between nitrate and placebo groups, this was attributed to the lack of dietary
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control and in turn, increased plasma nitrate and nitrite variability. Although, changes in plasma
nitrite levels were linearly correlated to decreases in DBP!7. More recently, a nitrate-
independent blood pressure lowering effect of beetroot juice was demonstrated in an in vivo
pregnant eNOS”- mouse model of hypertension-in-pregnancy, although this was concomitant
with variable increases in plasma nitrate and nitrite concentrations!'®3, Further investigation is
required to confirm the effects of nitrate on hypertension-in-pregnancy, crucially with tighter
dietary control.

The lack of effective therapeutic approaches for PE, concomitant with the evidenced
dysfunctional NO homeostasis and hypoxic utero-placental circulation, provides considerable
scope for the evaluation of dietary nitrate supplementation in the reduction of blood pressure
and improvement of gestational outcomes, that may reduce both the mortality, as well as acute
and chronic cardiovascular morbidity, associated with PE.

17



RESEARCH AIMS

The overall aim of the present thesis was to explore the role and regulation of NO and oxidative
stress in cardiometabolic disease. Special focus was devoted to investigating the interplay
between NO bioactivity, oxidative stress, and endothelial homeostasis in the pathogenesis of
ED in PE.

The specific aims were as follows:

I)  Explore the effects of dietary nitrate on liver steatosis observed in a model of diet-
induced cardiometabolic dysfunction

II) Investigate the specific role of RBC eNOS per se on endothelial function

III) Explore the importance of RBCs in mediating the ED observed in PE and the role of
RBC-derived NO bioactivity and oxidative stress in the interaction

IV) Investigate the feasibility of short-term (7 days) supplementation with dietary nitrate on
reducing blood pressure, improving gestational outcomes in PE, and restoring the
deleterious crosstalk between PE RBCs and adjacent vessels.

V)  Examine whether monocytes mediate endothelial oxidative stress and inflammation in
PE and the potential protective effect of antioxidant (Silibinin) treatment
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2 MATERIALS AND METHODS

A brief description of the methodology used in the present thesis are described below. For

further detailed information, please see the materials and methods sections of each scientific

paper.

2.1.1 Overview

Table 1. Overview of the studies conducted in the present thesis.
. Studied . Primary Secondary
Study Title Population Intervention(s) endpoint(s) endpoint(s) Methods
IPGTT,
Metabolic: Ikl))llo];)](;’
AMP-activated protein Control vs IPGTT, Plasma/Liver pressure
kinase activation and lee_r Control, HFD IPITT NOs3;™ & NO, Myography,
NADPH oxidase Steatosis vs
I e . . . +/- L-NAME . DEXA,
inhibition by inorganic Liver . CV: MAP, Blood iron-
: oC . +/- Nitrate . . HPLC,
nitrate and nitrite Steatosis + ex vivo nitrosylated Hb
. . . . . NOX
prevent liver steatosis | Nitrate mice vascular Liver DNIC activity
reactivity EPR, RT-
PCR, WB
Endothelial Nitric
Oxide Synthase- RBCs +/- Myography,
Deficient Mice Induce TEMPOL, . ROS DHE IHC,
. WT vs Ex vivo . .
Vascular Dysfunction NOX production Arginase
1T - . . global eNOS o Vascular . -
mediated in part via KO mice inhibitors, reactivi Arginase activity,
elevated oxidative DetaNONOate, ty Activity Drapkin’s
stress and endothelial Nor-NOHA Method
Arginase |
Myography,
HPLC
Plasma NOs ;
Red blood cells from RBCs +/- . s 05 & cGMP
atients with Nitrite Ex vivo NO, ELISA
I p . HP vs PE ¢ Vascular Plasma cGMP 7
preeclampsia induce TEMPOL, reactivity RBC Arginase Arginase
endothelial dysfunction Nor-NOHA e activity,
activity
WB,
ELISAs
_ Effects of dletary. Office
nitrate supplementation
Plasma and blood
on blood pressure and . )
. Saliva NO3 & pressure,
gestational outcomes PE . Blood
. . Beetroot Juice NO» HPLC,
v in preeclamptic (Placebo vs . pressure ;
+/- Nitrate Ex vivo cGMP
women: a double- Treatment) (Office)
. - Vascular ELISA,
blind, randomised- reactivit myoeraph
controlled pilot study y yEgPRp Y,
(NITBEETPE) ’
Monocytes from .
onocytes fro ) Cytokine &
preeclamptic women In vitro HO-1
previously treated with Monocyte oxidative NO species ELISA
\4 silibinin attenuate HP vs PE supernatant +/- stress and Cellular NOs” ;
- . S . TBARS,
oxidative stress in Silibinin cytokine & NO, DAF
human endothelial secretion HPLC
cells.
Abbreviations: AMP; Adenosine monophosphate, cGMP; Cyclic guanosine monophosphate , DAF; 4-Amino-5-Methylamino-2',7'-
Difluorofluorescein, DetaNONOate; 2-(N,N-Diethylamino)-diazenolate 2-oxide sodium salt hydrate, DEXA; dual-emission x-ray
absorptiometry , DHE; dihydroethidium, DNIC; dinitrosyl iron complex, ELISA; enzyme-linked immunosorbent assay, eNOS;
endothelial nitric oxide synthase, EPR; Electron paramagnetic resonance , Hb; Haemoglobin, HFD; High fat diet , HO-1; Heme
oxygenase-1 , HPLC; High-performance liquid chromatography, HP; Healthy pregnant women, IHC; Immunohistochemistry, IPGTT;
Intraperitoneal Glucose Tolerance Test, IPITT; Insulin Tolerance Test , L-NAME ; NG-Nitro-L-arginine-methyl ester , NADPH;
nicotinamide adenine dinucleotide phosphate, NO; Nitric oxide, Nor-NOHA; Nw-Hydroxy-nor-L-arginine acetate, NOX ; NADPH
oxidases, PE; Preeclampsia, RBCs; Erythrocytes, ROS; Reactive oxygen species, RT-PCR; Reverse transcription polymerase chain
reaction, TBARS; Thiobarbituric acid reactive substances , TEMPOL; 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, WB; Western
Blot, WT; Wild-type
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2.1.2 Study subjects

Healthy (HP), preeclamptic (PE) and severe (sPE) preeclamptic pregnant women in study I1T
were recruited from Karolinska University Hospital Huddinge and Solna, and Danderyd
Hospital between 2017-2020. Diagnoses and severity classification was according to the
American College of Obstetricians and Gynaecologists (ACOG) criteria'®>. Study III
recruitment differed according to downstream experimental application. During part I, PE
patients were recruited immediately prior to delivery. Recruitment of HP patients was matched
by delivery date and gestational age. During part I, PE patients were recruited at diagnosis,
recruitment of matched HP patients was according to sampling time and gestational age.

In study IV, preeclamptic patients were recruited at the pre-natal care unit at Danderyd
Hospital, Stockholm, between 2021-2022, according to the ACOG criteria!®. Study IV
exclusion criteria were pre-existing type I diabetes, use of proton-pump inhibitors or antacids,
a vegetarian or vegan diets, incidence of smoking. A smaller cohort of HP patients (gestational

week >20) were recruited for baseline sampling only, for use in experimental analyses.

PE women were recruited in study V, between 2018-2019 at the obstetric unit of Botucatu
Medical School, Sao Paulo, Brazil, according to the International Society for the Study of
Hypertension in Pregnancy (ISSHP) 2018 guidelines!®. HP women were matched for
gestational age for use as controls. Exclusion criteria were previous history of hypertension or
adverse medical or obstetric complications, multiparity, and illicit drug use.

Study Design (Study 1V)

Study IV was a double-blind, randomised, single-centre, placebo-controlled pilot study.
Participants participated in two study visits, baseline (day 0), and follow-up (day 7). Prior to
recruitment, block randomisation (Block size of 6, 1:1 allocation) using an online programme
was conducted by an independent researcher. Following inclusion, participants were assigned
a study number and provided a bag of either placebo (<0.043g nitrate) or nitrate-rich (~400mg
nitrate) beetroot juices (70mL, James White Drinks Ltd.). All other research members were
blinded. Participants were instructed to drink one juice before breakfast, for 7 days. At each
study visit, participants were instructed to be fasted, with the exception of the last juice which
was ingested 2 hours prior to the post-intervention visit.

2.1.3 Clinical sampling & handling
Blood

In study III, during part I blood venous maternal blood and neonatal blood from the umbilical
cord was sampled in nitrate or nitrite free EDTA-containing Eppendorf tubes (2mM; Sigma-
Aldrich, Merck, Sweden). Blood components were immediately separated by centrifugation
(Smins x 900G), and plasma was isolated and immediately stored at -80°C until further
analyses. During part II, venous maternal blood was sampled at recruitment in lithium heparin
containing BD vacutainers® (368497; BD Biosciences). Samples were placed on ice (+4°C)
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and delivered to Karolinska Biomedicum. Within 1hr of delivery, blood samples were isolated
and washed (see below) for further experimental analyses.

At each study visit for study I'V, venous maternal blood was sampled in 1x BD lithium heparin,
1x BD EDTA and 3x BD sodium heparin vacutainers (368497; 366643; 1245647, respectively.
BD Biosciences, Stockholm, Sweden), for standard clinical PE blood tests and experimental
analyses, respectively. In addition, blood was collected in a vacuette tube containing EDTA
(250 mM; 455007; Greiner Bio-one, Austria), free from nitrate and nitrite contamination, and
plasma was immediately separated via centrifugation (Smins x 900G) and snap-frozen. Blood
in sodium heparin vacutainers was processed via the same protocol as study III part I1.

In study V, venous peripheral blood (10mL) was collected upon PE diagnosis, into EDTA
(5%)-containing vacuette tubes and centrifuged for separation of blood components and
isolation of peripheral blood mononuclear cells (PBMCs) (see below).

Saliva & Urine

In study IV, urine was immediately assessed for proteinuria via a urine dipstick test (Multistix
7, SIEMENS healthcare diagnostics, Germany). In addition, a 1.5mL Eppendorf tube of saliva
and 2x 2mL Eppendorf tubes of urine were collected and immediately frozen (-80°C) at each
study visit.

Clinical blood pressure

In study IV, office blood pressure was collected at each research visit. SBP and DBP (mmHg)
were systematically measured with an automatic blood pressure monitor (OmronM10-IT;
Omron Corporation). Following 15 minutes of seated rest, 3 measurements were taken from
the left arm. The mean of the last two measurements constituted the blood pressure result.

2.1.4 Animals
Study 1

Commercially available 12-week-old male C57BL/6J mice (Janvier Labs, France) were housed
at the Karolinska Institute animal facility and provided standard rodent chow ad libitum (R34,
4% fat, Lantmannen, Sweden) for a 10-day acclimatisation period. On the 10" day, baseline
cardiovascular and metabolic parameters were collected. Subsequently, a 7-week high fat diet
(HFD; fat 60 kcal%; carbohydrate 20 kcal%, protein 20% kcal; D12492, Research Diet Inc.,
USA) +/- inorganic sodium nitrate in drinking water (NaNQOs; 1.0mmol/kg/day) +/- NOS
inhibitor (L-NAME; 1g/L drinking water) was initiated. Control mice were maintained on
standard chow. NOS inhibition was included to induce a hypertensive phenotype, in aim to
mirror the metabolic syndrome, as well as to dissect the input of nitrate and nitrite vs
endogenous NOS generated NO underlying any observed therapeutic effect. To investigate the
role of the commensal bacteria within the enterosalivary circulation required for the nitrate-
nitrite-NO pathway, in separate experiments, germ-free mice were fed irradiated HFD (fat 40
kcal%, carbohydrate 43 kcal%, protein 17 kcal%, D12079B, Research Diets Inc., USA) +/- L-
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NAME (1g/L drinking water) for 7 weeks. GF status was continually confirmed via aerobic
and anaerobic faecal sample cultures. Body weight and food intake was continually monitored.
An intraperitoneal insulin tolerance test (IPGTT), intraperitoneal glucose tolerance test (IP-
GTT) and blood pressure were conducted at weeks 5 and 6 (see below). Post 7-weeks of diet,
animals were euthanized, and tissues were collected for further downstream analyses (see
below).

Study 11

Male and female commercially available wildtype mice (C57BL/6J; Janvier Labs, France) and
global eNOS KO mice (C57BL/6J/ B6.129P2-Nos3tm1Unc/J homozygous eNOS™; Jackson
Labs, USA) were utilised for experiments. In collaboration with the Cortese-Krott group at the
university of Diisseldorf, Germany, Arginase 1 conditional endothelial cell-specific knockout
mice (EC-Argl KO; EC Argl'¥ox Cdh5-Cre/ERT2P* +TAM) were generated via tamoxifen-
dependent (5 days; 33mg/kg/day) activation of Cre recombinase targeting endothelial Arginase
1, and characterised (Cortese-Krott et al. Unpublished data).

Study 111 & 1V

Aortic rings for ex vivo preparations were isolated from the thoracic aorta of commercially
available wild type mice (C57BL/6J; Janvier Labs, France).

2.1.5 In vivo experiments

Tail Cuff Blood pressure

After a period of training, murine SBP, DBP, and mean arterial blood pressure were measured
in study I using a Coda High Throughput Non-invasive Tail Monitoring System (Kent
Scientific, USA), according to the manufactures protocol. Measurements were repeated daily

for 3x days and the mean value for each mouse was utilised for analysis.
Body Composition Measurements

To quantify fat and lean mass dual-emission x-ray absorptiometry (DEXA; Lunar PIXImus
densitometer; USA) was utilised in study I on mice anaesthetized with isoflurane (Forene;
Abbott Scandinavia AB, Solna, Sweden).

Intraperitoneal Glucose Tolerance Test (IP-GTT)

In study I, after 6 weeks on a HFD, an IP-GTT was performed on mice, after a 5 hour fasting
period. Mice were intraperitoneally injected with a D-Glucose solution (2g/kg body weight).
Blood glucose was measured 15, 30, 60 and 120 minutes post-initial glucose load, in tail vein
blood samples via a portable glucose meter (FreeStyle Lite; Abbott Diabetes Care Inc, Canada).
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Intraperitoneal Insulin Tolerance Test (IP-ITT)

IP-ITT was performed on non-fasted mice following an insulin bolus (0.75IU/kg body weight;
Novorapid 100IU/ml; Novo Nordisk, Denmark in 0.2IU/ml saline) in study I. Glucose was
measured in tail vein blood samples at 15, 30, 60 and 120 minutes post-initial insulin load.

Animal euthanasia and sample collection

In study I, IT and I1I, mice were anaesthetized using isoflurane. Blood samples were collected
via the inferior vena cava and immediately placed into 1.5mL EDTA-containing Eppendorf
tubes (0.5mmol; Sigma-Aldrich, Sweden). Blood was immediately centrifuged (Study I,
Smins x 6000Gx 4°C; study I, Smins x 900Gx 4°C) to separate blood components. Plasma
was immediately snap frozen and stored at -80°C for later analyses. In study II, the buffycoat
was aspirated and RBCs were washed via adding 1mL PBS, mixed gently, and further
centrifuged (Smins x 900Gx 4°C). This was repeated for a total of 3x, and subsequently, washed
RBC were co-incubated with murine aortae (see below). In study I, organs of interest were
snap frozen and the mesenteric arteries were maintained in ice cold physiological salt solution
(PSS, composition in mmol/L: NaCl, 130; KCIl, 4.7; CaCl2, 1.6; KH2PO4, 1.18;
MgS04-7H20, 1.17; NaHCO3, 14.9; glucose, 5.5; and EDTA, 0.026) buffer until later
vascular myography analyses. In study II and III, thoracic aortae were isolated and dissected

into 2mm aortic rings for subsequent vascular myography experiments (see below).

2.1.6 Ex vivo experiments

Human-murine tissue co-incubation

Washed RBCs from eNOS KO and WT mice (study II), and PE and HP patients (study II1I;
IV) were diluted in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum
(FBS), penicillin and streptomycin (50mg/L) to 10% haematocrit (DMEM; 17.mM D-Glucose;
Gibco, Sweden). 200uL of washed RBC dilutions were incubated with murine aortic rings in a
96-well cell-culture plate (CLS3598; Sigma, Germany) for 18hrs overnight at 37°C with 5%

CO3 in a tissue culture incubator.

In addition, acute (1hr) RBC-aorta co-incubations at 37°C with 5% CO; in a tissue culture
incubator in study III. Further, in study III, plasma samples were pooled (5 patients per pool)
and diluted to a final concentration of 5% in DMEM media, and co-incubated with WT murine
aortic rings for 18hrs overnight at 37°C with 5% CO: in a tissue culture incubator. For all
experiments, controls were aortic rings incubated in DMEM.

To investigate the role of arginase, oxidative stress, NOXs, and NO bioavailability, the
following compounds were added to the co-incubation preparations; N(omega)-hydroxy-nor-
L-arginine (Nor-NOHA; 10uM, Bachem), TEMPOL (ImM, Merck), the NOX inhibitors
GLX7013114 (NOX4; 3 uM, Glucox Biotech AB, Stockholm) and GLX481304 (NOX2/4; 30
uM, Glucox Biotech AB, Stockholm), DetaNONOate (30 uM, Sigma), and sodium nitrite
(NaNO2; 10uM, Sigma), respectively.
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In separate experiments within study III, to assess whether direct contact of RBCs (lower
chamber) and vessels (upper chamber) was required in the observed dysfunctional phenotype,
transwell plates (pore size; 0.4um; Corning) were utilised.

Vascular Myography

Following co-incubation, aortic rings (studies II, III & IV) or third-order branches of
mesenteric arteries (study I) were thoroughly washed (3x in PSS) and mounted onto a multi
wire myograph system (Model 620M; Danish Myo Technology, Denmark). Vessels were left
to equilibrate (45 mins) in 8mL PSS, which was continuously bubbled with carbogen gas (95%
02; 5% CO»). Contractile forces were measured via a PowerLab system (PowerLab 4/30).
Resting tension of vessels was achieved via normalization in aim to mimic the internal
circumference at which the vessel is relaxed under a transmural pressure of 100mmHg, to
enable comparison across vessels. To test their functional integrity, vessels were exposed to
potassium chloride (KCI; 120 mM) solution, then washed (3x) and left to equilibrate for 30
mins. Non-responsive vessels to KCI were excluded. Vessels were precontracted to ~80%
(aortic rings) or ~50% (mesenteric arteries) of KCl-induced maximal contraction via increasing
concentrations of phenylephrine (Phe, 0.1nM to 10uM) until a stable plateau was reached.
Subsequently, endothelium dependent (EDR) and independent (EIR) responses were
determined via increasing concentrations of acetylcholine (ACh, 1 nM to 100 uM) and sodium
nitroprusside (SNP, 1 nM to 100 uM), respectively. Between each dose-response curve, vessels
were washed 3x with PSS and left to equilibrate for 40 mins. In separate experiments within
study II, after mounting vessels, TEMPOL (300 uM; Sigma) was acutely added to the chamber
and incubated for 30 mins, followed by washing (3x, PSS) and the above myography protocol.

2.1.7 In vitro experiments

Liver steatosis HepG2 in vitro model (Study I)

Human HepG2 cells were cultured in DMEM medium (5.5mM glucose; Gibco) containing
10% FBS, penicillin and streptomycin (50 mg/L). To induce steatosis in vitro, cells were treated
with a ‘steatosis cocktail’; serum starved DMEM media containing 25 mM glucose, 10 nM
insulin and 240 uM FFA (i.e., Palmitic acid and Oleic acid mixture 1:1) +/- sodium nitrite (10
uM) for 24, 48 or 72 hours. In addition, the following compounds were included in the
treatment media; TEMPOL (100 pM), NOX2/4 inhibitor (GLX481304, 1- 50 uM),
GLX7013114, 0.2-2 uM), DETA-NONOate (5 uM) or cGMP analogue 8-pCPT-cGMP (10
uM). In separate experiments, cells were pre-incubated with the following compounds for
30mins before steatosis treatment; Febuxostat (50 nM), Raloxifene (50 nM), ODQ (10 uM) or
Compound C (20 uM).

Isolation and culture of PBMCs (Study V)

Peripheral blood samples were centrifuged (1200g x 10mins x 4°C), the plasma was removed
and PBMCs were obtained by Ficoll-Paque® PREMIUM (1.077 g/mL Density Max; GE
Healthcare, Sweden) density gradient centrifugation (400g x 30 mins at room temperature).
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Specifically, solution from the diluted plasma/Ficoll-Paque® PREMIUM interface layer was
collected. PBMCs were resuspended in Gibco Roswell Park Memorial Institute 1640 Medium
(RPMI; Sigma, USA) supplemented with FBS (10%; Gibco, Sweden). The Tryphan Blue dye
exclusion test was utilised to determine cell viability, and cell counting was performed using
the Neutral Red Uptake Assay (0.02%; Sigma, USA). Subsequently, PBMCs were seeded at a
density of 5x10° cells/mL in RPMI medium (+10% FBS) in 24-well cell culture plates
(NalgeNunc, USA). Following 2 hours incubation a cell culture incubator (37°C, 5% COy),
non-adherent PBMCs were aspirated and adherent PBMCs were washed (2x) with RPMI
medium (+10% FBS). To investigate the therapeutic effect of Silbinin (Sb), when PBMCs
reached 90% confluence, cells were treated +/- 50 uM Sb (Sigma, USA) and incubated in a
cell culture incubator (37°C, 5% CO>) for 18hrs. Subsequently, supernatants were collected,

immediately snap-frozen and stored until later analyses.
HUVEC and PBMC supernatant co-incubation (Study V)

Pooled human umbilical venous endothelial cells (HUVECs; LONZA; Switzerland) from at
least three donors, were maintained on gelatin (1% v/v)-coated cell culture flasks in complete
growth medium 199 (M199, supplemented with 20 % fetal bovine serum (FCS), 2mM L-
glutamine, 100 IU/ml penicillin and 0.1 mg/ml streptomycin (Invitrogen, Paisley, UK).
HUVEC were used between passage 3 to 6. HUVEC were treated with PBMC supernatants
(20% v/v in M199 media) from PE vs HP patients +/- Sb (see above) for 24hrs, followed by
further analyses (see below).

Cell Viability was determined utilising the Tryphan blue exclusion assay (Study I & V) or the
PrestoBlue™ Cell Viability reagent (Study V), according to manufacturer’s protocols.

2.1.8 Biochemical Assays

Immunohistochemistry with the cell-permeable, fluorescence dye, dihydroethidium (DHE)
was utilised for in situ quantification of cellular O in aortic rings post co-incubation with
RBC:s vs controls (Study II). DHE can be oxidised by intracellular O>"", which generates either
ethidium (E*) or 2-hydroxyethidium (2-OH-E+), via (O2™)-specific hydroxylation and non-
specific oxidation of DHE, respectively. Both are red fluorescent products. Post co-incubation,
aortic rings were washed (3x) with PSS, stabilised in PSS (37 °C x 60 mins), then fixed in
optical cutting temperature compound (OCT; Tissue-Tek® O.C.T.TM) and snap frozen. Rings
were cryosectioned (8 um) and mounted on histological slides (duplicate). Replicates were
either incubated with DHE (5 pM; Sigma, Germany) or PSS (control) for 15 mins in darkness,
then washed (2x) with deionized water. Samples were visualised by excitation via a xenon
lamp (magnification 10x) at 570-645 nm emission (TRITC Filter) and captured using a Nikon
fluorescence microscope (TE2000-U, Japan) with a digital microscope camera (Nikon DS-5M,
Japan). Images were quantified utilising ImageJ 2.0 software, DHE-derived 2-OH-E+ levels
were expressed as arbitrary units (A.U) as the difference between PSS vs DHE incubated
replicates.

25



Electron paramagnetic resonance (EPR) was utilised to detect O, and NO species in
HepG?2 cells, and iron-nitrosylated Hb Species in whole blood following steatosis induction
+/- sodium nitrate (study I) and transferrin, ceroplasmin and metHb levels of frozen whole
blood samples (Study IV). EPR data were expressed in arbitrary units. All EPR spectra were
obtained utilising a bench top Magnettech MiniScope MS5000 ESR spectrometer (Freiberg
Instruments) and expressed as arbitrary units. In study I, the spin traps 5,5-Dimethyl-1-
Pyrroline-N-Oxide (DMPO) and Fe(Il)-diethyldithiocarbamate colloid (DETC) were used to
detect O, and NO, respectively.

0:* detection: post-48hr treatment, HepG2 cells were washed (PBS, 4°C), centrifuged (1500g
x 10 min), suspended in lysis buffer (50 mM Tris, 0.1 mM EDTA, 0.1mM EGTA; pH 7.4) and
membrane fractions were isolated (2900g x 10 min). 20ug membrane fraction was added to
DETC (10mM), protease inhibitor cocktail (S8830; Sigma, SE), DMPO (50 mM; ALX-430-
090, Enzo Life Sciences, SE) and NADPH (1 mM). Instrument settings for O,°* detection were
microwave power: 10 mW; microwave frequency; 100 kHz; amplitude modulation: 0.1 mT;

sweep time: 100 secs; sweep width: 11 mT, number of scans: 3; centre field: 337 mT.

NO species detection: Prior to in situ lysis, HepG2 cells were incubated (1hr) with NaNOs +/-
colloid solution of Fe(DETC), (500 uM). Lysates were pelleted (21000 RPM x 60 secs),
resuspended in S50ulL PBS and collected in a capillary tube. Instrument settings for NO species
detection were microwave power: 10 mW; microwave frequency; 100 kHz; amplitude
modulation: 0.6 mT; sweep time: 30 secs; sweep width: 14 mT, number of scans: 3; centre
field: 331 mT.

Iron-nitrosylated-Hb species (Hb-NO and DNICs) detection: Venous blood or liver collected
from mice +/- HFD +/- nitrate were collected and snap frozen in ImL syringes. Instrument
settings were microwave power: 10mW; microwave frequency; 100kHz; amplitude
modulation: 0.6mT; sweep time: 60s; sweep width: 40mT, number of scans: 4; centre field:
330mT. Hb-NO levels in whole blood were determined via the amplitude of the first Hb-NO
triplet peak (g-factor: 2.01; AN:1,7 mT). Liver DNIC was quantified by amplitude of peak at
g=2.04.

Transferrin (TF), Ceroplasmin (CP) and metHb: Whole blood sampled from PE women at
baseline and post-intervention visits from both placebo and treatment arms were immediately
snap-frozen in ImL syringes. Recordings were made at 77K using a Dewar flask (Wilmad,
USA). Instrument settings were microwave power: 10 mW; amplitude modulation: 0.8 mT;
modulation frequency: 100 kHz; sweep time: 300 secs; number of scans: 1. 175; centre field:
225 mT. Whole blood TF, CP and metHb were quantified by the amplitudes of peaks at g=4.2,
g=2.05 and g=5.83, respectively. Ceroplasmin to transferrin ratio (CP:TF) was subsequently
calculated.

NADPH-mediated formation of O, (NOX activity) was determined via a lucigenin-
dependent chemiluminescence (CL) assay, as previously described'®’, in HepG2 cells and
livers of mice following steatosis induction +/- sodium nitrate (Study I). Briefly, supernatants
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of tissue lysates were incubated with NADPH (100umol/L) and lucigenin (S5umol/L). CL was
detected for 3mins by an AutoLumat L[LB953 Multi-Tube Luminometer (Berthold
Technologies, Germany). Cell lysates were incubated with dark-adapted lucigenin (Sumol/L,
37°C x 10mins). To start the reaction, NADPH (100 pmol/L) was injected into samples, and
CL signal was detected for 3mins. CL were expressed as raw light units (RLU)/min and
normalised to protein concentration of samples, as determined by the Bradford Protein assay
(Bio-Rad, Sweden).

The Thiobarbituric acid reactive substances (TBARS) assay was utilised to measure lipid
peroxidation in HUVEC following exposure to PBMC supernatants (Study V). Briefly, 100uL
of supernatant was incubated for 15 mins with 200uL of ice-cold Trichloroacetic acid (10%;
TCA; Sigma, USA). A standard curve was constructed using 1,1,1,3- tetra methoxy propane
(TMP; C7TH1604; 133.75 mM; Sigma, USA). Samples and standards were centrifuged (2200g
x 15 minutes x 4°C). Next, 200 uL supernatants were incubated with 0.67% thiobarbituric acid
(TBA; Sigma, USA) in a water bath (95°C) for 50 mins, then placed on ice for 3 mins.
Absorbance of standards and samples was read in a 96-well plate at 532 nm utilising
a Spectramax iD3 multi-mode microplate reader (Molecular Devices, USA). Values were
obtained via interpolation of the malondialdehyde (MDA) standard curve and expressed as
MDA (nmol/ml).

DAF-FM Diacetate (4-Amino-5-Methylamino-2',7'-Difluorofluorescein Diacetate) was
utilised to detect NO species in supernatant treated HUVEC (Study V), according to
manufacturer’s instructions. Briefly, HUVEC were seeded in a 96-well plate at a density of
2.5x10° cells/mL and treated with PBMC supernatants from PE vs HP donors for 24hrs in a
cell culture incubator (see above protocol; 37°C, 5% CO.). Subsequently, the media was
aspirated, 95uL. PBS was added to each well and the plate was further incubated for 30 mins.
Next, Sul of DAF-FM™ 200 pM (Sigma-Aldrich, USA) was added to each well, and
fluorescence was continually measured at 495/535nm, for 2 hours at 37°C via a Spectramax
iD3 multi-mode microplate reader (Molecular Devices, USA). Fluorescence was expressed as
arbitrary units as an estimate of NO species.

HO-1 concentrations (ng/mL/107 cells) were measured in HUVEC supernatants (Study V)
using a commercially available Human Total HO-1 ELISA kit (DYC3776-5; R&D systems,
USA), according to manufacturer’s instructions.

Hb supernatant concentration was quantified via Drapkin’s Reagent (Study II; D5641;
Sigma, USA), according to manufacturer’s instructions. Based on the conversion of Hb to
cyanmethaemoglobin, which then quantified via absorbance (540 nM) using a Spectramax iD3
multi-mode microplate reader (Molecular Devices, USA). A standard curve (0-120 mg/mL)
was utilised to interpolate unknown sample absorbance values. Cyanmethaemoglobin values
were expressed as mg/mL. In Study III, plasma concentrations of Hb were quantified using a
commercially available human Hb ELISA kit (E88-134; Bethyl Laboratories, TX) according

to manufacturer's instructions.

27



Plasma nitrate and nitrite were measured in Studies I, III, IV and V via high-performance
liquid chromatography HPLC (ENO-20; EiCom), as previously described'®!. In brief, nitrate is
separated via reverse-phase/ion exchange chromatography, followed by inline nitrate reduction
to nitrite via reduced copper and cadmium. Finally, reduced nitrite is derivatized by Griess
reagent, and levels of diazo compounds are analysed via visible detection at 540nm. In study
I, 10uL of plasma samples were utilised.

Plasma ¢cGMP was quantified via a commercially available ELISA kit (RPN226; GE
Healthcare, VWR, Sweden), according to the manufacturers protocol in study III and IV. Prior
to quantification, samples were treated with 3-isobutyl-1-methylxanthine (10 uM; 17018,
Sigma, Merck, Sweden), an inhibitor of cAMP/cGMP phosphodiesterases.

Quantification of plasma cytokines (i.e., IL-13, I[L-2, IL-4, IFNy, IL-12p70, IL-13, IL-10, IL-
6, TNFa, IL-8) was conducted via a human pro-inflammatory panel 1 multiplex assay kit
(K15049D; MSD, USA) according to the manufacturers protocol, in study III. Concentrations
of TNFa, IL-10, and IL-1p3, in supernatants collected from PE and HP monocyte cultures were
quantified via Quantikine ELISA kits (R&D, USA), as per manufacturer’s instructions, in
study V.

Arginase activity in plasma (study III) and RBCs (studies II and III) were quantified via a
modified previously described method, based on the conversion of L-Arginine to L-Ornithine
and Urea!?%!2, Washed RBCs were lysed in RIPA buffer (N653-100; VWR) containing
protease inhibitors (11836170001; Roche). Urea was depleted in diluted (1:6 in Milli-Q H»0)
plasma samples via centrifugation (13000g x 30mins x 4°C) in membrane filter columns
(Vivaspin 500 VS0102, Sartorius, Germany). Plasma and RBC samples were incubated
separately for 2hrs and 1hr, respectively at 37°C with L-Arginine (50 pg sample protein added
to 50ul of 500 mM Tris HCL, pH 9.7). Arginase activity was expressed as final urea
concentration, quantified by spectrophotometry (Plasma, umol/mL/hr; RBC, nmol/mg
protein/min).

Plasma arginase I concentration was quantified in (Study III) via a commercial ELISA kit
(MBS912500, MyBioSource, USA) as per the manufacturer’s protocol.

In study I, neutral lipid accumulation in HepG2 cells and livers of mice following steatosis
induction +/- sodium nitrate was assessed via Oil Red O staining (ORO). Post treatment, cells
were fixed (4% paraformaldehyde) for 30 mins, washed (PBS x2), exposed to ORO solution
(0.2 mg/mL in isopropanol, diluted in dH>O) for 1hr, and washed (PBS x3 for 5 mins).
Isopropanol was added to extract the dye from cells, absorbance was measured at 520nm. 6uM
cryosections of liver were fixed (1% paraformaldehyde), exposed to propylene glycol (3 mins),
incubated with pre-warmed ORO (10 mins) then with propylene glycol (85%, 5 mins),
followed by Mayer’s Haematoxylin (30 secs). Sections were washed and mounted with
glycerine mounting medium and images were acquired and analysed via ImageJ software in a
blinded manner. Liver triglyceride content was quantified using a Triglyceride assay Kit
(ab65336; abcam) as per the manufacturer’s instructions.
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mRNA expression levels of genes of interest were quantified by RT-PCR in liver
homogenates and human hepatocyte spheroids (study I), using Power SYBR green master mix
and a TagMan Universal mix, respectively. RT-PCR was performed in 96-well plates on an
ABI 7500 Real-Time PCR System using Power SYBR Green Master mix (Thermo Fisher
Scientific). Ct values were obtained for each reaction and were normalized to 3-actin using the
Delta-Delta Ct method, to indicate changes in target gene expression via fold change output.
See study I supplementary information for specific primer sequences.

In study I and III, protein expression quantification was conducted by Western Blot to
detect proteins of interest in HepG2 cells and liver tissue, and RBCs, respectively. HepG2 cells
were lysed in lysis buffer (Tris-HCI pH, 10 mmol/L pH 8§; NaCl 150 mmol/L; EDTA 5 mmol/L;
N-octyl-glucoside 60 mmol/L; 1 % Triton X- 100, protease inhibitor cocktail and phosphatases
inhibitors). Liver tissue was homogenised using zirconium oxide beads (0.5 mm) and lysis
buffer in a bullet blender. RBCs were lysed with ice cold RIPA buffer with protease inhibitor
cocktail and phosphatases inhibitors. Total protein concentration of lysates was quantified
using the Bradford protein assay (study I) and a bicinchoninic acid protein assay kit (Pierce
Biotechnology, Life Technologies, study III). Equal amounts of proteins were separated via
4-20% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride
membranes (PDVF) membranes. Enhanced chemiluminescence (ECL) substrate (BioRad, SE)
was used to develop blots, band densities were analysed using Image Studio Lite Version 6.0
(LI-COR Biosciences). Data were normalised to Vinculin or GAPDH, for HepG2 and liver
tissue, and RBCs, respectively. See study I supplementary information and study III for specific
antibodies used.

Statistical Analyses

Unless otherwise indicated below, data are presented as mean + SEM in all studies. Data were
analysed using GraphPad Prism (v6.0, Graphpad Software, UK) and SPSS (IBM, v. 27, USA).
Outliers were removed in GraphPad Prism (ROUT Q = 1%). Unless otherwise stated below,
parametric variables were subjected to a student’s #-test for unpaired observations for single
comparisons, a /-way ANOVA adjusted with Tukey’s correction for multiple comparisons
with one independent variable, and nonlinear regression analysis was utilised to construct
individual vessel concentration-response curves and compared with 2-way ANOVA with
repeated measurements and Tukey post-hoc testing. Non-parametric continuous variables were
analysed via the Kruskal-Wallis test. Experimental subgroup » numbers are stated in figure
legends. Statistical significance was defined as p<0.05.

Study 111 & 1V

Clinical characteristics of the study groups were compared as follows: parametric variables:
chi-squared test (dichotomous variables); two-way ANOVA adjusted with Bonferroni post-
hoc testing (continuous data, two independent variables); nonparametric variables; Mann-

Whitney U test (continuous data).
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Study III: Using univariate analyses via a general linear model, the effect of maternal
descriptive factors on RBC arginase activity was assessed. Linear correlation analysis was

utilised to assess group severity vs arginase activity.

Study IV: Correlations between changes in blood pressure and changes in plasma, urine and
saliva nitrate and nitrite were analysed via a Pearson linear regression.

Study V: Non-parametric continuous clinical data was analysed via the Man-Whitney U test.

2.1.9 Ethical Considerations

All animal studies were approved by the regional Institutional Animal Care and Use
Committee, Stockholm, Sweden and were performed according to the National Institutes of
Health animal protection guidelines (Study III: Protocol ID: N139/15), and with the European
Union (EU) Directive 2010/63/EU for the conduct of experiments in animals.

Clinical studies were approved by the regional ethics committee, Stockholm, Sweden (Study
III: Dnr: 2018-1233-32-1, Study IV: Dnr: 2020-01596). Study V was approved by Botucatu
Medical School’s ethics committee (protocol ID: 1.622.546 and 3.826.694). All study
participants were provided with the study information, including any associated risks, and
provided written informed consent prior to inclusion. All procedures were conducted according
to the ethical guidelines of the Declaration of Helsinki (1975).

Study IV

The intervention of beetroot juice (70mL, 400mg; James White Drinks, UK) has no known
harmful side effects and has been utilised in multiple published clinical studies in non-

pregnant67’68’193‘195 t186,187

and pregnan populations with no reports of associated adverse events.
Participation in the study was concomitant with standard perinatal care at the women’s clinic
at Danderyd Hospital. Any serious adverse events which were suspected to be related to the
intervention were recorded in the CRF, and the treatment code for that patient was unblinded
if deemed necessary for the safety of the patient. The methodological platform is commonplace

during the course of perinatal care and carried minimal risk to the patients.
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3 RESULTS & DISCUSSION

3.1 STUDYI

AMP-activated protein kinase activation and NADPH oxidase inhibition by inorganic
nitrate and nitrite prevent liver steatosis

Study I aimed to investigate the potential therapeutic effect of stimulating the nitrate-nitrite-
NO pathway via dietary nitrate on the pathogenesis of NAFLD, a highly common co-morbidity
of metabolic syndrome, T2D and obesity!%. To do this, three separate models of NAFLD were
utilised; in vitro using HepG2 cells and hepatic 3D spheroids, and an in vivo mouse a HFD-
induced model.

3.1.1 Beneficial effects of dietary nitrate on aspects of the metabolic syndrome

In accordance with previous publications, supplementation with dietary nitrate prevented
systemic metabolic and cardiovascular pathogenesis®*. Compared to mice fed a HFD + L-
NAME (1 g/L in drinking water), those fed with a HFD + L-NAME + dietary nitrate for 7
weeks presented significantly lowered fasting blood glucose (-1.5 mM), prevented impaired
glucose clearance (Figure 3A, B) and prevented development of insulin resistance (Figure 3C,
D), such that nitrate-treated animals had similar values to controls. Dietary nitrate significantly
reduced HFD-induced elevations in MAP, as well as HFD-induced ED (Figure 3E, F). Similar
findings were observed in the same groups without L-NAME treatment. These beneficial

effects of dietary nitrate were prevented decreases in plasma nitrate and nitrite, as well as Hb-
NO in whole blood.
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Figure 3. Dietary nitrate improves metabolic and cardiovascular phenotype in vivo. Metabolic and
cardiovascular parameters of mice fed regular chow (control), a high-fat diet (HFD) or a HFD + nitrate + L-NAME.
(A) Intraperitoneal blood glucose tolerance test (IPGTT) after 5 weeks of diet. (B) IPGTT area under the curve
(AUC) (C) Intraperitoneal insulin tolerance test (IPITT) after 6 weeks of diet. (D) IPITT AUC. (E) In vivo mean
arterial pressure after 6 weeks of diet. (F) Ex vivo endothelial-dependent vasorelaxation responses after 7 weeks
of diet. Conducted on freshly isolated mesenteric arteries following termination. #=6-10 mice per group. Data
expressed as meantSEM. Statistical significance defined as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
Letters express a significance level of p<0.05 of (a) Control vs HFD; (b) HFD vs HFD + nitrate groups. Statistical
analyses conducted via (A, C, F) a 2-way ANOVA with repeated measures and (B, E, D) a 1-way ANOVA, all
with Holm-Sidak post hoc testing.
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3.1.2 Pathogenesis of liver steatosis is prevented by dietary nitrate

When liver tissue from mice was examined, a HFD + L-NAME diet prevented elevations in
liver nitrate and nitrite. Liver nitrate levels were comparable to control levels in the HFD + L-
NAME + nitrate treated group, concomitant with the prevention of reduced DNIC levels. These
data directly demonstrate that in addition to circulating NO levels, dietary nitrate per se
prevents HFD-induced reductions in liver NO levels.

To further investigate the impact of dietary nitrate-induced prevention of liver reduced NO
levels, we assessed hepatic lipid accumulation in the livers from HFD + L-NAME vs HFD +
L-NAME + nitrate treated mice. Nitrate treatment prevented HFD-induced lipid accumulation,
such that levels remained comparable to controls. These results were mirrored in our in vitro
model. Previous studies have linked the beneficial effects of dietary nitrate to reduction of
NOX-derived oxidative stress’®1°7:198 therefore we next investigated the influence of NOX in
our model. Similarly, in liver tissue, the HFD-induced increases in NOX-derived O," were
completely prevented by nitrate (Figure 4). Levels of lipid accumulation and NOX activity
were positively correlated in liver tissue.
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Figure 4. HFD-induced elevated lipid accumulation and NOX activity prevented by dietary nitrate in vivo.
(A) Neutral lipid (red) visualisation in liver sections stained with Oil Red O. Representative images from each
group. Nuclei counterstained with Mayer’s hematoxylin (blue). Scale bars; 1um, Insets 4x magnification. (B)
Quantification of Oil Red O absorbance (% vs control) (C) NADPH oxidase activity (RLU/min). #=5-9 mice per
group. Data expressed as mean+SEM. Statistical significance defined as *»<0.05, **p<0.01. Statistical analyses
conducted via Kruskal-Wallis Test with Dunn’s post hoc testing.
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Similarly, 48hrs incubation of HepG2 cells with a ‘steatosis cocktail’ (see methods section)
significantly increased NOX-derived O, generation and lipid accumulation, which was
prevented by nitrite treatment (Figure 5B, C, D, E). Similarly, to our in vitro observations
following nitrate treatment, the steatosis-induced elevations in lipid accumulation and NOX-
derived O, generation was also prevented by incubation with the O, scavenger; TEMPOL
(Figure 5D, E) and a NOX2/4 inhibitor in a dose-dependent manner (Figure 5F, G). Thus,
highlighting an association between elevated oxidative stress via NOX-derived O, and
steatosis pathogenesis. This was further supported by EPR evidence whereby cellular steatosis
was associated with an increase in DMPO-OH signal, which nitrite, a NOX2/4 inhibitor, and
SOD treatment all separately significantly reduced (Figure 6B). Together, these findings
support that the beneficial hepatic effects of nitrate are mediated via reducing NOX-derived O,

generation.
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Figure 5. Steatosis media-induced elevated lipid accumulation and NOX activity prevented by dietary
nitrate in vitro. HepG2 cells treated with control, steatosis, and steatosis + nitrate media for 24hrs. (A)
Representative images of HepG2 neutral lipid accumulation via Oil red O staining (40x Magnification). (B)
Quantified HepG2 Oil Red O absorbance (% vs controls) (C) NADPH oxidase activity (RLU/min), (D, E)
+/- simultaneous 24hr TEMPOL treatment (F, G) simultancous 24hr treatment with increasing
concentrations of the NOX2/4 inhibitor, GLX481304. Per group; (A) n=6, (B) n=11-17, (C) n=26-50, (D, E)
n=6-8, (F, G) n=4-16. Data expressed as mean+SEM. Statistical significance defined as *p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001. Statistical analyses conducted via Kruskal-Wallis Test with Dunn’s post hoc
testing.
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Figure 6. Steatosis media-induced increases in O, production in HepG2 cells is prevented by nitrite.
HepG?2 cells treated with control, steatosis, and steatosis + nitrate media for 48hrs. Quantification of DMPO
signal in the membrane fraction of HepG2 cells treated with (A) control, steatosis, and steatosis + nitrate
media (B) HepG2 cells simultaneously treated with steatosis media and NOX2/4 inhibitor, GLX481304 or
SOD. (C) Representative EPR spectra of all groups. Per group; n=4-11. Data expressed as mean=SEM.
Statistical significance defined as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical analyses
conducted via Kruskal-Wallis Test with Dunn’s post hoc testing.

Lipid accumulation is prevented by AMPK, a central regulator of lipid and glucose metabolism.
Under conditions of overnutrition, its activity is supressed’'2. In our in vivo model, the p-
AMPK/AMPK protein ratio, thus AMPK activation, was decreased in the livers of mice fed a
HFD+L-NAME. Whereas those treated with nitrate exhibited levels comparable to controls,
suggesting a nitrate-mediated preservation of hepatic AMPK signalling (Figure 7A). Indeed,
protein levels of downstream targets of AMPK; SREBPlc, ACADM and p-ACC were all
similarly observed to be protected by nitrate treatment (Figure 7B, C, D, respectively). These
findings were mirrored in our in vitro model, albeit to a less potent degree following nitrite
treatment. Further, in vitro treatment with an inhibitor of AMPK (compound C), prevented the
beneficial effects of nitrite on preventing steatosis-induced elevations in NOX activity. This
suggests that the beneficial metabolic effects of nitrate are mediated via modulation of AMPK
signalling and in turn, preventing the induction of lipogenesis and reducing hepatic B-oxidation.
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Figure 7. Effects of nitrate are mediated via altered hepatic metabolic regulatory protein expression
in vivo. After 7 weeks of diet, liver protein levels of (A) p-AMPK/AMPK, (B) SREBP1c, (C) ACADM, (D)
p-ACC. Measured by western blot. Per group, (A) n=9-10, (B) n=7-8, (C) n=6-8, (D) n=8-10. Data expressed
as meantSEM. Statistical significance defined as *p<0.05, **p<0.01. Statistical analyses conducted via
Kruskal-Wallis Test with Dunn’s post hoc testing.

To further investigate the mechanistic role of nitrite-derived NO, in vitro lipid accumulation
(Figure 8A) and NOX activity (Figure 8B) were measured after induction of steatosis +/- the
following compounds: nitrite; NO donor, DetaNONOate; a cGMP analogue, 8-CPT; XOR-
inhibitor, Febuxostat; and sGC inhibitor, ODQ. The key findings from these experiments were
that the salutatory effects of nitrite were mimicked by DetaNONOate, and the cGMP analogue,
but prevented by sGC inhibition.
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Figure 8. Mechanisms underlying nitrate-mediated protection against steatosis irn vitro. HepG2 cells treated
with control, steatosis, and steatosis + nitrate media for 24hrs +/- DetaNONOate, 8-CPT, Febuxostat or ODQ. (A)
Quantified HepG2 Oil Red O absorbance (% vs controls) (B) NADPH oxidase activity (RLU/min). Per group, (A)
n=5-32, (B) n=5-60. Data expressed as meant+SEM. Statistical significance defined as *»<0.05, **p<0.01,
*%p<0.001, ****p<0.0001. Statistical analyses conducted via Kruskal-Wallis Test with Dunn’s post hoc testing.
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A key enzymatic mediator of nitrite bioactivation is xanthine oxidoreductase (XOR)%*, due to
its nitrite reductase activity. In combination with nitrite treatment, XOR partially blocked the
steatosis-induced elevation in lipid accumulation and NOX activity (Figure 8). Similarly, using
the EPR spin trap probe for NO species; Fe-DETC, the nitrite-derived NO signal was reduced
when HepG2 cells were concomitantly treated with XOR. Together these findings suggest that
the beneficial effects of nitrite on liver steatosis is mediated via nitrite-derived NO and
cGMP/sGC-dependent signalling. In addition, XOR plays a role in the bioconversion of nitrate-
nitrite-NO, however other NiRs are likely contributing in this HepG2 in vitro model.

HFD Nitrate
\ 1 Commensal Bacteria
1
i Nitrite
‘ 1 Nitrite-Reductase (e.g. XOR)
p67phox
NO
1
i
1 cGMP
o O |
\ p
/N oxidative stress l'_'_'_'_'_'_'_' AMPK | F===--- HFD
,/' ‘\\ \\\\
I’l ‘\ \\\

]

]

]

]

/
/ ! .
I N\,
v \

,/, \‘
X . ¥ e
¥ ¥ v v

J Fatty acid synthesis I Fatty acid oxidation

J Lipid accumulation

|

J Steatosis

Figure 9. Proposed mechanisms by which nitrate mediates its beneficial metabolic effects in liver.

In summary, the findings of study I highlight a novel therapeutic role of dietary nitrate in liver
steatosis, which exerts its effects via modulating AMPK signalling, resulting in the
maintenance of downstream metabolic homeostasis, and via reducing NOX-derived oxidative
stress (Figure 9). Of note, increased ROS has been demonstrated to directly mediate reduction
of AMPK activation'®, suggesting that these beneficial effects of nitrate on AMPK signalling
are also indirectly mediated via the reduction in NOX activity. Importantly, it is the nitrate
derived-NO bioactivity which directly mediates these effects, independently of NOS-derived
NO. Further clinical trials are warranted to determine whether this promising, dietary
intervention could be of therapeutic value to combat the highly prevalent NAFLD.
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3.2 STUDYII

Red Blood Cells from Endothelial Nitric Oxide Synthase-Deficient Mice Induce Vascular
Dysfunction Involving Oxidative Stress and Endothelial Arginase

In recent years, the RBC has emerged as a key player in vascular homeostasis, via interaction(s)
with the vascular endothelium''*. The presence and catalytic activity of an RBC eNOS in the
production of RBC eNOS-derived NO bioactivity has also been observed!??. As endothelial
eNOS has been widely established as dysfunctional in cardiovascular and metabolic disease
states, which are characterised by endothelial dysfunction, study II aimed to dissect whether
RBC eNOS per se is directly involved in mediating the RBC-endothelial interactions which
maintain vascular homeostasis. To do this, we designed an experimental protocol (Figure 10)
utilising an ex vivo approach to specifically investigate the impact of RBC eNOS on
erythrocrine function and vascular homeostasis.

Co-Incubation Vessel Myography
u“(|<‘ “-‘. ‘K-‘ll
] .‘ I e
T T LR, VW, Y
—> —
RBC
Aorta | WT KO * Vasorelaxation
* Vasoconstriction
1 WT WT/WT WT /KO - Role of reactive oxygen species
- Role of arginase
Y KO/ WT - Role of NADPH oxidase

Figure 10. Schematic overview of experimental protocol. Whole blood and thoracic aortae were isolated from
WT and global eNOS KO mice. RBCs were separated from other blood components and washed. Aortas were
cute into rings (~2 mm) in PSS. Co-incubations were prepared in the indicated aorta-RBC combinations, with 10%
haematocrit in DMEM media, and incubated overnight (18hrs) in a tissue culture incubator (37°C, 5% CO»).
Subsequently, aortic rings were thoroughly washed with fresh PSS and mounted onto the pins of a wire myograph.
Vascular reactivity (vasodilation and contraction) was assessed. Mechanistic studies included simultaneous
treatment with TEMPOL, nor-NOHA and NOX inhibitors to assess the role of reactive oxygen species (ROS),
arginase and NADPH oxidase (NOX) activity, respectively.

3.2.1 RBCs from eNOS KO mice induced endothelial dysfunction

Exposure of a healthy WT mouse aorta to RBCs isolated from an eNOS KO mice (18hrs)
significantly reduced vasorelaxation responses to endothelial-dependent vasodilator ACh,
compared to those incubated with RBCs from WT mice. However, in the same vessels,
endothelium-independent vasodilatory responses to SNP were not affected by RBCs from
eNOS KO mice (Figure 11). This dysfunctional phenotype was independent of mouse gender
or strain. These findings demonstrated the presence of a functional interaction between RBC
eNOS per se and the endothelium, which was maintained following washing of RBCs from

vessels.
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Figure 11. RBCs from eNOS KO mice induce endothelial dysfunction. (A) Endothelial-dependent
vasorelaxation responses to acetylcholine (ACh) and (B) endothelial-independent vasorelaxation responses to
nitroprusside (SNP) of aortic rings following 18hr incubation with Control, RBCs from WT mice (WT RBC; 10%)
or RBCs a global eNOS KO mouse (eNOS KO RBC; 10%). WT aorta (Control) and eNOS KO aorta were
incubated with DMEM alone. Data expressed as mean + SEM; Control, n=7; WT aorta + WT RBC, n=17; WT
aorta + eNOS KO RBC, n=18; eNOS KO aorta; n=10. Data analysed via ordinary 2-way ANOVA with multiple
comparisons and Tukey’s post hoc test. Statistical significance defined as *p<0.05, **p<0.01; ***p<0.005;
**4%p<0.001; Comparisons of WT aorta + eNOS KO RBC *vs Control; # vs WT aorta + WT RBC; 1 vs eNOS

KO aorta.

3.2.2 Elevated oxidative stress and reduced NO bioavailability mechanistically
involved in eNOS KO RBC-induced ED

In cardiometabolic disease, erythropathy has been associated with increased ROS formation,
so we next investigated whether a lack of RBC eNOS induced an elevation of oxidative stress
in the vascular microenvironment. When TEMPOL was included in overnight co-incubations
of WT aorta and eNOS RBCs, the endothelial function was protected, whereby ACh-induced
vasorelaxation was comparable to controls (Figure 12A). Following co-incubations and
washing away of RBCs, addition of TEMPOL acutely into the myography chamber inferred
protection to the endothelium (Figure 12B). Endothelial-dependent responses following WT
RBC co-incubation and endothelial-independent responses remained unchanged following any
TEMPOL treatments (see full manuscript). Similarly, following co-incubation with eNOS KO
RBCs, in situ quantification of O, utilising DHE demonstrated significantly increased O
generation vs controls and WT aortas exposed to WT RBCs. Interestingly, the O, levels in
aortas exposed to eNOS KO RBCs were comparable to eNOS KO aorta (Figure 13).

40



B

200 " 120

>

Tt

o 100 -¢
Tt

-

a

o
1

i
wekkk HH dekonn

Dilatation
(% of PE plateau)
>
o
4
Vasorelaxation
(% of PE plateau)
[=2]
o
1

40
50
20
L
0 I I I I I 1 0 I I I I I 1
-9 -8 7 s 5 -4 -9 -8 7 -6 -5 -4
Ach (log mol/l) Ach (log mol/l)
-~ Control

-e— Control

-o- WT Aorta + eNOS KO RBC

-o- WT Aorta + eNOS KO RBC + Tempol
eNOS KO Aorta

-o- WT aorta + eNOS KO RBC
-o— WT aorta + eNOS KO RBC + Tempol

Figure 12. Functional role of vascular oxidative stress in eNOS KO RBC-induced endothelial dysfunction.
Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) of WT mouse aortic rings following
overnight incubation with Control, RBC from an eNOS KO mouse (eNOS KO RBC; 10%) (A) simultaneously
+/- TEMPOL (1 mM) and (B) only with TEMPOL (300uM) added acutely into myograph chamber. Control
denotes WT aorta without RBCs. Control incubation denotes incubation with DMEM media without RBC. Data
expressed as mean + SEM; n=06-8 per group; analysed via ordinary 2-way ANOVA with multiple comparisons
and Dunnett’s post hoc test. Statistical significance defined as **p<0.05, **p<0.01; ***p<0.005; ****p<0.001;
Comparisons of WT aorta + eNOS KO RBC *vs Control; # vs WT aorta + eNOS KO RBC + TEMPOL; § vs
eNOS KO aorta.

A B

A&k CONTROL
15— - %
[ J
-~ %
D. —
< 10-
51
S °
2 eNOS KO eNOS KO
= ® RBC AORTA
=
= -
= 5
=
a
T e
_‘_
0 T T T T
o o o 2>
& E g S
F
S &

Figure 13. eNOS KO RBCs induce elevated vascular O, production. (A) DHE fluorescence signal (A.U.) of
WT mouse aortic rings after overnight incubation with RBC from a WT or an eNOS KO mouse. Control denotes
WT aorta without RBCs. (B) Representative images of same aortic ring sections incubated in the presence DHE
(x10 magnification; scale bar, 200pm). Red fluorescence produced upon O2"-induced DHE oxidation to 2-
hydroxyethidium. Data expressed as mean = SEM; n=3 per group. Statistical significance defined as *p<0.05;
**p<0.01 between indicated groups.
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In the endothelium, NOX enzymes are important sources of ROS which are upregulated in
cardiometabolic pathologies. We next assessed NOX as a potential source of this elevated ROS
in our model via including specific NOX inhibitors (NOX2/4 and NOX4) in the WT aorta +
RBC co-incubations. The induction of ED was prevented following simultaneous co-
incubation with the NOX2/4 and NOX4 specific inhibitors (Figure 14). The NOX inhibitors
did not alter endothelial function when combined with WT RBCs, nor endothelial-independent

responses in any experimental groups (see full manuscript).
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Figure 14. Functional role of dysregulated elevated ROS in eNOS KO RBC-induced endothelial
dysfunction. (A, C) Endothelial-dependent vasorelaxation (% of Phe plateau; PE) response curve to acetylcholine
(Ach; log mol/L) and (B, D) endothelial-independent vasorelaxation (% of Phe plateau; PE) response curve to
nitroprusside (SNP) of WT mouse aortic rings following overnight incubation with Control, RBC from an (A)
eNOS KO mouse (eNOS KO RBC; 10%) or (B) WT mouse +/- NOX 2&4 inhibitor (3uM) or (C) an eNOS KO
mouse (eNOS KO RBC; 10%) or (D) WT mouse +/- NOX 4 inhibitor (30uM). Control denotes WT aorta without
RBCs. Data expressed as mean + SEM; n=10-15 per group; analysed via ordinary 2-way ANOVA with multiple
comparisons and Dunnett’s post hoc test. Statistical significance defined as *p<0.05, **p<0.01; Comparisons of
WT aorta + eNOS KO RBC *vs Control; # vs WT aorta + eNOS KO RBC + Treatment.

NO is a central mediator of endothelial function, the bioavailability of which can be reduced
by ROS scavenging. Following our observations of elevated ROS in our model, we next
utilised DetaNONOate to investigate whether reduced NO bioavailability was contributing to
the observed endothelial dysfunction. In separate experiments, co-incubations including
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DetaNONOate prevented the eNOS KO RBC-induced endothelial dysfunction, such that ACh-
induced vasodilation was comparable to controls (Figure 15). Endothelial-independent

responses remained unchanged in all experimental groups.
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Figure 15. Functional role of dysregulated NO homeostasis in eNOS KO RBC-induced endothelial
dysfunction. Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) of WT mouse aortic
rings following overnight incubation with Control, (A) RBC from a WT mouse (WT RBC; 10%) and (B) RBC
from an eNOS KO mouse (eNOS KO RBC; 10%) +/- DetaNONOate (30uM). Control denotes WT aorta without
RBCs. Data expressed as mean + SEM; n=6-7 per group; analysed via ordinary 2-way ANOVA with multiple
comparisons and Dunnett’s post hoc test. Statistical significance defined as *p<0.05, **p<0.01; ***p<0.005;
Comparisons of WT aorta + eNOS KO RBC *vs Control; # vs WT aorta + eNOS KO RBC + DetaNONOate.

Together these findings highlight that oxidative stress, in part derived from NOX4, is a
mediator of the eNOS KO RBC-induced endothelial dysfunction, which results in induction
and maintenance of endothelial oxidative stress and reduced NO bioavailability, even when
RBCs are removed. Exposure of the endothelium to RBCs without eNOS induces the
equivalent oxidative burden on the endothelium to a lack of endothelial eNOS. This suggests
that in addition to endothelial eNOS, RBC eNOS plays a role in the mediation of endothelial
dysfunction.

3.2.3 eNOS KO RBCs mediate ED via vascular arginase 1

NOS enzymes compete with arginase for the common substrate L-Arginine in both the
endothelium and RBCs. Changes to NOS and arginase activity can result in NO bioavailability
and oxidative stress becoming unbalanced, and the propagation of a vicious oxidative cycle.
Further, arginase activity can be upregulated via oxidative stress, and in T2Ds, ONOO" induced
elevations in RBC arginase activity has been associated with mediating endothelial
dysfunction!3!"133, Therefore, we next investigated whether a lack of RBC eNOS impacted
function of arginase I in our model. To do this, we first utilised a pharmacological inhibitor of
arginase; Nor-NOHA, in the co-incubation preparations. We observed complete prevention of
eNOS KO RBC induced-ED in vessels concomitantly treated with Nor-NOHA, but it did not
impact vessels incubated with WT RBCs or the endothelial-independent responses of any
experimental groups (Figure 16A, B). Next, we co-incubated WT or eNOS KO RBCs with
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aorta from endothelial-specific arginase 1 KO mice. Aorta lacking endothelial arginase I were
protected from eNOS KO RBC-induced endothelial dysfunction, with comparable endothelial
dependent and independent responses across all experimental groups (Figure 16C, D).
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Figure 16. Functional role of dysregulated Arginase in eNOS KO RBC-induced endothelial dysfunction. (A,
C) Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) and (B, D) endothelial-
independent vasorelaxation response curve to nitroprusside (SNP) of mouse aortic rings. (A, B) WT mouse aortic
rings following overnight incubation with Control, RBC from an eNOS KO mouse +/- Nor-NOHA (10 uM). (C,
D) Endothelial-specific Arginase 1 KO mouse aortic rings following overnight incubation with Control, RBC from
a WT mouse (WT RBC; 10%) or RBC from an eNOS KO mouse (KO RBC; 10%). Control denotes WT aorta
without RBCs. Data expressed as mean + SEM; n=9-11 per group; analysed via ordinary 2-way ANOVA with
multiple comparisons and Dunnett’s post hoc test. Statistical significance defined as *p<0.05, **p<0.01;
Comparisons of aorta + eNOS KO RBC *vs Control; # vs eNOS KO RBC + Nor-NOHA.

To determine whether RBC arginase was involved in this deleterious interaction, we measured
RBC arginase activity. We did not observe a difference in arginase activity between RBCs
isolated from WT vs eNOS KO mice, suggesting that a lack of RBC eNOS per se does not
upregulate arginase activity (Figure 17). Together, these data suggest that the ED induced
following exposure to eNOS KO RBCs, is primarily mediated via endothelial arginase.
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Figure 17. Comparable arginase activity in membrane fractions of red RBCs from wild-type (WT) and
eNOS KO mice. Data expressed as mean+SEM; WT (n=18), eNOS KO (n=10). Analysed with Student’s t test
for unpaired observations. Statistical significance defined as p<0.05.

3.2.4 eNOS KO RBC-induced ED not mediated via elevated haemolysis

Cell-free heme is a product of haemolysis which scavenges NO at a rate ~1000-fold faster vs
intracellular heme, thus highly influences vascular tone?®. Further, its metabolites are known
initiators of oxidative, inflammatory, apoptotic, and cytotoxic signalling. Once released, cell-
free heme is largely scavenged via plasma proteins (hemopexin and haptoglobin)?®!, a buffer
system not present in our model. This led us to investigate whether the observed deleterious
effects on the endothelium in our model were a result of RBCs from eNOS KO mice
undergoing haemolysis to a greater degree vs WT RBCs.

To do this, we first investigated the degree of haemolysis required to induce an equivalent ED
in our model, and whether this differed between WT vs eNOS KO RBCs. RBCs were lysed to
different concentrations (%). Lysed RBC samples were co-incubated with WT aortic rings, and
subsequently vascular function was assessed. Following co-incubation, supernatants were
collected, and Hb (mg/ml, cyanmethaeoglobin) was quantified. For both WT and eNOS KO
lysates, induction of ED required 1.5% haemolysed RBCs (Figure 18A, B), equivalent to
~2700mg/ml cyanmethaemoglobin (Figure 18C). Co-incubation with all other lysate
concentrations (%) resulted in comparable endothelial-dependent vasodilation responses vs
control (0%). Next, the level of haemolysis in our model was quantified. Following co-
incubation with WT aorta, we observed a comparable level of haemolysis, ~500mg/ml
cyanmethaemoglobin, for both preparations with WT RBCs and eNOS KO RBCs (Figure
18D). Together these data do not support a role for elevated haemolysis, and the associated
downstream deleterious signalling, in mediation of eNOS KO-induced endothelial dysfunction.
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Figure 18. eNOS KO RBCs unlikely to induce ED via elevated haemolysis. Endothelial-dependent
vasorelaxation in response to acetylcholine (ACh) of WT aortic rings following overnight co-incubation with lysed
RBCs from a (A) WT mouse and (B) eNOS KO mouses, at increasing concentrations (%). 0% haematocrit denotes
incubation with DMEM media without RBC. (C) Cyanmethaemoglobin (mg/ml) concentrations of supernatants
following co-incubation of WT aorta and RBC (D) Cyanmethaemoglobin (mg/ml) concentrations of supernatants
collected post-coincubation of WT aortae and Control, RBC from WT mouse (10%) or eNOS KO mouse (10%).
Data expressed as mean = SEM; (A, B, C) N=3; (D) Control, n=6; WT RBC, n=9; eNOS KO RBC, n=17.
Statistical significance defined as *p<0.05, **p<0.01; ****p<0.001, (A, B) *vs 0% RBC lysates.

In summary, the findings of study II provide further support for a role of erythrocrine signalling
in the regulation of vascular function via its interactions with the endothelium. Importantly,
RBC eNOS per se has the capacity to influence endothelial homeostasis, highlighting the
importance of RBC eNOS-derived NO bioactivity. A lack of RBC eNOS stimulates a
deleterious crosstalk with the endothelium via elevation of arginase and NOX-dependent
oxidative stress, and reduction of bioavailable NO in the vascular environment, which is
maintained after RBCs are removed. Clinically, a lack of RBC-derived NO bioactivity has been
demonstrated in T2D'*"13% and COVID** patients, diseases which have clear associations with
endothelial dysfunction. Further studies are warranted to further dissect the mechanisms
underlying regulation of RBC-endothelial crosstalk and elucidate the role of RBC function in
the mediation of cardiovascular and metabolic pathogenesis. In future, targeting of erythrocrine
function for therapeutic exploitation to improve endothelial function may be a promising novel
approach to CMD.
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3.3 STUDY III

Red blood cells from patients with preeclampsia induce endothelial dysfunction

The clinical manifestations of PE are characterised by systemic ED as a result of mechanisms
including elevated oxidative stress and reduced NO bioavailability. Consensus regarding the
definitive link between the placental (stage I) and maternal systemic (stage II) dysfunction in
PE has yet to be reached. In study Il we provided further support for the presence of a functional
interaction between RBCs and the endothelium, in maintaining vascular homeostasis via
balance of redox status and NO bioavailability in the vascular microenvironment. This
important interaction has similarly been observed in T2D, COVID-19, regulation of cardiac

function and hypertension!2>-126:131-133.202

. Given these observations, in study III, we aimed to
investigate the functional interaction between RBCs from preeclamptic (PE) vs health pregnant

(HP) women, and the endothelium.

3.3.1 Clinical characteristics of study population at delivery

The clinical characteristics of the study population at delivery, stratified by PE severity, are
presented in Table 2. Overall, 58 HP and 64 PE women participated in the study, with 38 being
classified with sPE. Across all study groups, no significant differences were observed between
maternal age, BMI, parity, or incidence of smoking. Whereas, gestational age, newborn weight,
proportion of small for gestational age (SGA) offspring and premature births, and incidence of

caesarean section were significantly different between all groups.

Table 2. Clinical characteristics of study population at delivery
HP PE sPE
(n=58) (n=26) (n=38) PVEITE
Maternal Age

Mean (SD) 31 (4.9) 34 (6.8) 33 (8.0) ns
Gestational age (wk)

Mean (SD) 39 (2.34) 28 (5.51)** 26 (5.86)*** <0.0001
Body Mass Index (kg/m?)

Mean (SD) 25.7 (3.96) 27.5(5.7) 25.9 (5.86) ns
Nulliparous, n (%) 33 (56.9) 17 (65.4) 23 (60.5) ns
Caesarean Section, n (%) 22 (38.5) 15 (57.7)* 32 (84.2) <0.0001
Newborn Weight, (g)

Mean (SD) 3445 (593) 2719 (813)H*** 2026 (689)**** <0.0001
SGA, n (%) 2(3.5) 10 (38.5)* 19 (50) <0.0001
Prematurity, n (%) 9 (15.5) 12 (48.0)* 33 (86.8) <0.0001
Smokers, n (%) 3(5.17) 1(3.85) 0(0) ns
HP, healthy pregnant; PE, preeclampsia; sPE, severe PE; SGA, small for gestational age; n, number of female
participants; wk, week; IQR, interquartile range; SD, standard deviation. Parametric variables: Chi-squared test
(dichotomous variables); 1-way ANOVA (continuous data); Nonparametric variables; Kruskal-Wallis test
(continuous data). Statistical significance defined as *p<0.05; ** p<0.01; ***p<0.0001 vs HP group, and #
between all three groups.
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3.3.2 Altered NO homeostasis and signalling in preeclamptic women

Differing findings regarding the status of circulating bioavailable NO in preeclamptic patients
have been reported. In this cohort of patients, we observed a decrease in circulating nitrite in
PE vs HP women, but not nitrate. However, when nitrate and nitrite were quantified in
umbilical cord plasma from the offspring of PE vs HP immediately post-delivery, no
differences were observed. Further, only maternal plasma cGMP levels were reduced in PE vs
HP women, not their offspring (Figure 19). These findings suggest that in the studied cohort,
maternal circulating NO homeostasis and signalling is perturbed in PE, but not HP women.
However, this was not conferred to the fetoplacental circulation.
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Figure 19. NO homeostasis altered in pre-eclamptic women. Plasma isolated from (A, B, C) venous maternal
blood and (D, E, F) umbilical cord blood, immediately post-delivery. Quantification of plasma concentrations of
(A) nitrate, (B) nitrite and (C) cGMP in healthy pregnant (HP; n=14) vs pre-eclamptic (PE; »=11) mothers. Plasma
concentrations of (D) nitrate, (E) nitrite (HP; n=12 and PE; n=8) and (F) cGMP (HP; n=14 and PE; n=9) in the
offspring from the same healthy pregnant (HP) and pre-eclamptic (PE) mothers. Data expressed as mean + SEM;
analysed with a student’s #-test for unpaired observations. Statistical significance defined as *p<0.05; **p<0.01.

3.3.3 RBCs, but not plasma, from patients with PE induce endothelial dysfunction

Following our observations of altered circulating NO homeostasis and signalling in PE women,
we became interested in whether specific blood components could mediate any functional
changes to the endothelium. Using the same ex vivo approach as study II, we investigated the
impact of plasma vs RBC from preeclamptic women on endothelial function. Following co-
incubation of WT aorta and plasma (5%) from PE or HP women, endothelial-dependent and -
independent vasorelaxation were comparable across all groups (Figure 20C, D). However,
when RBCs from PE women were co-incubated with WT aorta, we observed significant
reduction of endothelial-dependent vasorelaxation vs HP RBC co-incubated vessels and

controls. Endothelial-independent responses remained comparable across groups (Figure 20A,
B).
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Figure 20: ED induced following exposure to RBCs from PE women. (A, C) Endothelial-dependent
vasorelaxation response curve to acetylcholine (ACh), (B, D) endothelial-independent vasorelaxation response
curve to nitroprusside (SNP) of mouse aortic rings following overnight incubation with Control, (A, B) RBCs or
(C, D) plasma isolated from healthy pregnant (HP) or preeclamptic (PE) mothers. Control incubation denotes
incubation with DMEM media without RBC. Data expressed as mean + SEM; (A, B) n=4; (C, D) n=5; analysed
via 2-way ANOVA with repeated measurements and Tukey post hoc test. Statistical significance defined as
*p<0.05; comparisons between HP vs PE RBC (10%) co-incubated aortic rings.

3.3.4 PE RBCs mediate ED via arginase, ROS and compromised NO bioavailability

These novel findings were reminiscent of previous observations by Yang et al'?®, whereby the
cardioprotective effects of arginase inhibition in an ex vivo model of myocardial ischemia-
reperfusion were only observed when perfused in the presence of RBCs, but not with buffer
alone or plasma. Following a similar line of enquiry, we next investigated the role of arginase,
oxidative stress, and NO bioavailability in the observed PE RBC-induced endothelial
dysfunction. To do this, in separate experiments, we included an arginase inhibitor (Nor-
NOHA), sodium nitrite, or a O,” scavenger (TEMPOL) with the overnight WT aorta + RBC
co-incubations. When these treatments were separately incubated with WT aorta + RBCs from
HP women, endothelial dependent vasorelaxation remained comparable to controls across all
experimental groups (Figure 21A, C, E). Whereas, when the same treatments were separately
included in WT aorta + RBC from PE women co-incubations, the PE RBC-induced ED we
previously observed was ameliorated for each treatment, such that endothelial-dependent
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vasorelaxation was comparable with controls (Figure B, D, F). Endothelial-independent
vasorelaxation responses were not impacted in all treatment groups. These data suggest that
the detrimental functional endothelial effects observed following exposure to RBCs from PE
women is mediated via elevated arginase activity, ROS generation and subsequent reduction
in NO bioavailability.
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Figure 21: Altered NO homeostasis and elevated ROS play a role in mediating PE RBC-induced endothelial
dysfunction. Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) of murine aortic rings
following overnight incubation with Control (A) HP RBC or (B) PE RBC +/- Nor-NOHA (10 puM); (C) HP RBC
or (D) PE RBC +/- Nitrite (10 uM); (E) HP RBC (F) PE RBC +/- TEMPOL (1 mM). Control incubation denotes
incubation with DMEM media without RBC. Data expressed as mean = SEM; analysed via a 2-way ANOVA with
repeated measurements and Tukey post hoc testing.; (A, B) n=4; (C, D) n=5. (E, F) n=3. Statistical significance
defined as *p<0.05; **p<0.01 between PE RBC and (B) PE + Nor-NOHA (10 uM), (D) PE RBC + Nitrite (10
uM), and (F) PE RBC + TEMPOL (1 mM).
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3.3.5 Elevated arginase activity and expression in PE RBCs influenced by PE
severity

Next, we aimed to determine whether RBC arginase activity and expression was dysfunctional
in PE. Samples from the same cohort of patients as the myography studies demonstrated
increased arginase activity in PE vs HP RBCs, which was concomitant to elevated arginase
expression (Figure 22). Further, following adjustment for maternal descriptive factors (PE
severity, BMI, parity, age, and smoking), PE severity (HP vs PE vs sPE) was the dominant
factor associated with RBC arginase activity and expression. When stratified via PE severity,
both arginase activity and expression increased with increasing PE severity. Plasma arginase
activity and expression was comparable between all experimental groups. Thus, highlighting
an association between RBC arginase and blood pressure in PE (see study 11l supplement).
Together, these findings support a role of altered RBC arginase expression and function in PE,
independent of maternal descriptive factors.
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Figure 22: RBC arginase activity and expression increased in PE. (A) Arginase activity and (B) Arginase 1
expression in RBC from healthy (HP) and pre-eclamptic (PE) mothers. (C) Correlation analyses comparing
arginase activity and expression between groups. Data expressed as mean + SEM; (A) HP, n=21, PE, n=24 (B)
HP, n=20, PE, n=22; analysis conducted with (A, B) a student’s #-test for unpaired observations and (C) linear
correlation analysis. Statistical significance defined as *p<0.05, **p<0.01.

3.4 Haemolysis unlikely to mediate PE RBC-induced endothelial dysfunction

Utilising a similar approach as study I, we investigated whether elevated haemolysis of RBCs
could account for the observed endothelial dysfunction. The concentrations of lysed RBCs
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which induced ED were 0.5 and 1.5% vs 0% lysed RBCs. When compared to previously
reported levels of haemolysis in PE!7® (0.005%), the concentration of lysed RBCs was not
sufficient to induce ED in our model (Figure 23). Additionally, we observed no differences in
haemolysis, as measured via plasma Hb, between HP and PE samples. Next, we utilised
transwell inserts in our co-incubation preparations, such that direct contact between RBCs and
aortae was prevented, but cell-free Hb could pass through the pores of the membrane (0.4 pm).
When direct contact between PE RBCs and aortae was prevented, endothelial function was
comparable to HP RBC-incubated vessels and controls (Figure 24A). Together, these data
suggest that haemolysis is comparable in HP and PE women and that cell free heme and its
downstream mediators are unlikely to mediate the observed PE RBC-induced endothelial

dysfunction.
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Figure 23: Products of haemolysis unlikely mediators of PE RBC-induced endothelial dysfunction. (A)
Endothelial-dependent vasorelaxation (% of Phe plateau) response curve to acetylcholine (ACh), following
overnight incubation with increasing concentrations of healthy non-pregnant lysed RBCs (0, 0.015, 0.05, 0.15,
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(PE) mothers. Data expressed as mean + SEM; (A) n=3; (B) HP; n=23, PE; n=21. Analysed via (A) 2-way
ANOVA with repeated measurements and Tukey post hoc testing, (B) Student’s #-test for unpaired observations.
Statistical significance defined as *p<0.05; **p<0.01.
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Figure 24: Contact between vessels and RBCs required for induction of endothelial dysfunction. (A)
Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) and (B) endothelial-independent
vascular responses to sodium nitroprusside of mouse aortic rings following overnight incubation, with transwell
(pore size, 0.4 pm) permeable inserts, and RBCs from healthy pregnant (HP) or preeclamptic (PE) in DMEM
media. Data expressed as mean + SEM; n=3; analysed via a two-way ANOVA with repeated measurements and
Tukey post-hoc testing. Statistical significance defined as *»p<0.05.
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In summary, the findings of study III bring to light the RBC as a novel mediator of ED in PE,
in part via arginase-dependent and oxidative stress-dependent mechanisms. These mechanistic
insights may pave the way for the future development of pharmacological drug targets focused
on PE RBCs. In addition, based on the observed significant linear correlation of RBC arginase
activity and PE severity, further research is warranted investigating the role of RBC arginase

activity in propagating the clinical maternal manifestations in PE in vivo.

34 STUDYIV

Effects of dietary nitrate supplementation on blood pressure and gestational outcomes in
preeclamptic women: a double-blind, randomised-controlled pilot study (NITBEETPE)

As highlighted in section 1.6.4. clinical trials investigating novel therapeutic options to boost
NO in PE have been unpromising. Together with previously evidenced dysregulated NO
homeostasis and hypoxic utero-placental circulation, in study IV we aimed to investigate the
potential salutatory cardiovascular effects of dietary nitrate supplementation in preeclamptic
women. Study IV was a small pilot trial to investigate study protocol feasibility and inform the
design of a larger RCT.

3.4.1 Clinical characteristics of study population & feasibility

The clinical characteristics of the study population for study IV is shown in Table 3. Overall,
22 women with PE completed the full study protocol, with 5 HP women recruited as baseline
experimental controls. All clinical characteristics of placebo vs intervention groups were
comparable. Whereas, gestational age at baseline (Day 0) was significantly different between
HP vs placebo and treatment groups.

In total, 45 women were identified as eligible, 86.7% of which agreed to participate. Of the 39
women allocated to a study arm, only 22 completed the full protocol (56.4%). In patients who
completed the full protocol, self-reported intake aligned with plasma, saliva and urinary nitrate
and nitrite levels (Figure 26). The majority of dropouts were a result of non-study related
clinical intervention mid-protocol, including delivery before follow-up and rediagnosis to
gestational hypertension. This highlights the challenges of conducting clinical trials in
preeclamptic populations specifically, including diagnostic difficulty and the dynamic, often
unpredictable nature of PE pathogenesis.
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Table 3. Clinical characteristics of study population.
o Tk T pvae

Maternal Age, mean (SD) 33+£3 32+£5 34+£5 0.6492
Severe PE, n (%) 0(0) 6 (50) 2 (20) 0.12
Gestational age, (wk)

Baseline 39+2 33 +£3%x 34 +£3% 0.0059*

Delivery 40+2 37+2 37+£3 0.0739
Body Mass Index, (kg/m?) Mean (SD) 21.0+24 274+7.7 302+5.6 0.0724
History of PE, n (%) 0(0) 1(8.3) 2 (20) 0.481
Nulliparous, (%) 3 (60) 10 (83.3) 8 (80) 0.165
Caesarean Section, 1 (%) 3 (60) 7 (63.6) 5(50) 0.632
Newborn Weight, (g) Mean (SD) 3649 + 745 2621 +781 2910 + 505 0.085
SGA, n (%) 0(0) 3(27.3) 0(0) 0.143
Prematurity, n (%) 0(0) 4(33.3) 4 (40) 0.345
Smokers, n (%) 1(20) 0(0) 0(0) 0.111
Medication days during juice intake, n (%)

Trandate 10(83.3) 8(80.0) 0.84

Adalate 5(41.7) 5(50.0) 0.69

Amlodipine 2(16.7) 4 (40.0) 0.22

Apresolin 1(8.3) 1 (10.0) 0.89
Medication changed over juice intake days, n (%) 5(41.7) 4 (40) 0.94
HP, healthy pregnant; BMI, body mass index; SGA; small for gestational age; n, number of participants; wk, week; CI,
95% confidence intervals; SD, standard deviation. Parametric variables: Chi-squared test (dichotomous variables); 1-way
ANOVA with repeated measures and Tukey post-hoc testing (continuous data); Nonparametric variables; Kruskal-Wallis
test (continuous data). Statistical significance defined as *p<0.05; ** p<0.01; vs HP, and # between all groups in row.

3.4.2 Blood Pressure

Office BP was not significantly changed following 7-day supplementation of dietary nitrate in
PE women, compared to placebo (Figure 25), although a trend towards an increase in DBP
(p=0.057) was observed. These findings align with the previous report investigating dietary
nitrate supplementation in borderline hypertensive women'8’. However, it is important to note
that both study IV and Ormesher et al'® observed significantly greater variability in blood
pressure measurements (~8-18 mmHg) compared with estimated variability utilised in power
calculations (~7 mmHg), the latter having been based on previous dietary nitrate
supplementation studies in non-pregnant, mostly male populations. These data will inform a
larger RCT, considering gender and pregnancy in estimation of effect size within this specific
population.
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Figure 25. Comparable office blood pressure measurements in placebo vs treatment arms. Change in office
(A) SBP and (B) DBP from baseline (mmHg). SBP; systolic blood pressure, DBP; diastolic blood pressure. Data
are presented as mean+SD. n=9-12. Statistical significance defined as *p<0.05.

3.4.3 Circulating NOx homeostasis

Despite no changes in blood pressure, plasma and salivary nitrate and nitrite both increased
from baseline to post-intervention in treatment vs placebo arms (Figure 26A-D). Only urinary
nitrate was increased post intervention in treatment vs placebo arms (Figure 26E). Plasma
cGMP remained unchanged between groups at baseline and post-intervention visits (Figure
26F).

To assess any potential impact of inter-patient variability between plasma nitrate and nitrite
levels vs blood pressure responses, we conducted correlation analyses of changes in SBP and
DBP vs plasma nitrate and nitrite measurements (Table 4), however no significant associations
were observed. These findings were similarly observed in saliva and urinary nitrate and nitrite
when compared with changes in SBP and DBP. However, we did observe a trend (p=0.08)
towards a negative linear correlation between SBP and salivary nitrate in the treatment group,
suggesting a potential dependence of blood pressure responses on individual enterosalivary
capacity.
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Figure 26. Dietary nitrate supplementation alters NOx concentrations in plasma, saliva, and urine but not
plasma cGMP (A, B, F) Plasma, (C, D) Saliva, (E) Urine concentrations of (A, C, E) nitrate (uM), and (B, D)
nitrite (uM) and (F) cGMP in placebo and treatment groups at baseline and post-intervention. Data are presented
as meantSD. n=9-12. Analysed with 2-way ANOVA with Bonferroni post-hoc testing. Statistical significance
defined as *p<0.05; ** p<0.01; ***p<0.0001; ****p<0.00001, comparisons between indicated groups.
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Table 4. Changes in Plasma, Salivary and Urine NOX levels are not associated with
changes (A) in blood pressure.
Placebo Treatment
ASBP ADBP ASBP ADBP
(mmHg) (mmHg) (mmHg) (mmHg)
APlasma NOz 0.132(0.25) 0.035(0.56) 0.07 (0.47) 0.0002 (0.97)
APlasma NOs 0.057 (0.46) 0.014 (0.71) 0.022 (0.26) 0.018 (0.26)
ASaliva NOy 0.095 (0.421) 0.017 (0.70) 0.421 (0.08) 0.109 (0.39)
ASaliva NOs 0.036 (0.57) 0.15(0.24) 0.13 (0.34) 0.0006 (0.95)
AUrine NO? 0.079 (0.43) 0.018 (0.71) 0.074 (0.44) 0.012 (0.76)
AUrine NOs 0.067 (0.80) 0.045 (0.58) 0.009 (0.80) 0.033 (0.61)
Linear correlation analyses comparing plasma, salivary and urine nitrate, and nitrite vs changes in systolic
(SBP) and diastolic (DBP) blood pressure. NO;; Nitrite, NOs; Nitrate. Data presented as; R? (P value).
Data analysed via Pearson linear regression. n=9-12 per group.

3.4.4 Nitrate-independent improvement of ED induced by RBCs from patients with
PE

In study III we highlighted RBCs as a novel mediator of ED in PE. Additionally, in the same
study, stimulating the nitrate-nitrite-NO pathway via concomitant treatment with nitrite,
ameliorated the PE RBC-induced endothelial dysfunction. Considering these findings, we first
aimed to further support our previous ex vivo findings regarding RBC-endothelial
interaction(s), and we were curious as to whether in vivo dietary nitrate supplementation would
similarly confer beneficial endothelial effects to erythrocrine function. To do this, we utilised
the ex vivo approach from study II and 1l with washed RBCs from HP and PE women (placebo

and intervention groups).

Similarly to study III, we observed significant ex vivo ED in healthy murine aorta following
overnight incubation with RBCs isolated from PE vs HP women at baseline (Figure 27A). The
degree to which PE RBCs-induced ED at baseline was comparable between placebo and
treatment arms (Figure 27C). Baseline endothelial-independent responses were comparable
between all groups. In contrast, RBCs isolated from post-intervention samples did not induce
an ED for both placebo and treatment groups, as demonstrated by comparable ACh-induced
vasorelaxation responses (Figure 27C, D). Post-intervention RBCs had no impact on
endothelial-independent responses. These findings suggest beneficial nitrate-independent
effects on erythrocrine function and interaction with the endothelium.
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Figure 27: Both placebo and dietary nitrate supplementation prevent PE RBC-induced ED (A, B)
Endothelial-dependent vasorelaxation response curve to acetylcholine (ACh) of mouse aortic rings following
overnight incubation with (A) Control, RBCs from healthy pregnant (HP) or preeclamptic (PE) mothers, stratified
by group at baseline. (B) Control, RBCs preeclamptic (PE) mothers who received placebo or dietary nitrate
(treatment) supplementation post-intervention. Control incubation denotes incubation without RBC. Maximum
ACh (100 mmol/L) induced vasodilation at (C) baseline and (D) post-intervention. Data expressed as (A, B) mean
+ SEM, (C, D) mean = SD. Experimental replicates, control, n=67; HP, n=15, Placebo, n=38; Treatment, n=30.
Biological replicates, HP, n=5, Placebo, n=9; Treatment, n=8. Analysed via (A, B) 2-way ANOVA with repeated
measurements and Tukey’s post hoc testing, (C, D) one-way ANOVA with Tukey’s post hoc test. Statistical
significance defined as *»<0.05; ** p<0.01; ***p<0.0001. comparisons between (A, B) *PE RBC Treatment vs
Control, #PE RBC Placebo vs Control, 1PE RBC Treatment and PE RBC Placebo vs HP RBC, (C, D) indicated

groups.

3.4.5 Circulating markers oxidative stress comparable between arms

To determine whether dietary nitrate supplementation reduced the systemic oxidative stress
associated with PE, we measured systemic mediators of oxidative damage and inflammation;
TF, CP and metHb in whole blood via EPR. No significant differences were observed in
placebo vs treatment arms both at baseline and post-intervention (Figure 28). Although, CP:TF
indicated a potential nitrate-dependent systemic antioxidant effect post-intervention,
demonstrated by a trend towards decreased CP:TF. These findings suggest potential nitrate-

dependent systemic antioxidant effects.
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Figure 28: EPR quantification of Transferrin, Ceroplasmin and metHb signal in whole blood. Blood
samples from placebo and treatment PE women were collected at baseline and post-intervention visits, and
subsequently quantified for (A) Transferrin (TF), (B) Ceroplasmin (CP) and (D) methaemoglobin (MetHDb).
(C) Displays the calculated ratio between CP and TF. Data analysed via 2-way ANOVA with Bonferroni
post-hoc testing. n=8 per group. Statistical significance defined as *p<0.05.

In summary, the experimental findings from study IV provided further evidence of a role of the
RBC as a mediator of the ED observed in PE. Further, in our model, this dysregulated
erythrocrine function in PE can be targeted via in vivo beetroot juice consumption, in a nitrate-
independent manner. Evidence continues to mount which supports the importance of a
homeostatic crosstalk between RBCs and the endothelium, which may provide a crucial
therapeutic target(s) between stages I and II of PE pathogenesis. Further research is warranted
to elucidate the alternative candidates within beetroot juice which may hold therapeutic
promise, and to further dissect PE erythrocrine function, their interaction(s) with the
endothelium and the dynamics of this phenotype over gestation.

This pilot study crucially highlighted the aspects of clinical methodology which need to be
addressed during the planning of a larger scale RCT. The beetroot juice shots were well
accepted and not associated with any adverse events. Although a challenge in robust clinical
preeclamptic research, the recruitment and retention of patients must be considered when

synthesising recruitment strategies and goals, including consideration of further support and
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visibility of the clinical research team and estimated completion time, to prevent
unrepresentative sample sizes and any negative impact on external validity of a larger study.
Before any firm conclusions are drawn regarding nitrate dependent or independent effects of
beetroot juice supplementation on blood pressure, sufficiently powered studies are required.
This is especially important due to the heterogenous, multifactorial nature of PE.

Over the last 20 years, ED has emerged as a key player in PE pathogenesis which unifies the
heterogeneity of PE, with some arguing that it is more important vs hypertension associated
with PE?®, To compliment the experimental findings of study IV, further non-invasive
investigation of endothelial function in vivo in preeclamptic patients will be conducted to assess
the therapeutic impact of dietary nitrate supplementation and the relative contribution of RBCs

in vivo.

3.5 STUDYV

Monocytes from preeclamptic women previously treated with Silibinin attenuate oxidative
stress in human endothelial cells

Elevated oxidative stress and inflammation are widely accepted as pathogenic mechanisms in
PE by which placental dysfunction radiates its effects systemically. This is associated with
saturation of both placental and systemic antioxidant capacities. PE is associated with
activation and an altered functional phenotype of monocytes. This results in increased
monocyte secretion of ROS and elevated cytokine secretion, which both contribute to
endothelial dysfunction?*2%, In study V, we aimed to investigate whether monocyte-derived
factors which drive systemic oxidative stress and inflammation, could mediate the systemic
ED observed in PE. In addition, the therapeutic value of treatment with Silibinin (Sb) on
monocyte activation. To do this, we co-incubated supernatants collected from PBMCs isolated
from PE and HP women, with HUVEC in vitro.

3.5.1 Clinical characteristics of study population

Analyses of the clinical characteristics is presented in Table 5. There were no differences in
maternal age and gestational age at diagnosis between groups. As expected, both systolic and
diastolic blood pressures, as well as proteinuria concentration, were significantly greater in PE
vs HP women.

Table S. Clinical characteristics of study population at diagnosis
HP PE

(n=10) (n=10)
Maternal Age (years) 27 (19-39) 29 (18-40)
Gestational age (wk) 36 (29-40) 34 (28-39)
Systolic Blood Pressure (mmHg) 110 (80-120) 160 (140-210)*
Diastolic Blood Pressure (mmHg) 65 (63-70) 110 (90-125)*
Proteinuria (mg/24h) <300 960 (320-1880)*
Data presented as median (range). Healthy (HP) vs preeclamptic (PE) women. Analysed via Mann
Whitney-U test; Statistical significance defined as p<0.05; *vs HP
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3.5.2 Silibinin treatment significantly reduces pro-inflammatory cytokine secretion
from PE-isolated monocytes

In accordance with previous reports, pro-inflammatory cytokine secretion (IL-f and TNFa)
from monocytes isolated from PE women (PE-PBMCs) was significantly greater than those
isolated from HP women (HP-PBMCs). Whereas the anti-inflammatory cytokine; IL-10 was
significantly decreased in PE-PBMCs vs HP-PBMCs (Table 6). Sb is the active component of
the polyphenolic flavonoid; Silymarin, which has been used as an anti-inflammatory agent for
>2,000 years?*®. More recently, in vitro Sb treatment reduced mRNA and protein levels of pro-
inflammatory cytokines (IL-1p, IL-18 and TNF-a) in PE-PBMCs vs non-treated controls, via
suppression of NF-kB activation and signalling?®’. In accordance with this, when cultured in
the presence of Silibinin, levels of secreted IL-f and TNFa were significantly reduced, and IL-
10 was significantly increased in PE-PBMCs vs non-treated PE-PBMCs (Table 6).

Table 6. PBMC supernatant cytokine concentrations +/- Silibinin treatment

Cytokines Sb- T Sb+ Sb- T Sb+
IL-1 B (pg/mL) 8719+ 19.22 8125+1698 | 590.71+£97.65° | 20004+ 5586*
TNF-0 (pg/mL) 26.82 +6.28 29.80 +6.76 314.68 +5524" | 173.86+30.27*
1L-10 (pg/mL) 181462260 | 167.63+20.23 88.00 + 4,47 93.16 + 4.66*

Data presented as median (range). Healthy (HP) vs preeclamptic (PE) women. Sb; Silibinin, IL-1 f3;
Interleukin-1 beta; TNF- a; tumour necrosis factor-alpha; IL-10; interleukin-10. Analysed via 1-way ANOVA
with multiple comparisons with Bonferroni’s post hoc testing; Statistical significance defined as p<0.05; *vs
PE Sb+; # vs HP Sb-.

3.5.3 Protective immuno- and redox-modulatory properties of Silibinin conferred to
endothelium

In an in vivo model of PE, Sb treatment was demonstrated to reduce SBP, proteinuria, liver

pro-inflammatory cytokine levels and improved fetal outcomes vs controls®®

. These findings
stimulated us to investigate whether the anti-inflammatory effect of Sb on PE-PBMCs was

associated with the previously observed beneficial cardiovascular effects.

Using an in vitro model, we investigated the impact PE-PBMC derived factors on HUVEC.
When HUVEC were incubated with PE-PBMC vs HP-PBMC supernatant, we observed
increased malondialdehyde (MDA), a major product of lipid oxidation and index of the level
of oxidative stress. Exposure to supernatant from PE-PBMCs which were treated with Sb,
significantly decreased the levels of MDA in HUVEC supernatant compared with non-treated
PE-PBMC supernatant (Figure 29). MDA concentrations in HUVEC supernatant remained
unchanged following exposure to HP-PBMC + Sb supernatants vs non treated HP-PBMC
supernatants. Cell viability was not reduced in any experimental groups vs control. These data
suggest that PE PBMC-derived factors elevate oxidative stress in HUVEC compared with HP
PBMC-derived factors, and that Sb treatment prevents PE PBMCs from inducing oxidative
stress in HUVEC.
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Figure 29. MDA concentration in HUVEC supernatants following 24hrs incubation with PE- and HP-
PBMC supernatants. Prior to HUVEC incubation, PBMCs were incubated +/- Silibinin (Sb). PE; preeclampsia,
HP; healthy pregnant women. Data presented as mean + SD. Statistical significance defined as p<0.05 vs *PE Sb-
; #PE Sb+.

Next, we investigated whether NO homeostasis in HUVEC was modulated by HP- vs PE-
PBMC supernatants. Following 24hr incubation with HP- and PE- PBMC supernatants,
HUVEC DAF-FM Diacetate fluorescence signal was comparable between groups. No changes
in DAF-FM signal were observed following Sb treatment. Although it is important to consider
the highly reactive properties and short-half-life of NO, as well as the known low extracellular
NO output from endothelial cells, makes direct quantification of authentic local NO availability

challenging?”

. We next measured nitrite and nitrate, as surrogate markers for NO. Nitrate
levels in HUVEC supernatants were significantly increased when exposed to PE-vs HP-PBMC
supernatants, whereas nitrite levels remained comparable. No effect of Sb treatment was
observed on nitrate levels in HUVEC supernatants. Whereas Sb-treated PE-PBMC
supernatants induced a significant increase in HUVEC supernatant nitrite concentration vs non-
treated PE-PBMC supernatants (Figure 30). These data suggest that PBMCs have the capacity
to alter NO homeostasis in the endothelium during PE. Further, that Sb treatment facilitates

PE-PBMCs to mediate an increase in NO bioavailability the endothelium.
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Figure 30. Nitrate (A) and nitrite (B) concentrations in HUVEC supernatants following 24hr incubation
with PE and HP PBMC supernatants. Prior to HUVEC incubation, PBMCs were incubated +/- Silibinin (Sb).
PE; preeclampsia, HP; healthy pregnant women. Data presented as mean + SD. Statistical significance defined as
p<0.05 vs *PE Sb-; #PE Sb+.
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Considering that elevated oxidative stress and cytokines induce activation of HO-1, the
expression of which exhibits antioxidant and anti-inflammatory properties, we next
investigated if it played a role in the observed salutatory effects of Sb treatment. Indeed, higher
levels of HO-1 were observed in HUVEC supernatants following incubation with Sb-treated
PE-PBMC:s vs non-treated PE-PBMCs (Figure 31). In accordance with our earlier findings, Sb
treatment had no effect on HO-1 levels in HUVEC supernatants following incubation with HP
PBMC supernatants. Based on the previous findings indicating increased oxidative stress and
reduced NO bioavailability in HUVEC supernatants when incubated with PBMCs from PE vs
HP women, we expected to observe a concomitant elevation of HO-1 levels. However, when
PE vs HP PBMC supernatants were incubated with HUVEC, HO-1 levels were comparable
(Figure 31), suggesting that Sb treatment provides a much-needed boost in HUVEC HO-1
induction in our model, following exposure to PE-PBMC supernatants.
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Figure 31. Heme-oxygenase 1 (HO-1) concentrations in HUVEC supernatants following 24hr incubation
with PE- and HP-PBMC supernatants. Prior to HUVEC incubation, PBMCs were incubated +/- Silibinin (Sb).
PE; preeclampsia, HP; healthy pregnant women. Data presented as mean + SD. Statistical significance defined as
p<0.05 vs *PE Sb-.

In summary, study V provides a glimpse into the complex interaction between monocytes and
the endothelium in PE, whereby PBMCs from PE women have the capacity to mediate elevated
oxidative stress and reduce NO bioavailability in HUVEC in vitro. Further, that the anti-
inflammatory effects of Sb treatment on PBMCs alters their phenotype. This results in a less
deleterious interaction between PBMC-derived factors and the endothelium, which is in part
mediated via reduced secretion of pro-inflammatory cytokines and elevated endothelial HO-1
signalling. Further studies are warranted to confirm these findings, and to dissect the exact
deleterious circulating factors released from PBMC:s. In general, these findings support the role
of monocyte-derived deleterious factors, including cytokines, in the propagation of the
systemic state of oxidative stress via the endothelium. Finally, antioxidant approaches may be
beneficial in reducing monocyte secretion of these factors, thus reduce this monocyte-
mediation of PE pathogenesis.
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4 CONCLUSIONS

Study I: Novel evidence that dietary nitrate is beneficial in the prevention of liver steatosis
pathogenesis in a NOS-independent manner. These salutatory effects are mediated by
modulation of AMPK signalling and reduction of NOX-derived oxidative stress. The outcome
of which includes decreased synthesis of fatty acids, increased fatty acid oxidation, and

ultimately decreased accumulation of lipids in the liver.

Study II: RBC eNOS per se is a key modulator of erythrocrine and endothelial function. A
lack of RBC eNOS induces ED in adjacent vessels ex vivo. Mechanistically, this deleterious
interaction is mediated in part via arginase and NOX-derived oxidative stress, which results in
the disruption of the delicate balance between NO and ROS within the vascular

microenvironment, leading to oxidative stress.

Study III: RBCs are novel mediators of the maternal systemic ED in PE. Exposure of healthy
vessels to RBCs from PE induces ED via mechanisms including increased vascular oxidative
stress and modulation of arginase activity. RBCs from PE patients have higher arginase activity
and expression, which is correlated to disease severity, this suggests a novel association

between RBC arginase and blood pressure.

Study IV: Dietary supplementation with concentrated nitrate-rich beetroot juice (~400mg
nitrate) for 7-days was well accepted and considered safe in preeclamptic women, with no
adverse events reported. Self-reported intake of juices aligned with plasma, saliva and urinary
nitrate and nitrite levels. The findings from this pilot study will inform the planning of a larger
full-scale RCT with sufficient sample sizes. Even utilising the most robust methodology,
variability in blood pressure measurements in pregnant women is high. This will be addressed
in future via estimation of effect size variability and by introducing other measures of vascular
function, such as in vivo FMD, and by investigating microcirculatory function. Further
research is warranted to examine the nitrate-independent effects on the interaction between

RBCs and the endothelium in PE, which include appropriate controls.

Study V: Monocyte-derived deleterious factors, including cytokines, propagate the systemic
state of oxidative stress via the endothelium in PE. Antioxidant approaches targeting this
deleterious monocyte phenotype show therapeutic promise, resulting in reduction of monocyte-
induced propagation of ED in PE.
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S POINTS OF PERSPECTIVE

The findings of the present thesis provide novel insights into the crucial intricate balance
between NO signalling and oxidative stress in the ubiquitous mediation of multiple
cardiometabolic sequelae. We provide further support for RBCs as important modulators of
this delicate balance and potential drug targets for endothelial dysfunction, a novel observation
in the context of PE. In addition, we highlighted the complexity of endothelial interactions with
PBMC:s in PE.

The use of dietary nitrate in the prevention of metabolic disease, specifically in the liver, is a
promising therapeutic option due to its boosting of systemic NO bioavailability, and subsequent
stimulation of cGMP/AMPK downstream signalling, as well as reducing NOX-derived
oxidative stress. Since the publication of study I, our findings have been independently

replicated by other groups?!%-2!!

and further proposed mechanisms of the beneficial effects of
dietary nitrate include increased adipocyte mitochondrial respiration and modulation of
immune cell function?'?, as well as reduced liver lipid content concomitant with decreased

mitochondria-derived ROS generation?!?

. In addition, dietary nitrate has been demonstrated to
possess equipotent antidiabetic efficacy to metformin in vivo. However, nitrate was superior in
the protection of vascular function and development of hypertension*'4. Importantly, the
beneficial metabolic effects of inorganic nitrate and nitrite in health and disease have
predominantly been observed in in vivo and in vitro experimental studies. Therefore, to assess
their potential to combat the increasing global burden of metabolic diseases and associated
comorbidities, clinical investigations are warranted to determine their preventative and
therapeutic effects. Currently, clinical studies are recruiting for dietary nitrate intervention

studies focused on T2D patients, specifically their exercise tolerance and ex vivo RBC function.

We provide further evidence for the RBC as a key player in the regulation of endothelial
function; however much remains to be elucidated in this emerging field before they can be
targeted per se in patients with vascular pathologies. Findings from the present thesis and other
publications have begun to dissect the specific mechanisms by which RBCs and the
endothelium interact, however, the identified key mechanistic players thus far are largely
disease-specific, although elevated oxidative stress is commonplace. In studies investigating
RBCs from T2D and COVID-19 patients, arginase has been associated with dysregulated
erythrocrine function®, the former independent from glycaemic control'32. Similarly, we
observed elevated RBC arginase activity in PE patients, which correlated with PE severity. We
also demonstrated the role of RBC eNOS in this interaction, which was previously observed to
independently regulate blood pressure experimentally in vivo'?. Further clarification regarding
the differing mechanisms between diseases is warranted before any future development of
pharmacological targets focused on RBCs.

Future studies investigating the mechanistic interplay been RBCs and the endothelium should
consider the following. First, further evidence is required to support RBC-induced ED in vivo.
Although a strength of the ex vivo model used in the present thesis is that it facilitated the
investigation of RBCs specifically on endothelial function, it is a reductionist approach when
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considering the milieu of circulating factors which collectively impact the endothelium in a
highly dynamic manner. This is especially true when considering the propagation of PE from
stage 1 to stage 2 via the maternal circulation. However, this ex vivo approach will be beneficial
for further mechanistic insight into the transmission of RBC-endothelial communication. We
observed that the deleterious interaction between PE RBCs and the endothelium was contact-
mediated, and indeed abnormal adhesion of RBCs, and in turn disruption of the cell-free zone,
has been associated with vascular disorders, including sickle cell anaemia and T2Ds?!>27,
Other candidate routes of communication may include RBC export of signalling molecules via
protein transport channels, diffusion of oxidative species, and RBC-derived extracellular

vesicles.

During disease states RBCs are enriched with exosomes and microvesicles®!8, the cargo of
which has been shown to modulate arterial tone via reducing endothelial NO bioavailability
and elevating oxidative stress?!?. In the context of PE, extracellular vesicles (exosomes and
microvesicles) have been postulated to mediate maternal vascular dysfunction. Indeed a ~58%
increase in RBC-derived microparticles in severe PE vs normotensive pregnant women was
reported??’. These have been shown to trigger the endothelium to release pro-inflammatory and
pro-oxidative factors??!, reduce endothelial-dependent vasorelaxation ex vivo and reduce cell
migration, endothelial barrier integrity and downregulate eNOS expression in human aortic
ECs in vitro**?. Further investigation into the characterisation of the cargo of RBC-derived
extracellular vesicles and their impact on endothelial function in PE would be of interest.

Many questions remain from the findings of the current thesis regarding PE, leaving
considerable scope for further investigation. A vicious cycle of systemic oxidative stress and
inflammation are hallmark features of PE, however, the complex signalling relationship(s) of
how RBCs and PBMC-derived factors, alongside other evidenced factors, interact to propagate
them remains unknown. The lack of successful clinical studies further highlights this
complexity. Further, assessment of the temporal dynamics of erythrocrine function alongside
endothelial function in PE would be valuable to establish whether RBCs mainly act to initiate

or propagate vascular dysfunction.

The risk factors and clinical manifestations of PE are predominately concerning the
cardiovascular system, and the disease is associated with premature CVD in women!*’. ED has
been demonstrated to precede the onset of the clinical manifestations and remain during
pregnancy and 3 years postpartum!”!. The present thesis supports the maternal cardiovascular
system being central to PE pathogenesis. It is widely accepted that circulating factors mediate
PE pathogenesis between stages 1 and 2, and the studies within the present thesis expand this
knowledge. Mechanistically, approaches to observing the isolated effects of these factors are
valuable, however, their endothelial impact in vivo is the crucial next step for investigation.
Although it remains a challenge to conduct robust clinical studies in this population, largely
due to the heterogeneity, diagnostic challenges, and unpredictable nature of the disease, they
are essential to develop much required therapeutic strategies.
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