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Abstract

Exposure to ambient air pollution is associated with increased morbidity and
mortality, contributing to an estimated 7-9 million premature deaths annually
worldwide. ~ While its effects on the respiratory system are well documented,
epidemiological studies have also linked air pollution to diseases in extra-pulmonary
organs, including the kidneys. Air pollution comprises a complex mix of gases, liquids
and particulate matter (PM), with ultrafine particles (<0.1pm) posing significant
risks due to their large surface area-to-mass ratio, capacity to carry surface chemicals
and ability to reach remote organs. Diesel exhaust particles (DEP) are a major source
of ultrafine PM in urban settings. I hypothesise that nanoparticles in diesel exhaust
can reach and sequester in the kidney, compromising renal function through

inflammation, oxidative stress and promoting renal vascular dysfunction.

Particles can exert extra-pulmonary effects by entering the bloodstream and
sequestering in distant organs. To investigate this pathway in the kidneys, mice were
administered gold nanoparticles of various sizes (2, 3-4, 7-8, 14 and 40 nm) via
pulmonary instillation/inhalation twice weekly for four weeks. Gold nanoparticles
were chosen as they can be synthesised in broadly the same size as particles in diesel
exhaust, gold is largely inert and there are a number of sensitive techniques to detect
it. Using inductively coupled plasma mass spectrometry, gold was detected in the
blood, urine and kidney in a size-dependent manner, with a statistical significance

cutoff of <7 nm.

The renal effects of acute exposure to DEP were investigated. Mice instilled with



a single dose of reference material DEP (SRM 2975, NIST) exhibited pulmonary
inflammation, evidenced by an increased total cell count (TCC) in the
bronchoalveolar lavage fluid (BALF), primarily due to neutrophil infiltration.
However, systemic inflammation was minimal, with only slight elevation in a few
markers. DEP exposure did not upregulate kidney injury molecule-1 (KIM-1; early
marker of kidney injury) or tumour necrosis factor alpha (TNF-a) expression in renal
tissue. These results suggest that the dose and/or length of exposure may have been

insufficient to induce renal effects.

To further investigate, mice were exposed to DEP for four consecutive weeks
(twice weekly), which resulted in pulmonary inflammation, evidenced by elevated
BALF TCC, but had no impact on markers of systemic inflammation. Prolonged
exposure did not affect kidney function, as indicated by unchanged mRNA expression
of injury and inflammation markers in renal tissue, no changes in urinary excretion of
KIM-1 and unaltered kidney morphology in histological assessments. The effect of
DEP on renal vascular function was assessed in vitro using wire myography. Renal
artery sections from healthy mice were exposed to DEP, either alone or with
superoxide dismutase (SOD), in the myograph bath. DEP did not change the vascular
reactivity to the adrenergic-dependent vasoconstrictor phenylephrine (PE) but caused
a rightward shift in the dose-response curve of the endothelial-dependent vasodilator
acetylcholine (ACh). A significant increase in the endothelial-independent vasodilator
sodium nitroprusside (SNP) EC5g was noted following DEP addition, which was not
reversed by the addition of SOD. To assess ex vivo effects, vascular reactivity of renal
artery rings from mice chronically exposed to DEP was tested. While no overall
changes were observed between the DEP and control groups, the ACh ECsg in the
DEP group was significantly lower with a leftward shift in dose-response curve,

indicating potential DEP-induced vascular hypersensitivity.

Given the limited effects of DEP in healthy mice, a mouse model of
hypertension-induced kidney injury was utilised. Mice were fed a high-salt diet (3%

Na®t) and implanted with osmotic minipumps delivering exogenous angiotensin II

vi



(500 ng/kg/min), while receiving DEP twice weekly. The study was terminated after
two weeks due to mice suffering spontaneous aortic ruptures. DEP exposure did not
induce systemic inflammation or alter renal mRNA expression of genes associated
with kidney injury, inflammation or fibrosis. However, there was a trend towards
increased renal transcript levels of the angiotensin receptor and oxidative
stress-related genes (SODS& and endothelial nitric oxide synthase-eNOS) in mice

exposed to the combination of angiotensin II, a high-salt diet and DEP.

In summary, despite nanoparticles having the ability to reach the kidney and to
induce pulmonary inflammation, limited effects of DEP were seen in healthy mice. In
a model of kidney injury DEP showed indications of oxidative stress and
inflammation. Future studies should consider longer exposure periods of DEP,
different sources of air pollution and other models of susceptibility to kidney injury.
These results underscore the potential for air pollution to exacerbate underlying
health conditions, emphasising the importance of stringent air quality regulations and

targeted public health interventions.

Covid-19 impact statement

Since all research presented in this thesis was conducted in a laboratory, it was
significantly impacted by the Covid-19 pandemic. Five months into my PhD, the first
lockdown began and I lost access to the lab for the next six months. Even after regaining
access, strict regulations within our institute caused further delays over the next year.
Limited lab occupancy restricted access to equipment, while social distancing rules
made training on new procedures and animal work with chronic exposure protocols
(which were the priority at this point), very challenging. Delays in consumable deliveries
and coordinating multi-departmental work further hindered progress. As a result, some
of the experiments and assays originally planned could not be performed in the available
time. This thesis was written after the end of the funding period around full time

employment.

vii



Lay abstract

Air pollution is a major health concern, causing an estimated 7-9 million early
deaths each year globally. While its harmful effects on the lungs are well-known,
recent studies have also linked exposure to air pollution to diseases in other organs,
including the kidneys. Air pollution is made up of a mix of gases, liquids and tiny
particles. Among these, ultrafine particles (nanoparticles <0.0001 millimetre) are
especially dangerous because they can carry harmful chemicals on their surface and
once inhaled can reach various organs in the body. In cities, diesel exhaust is a major
source of these ultrafine particles. I hypothesise that particles from diesel exhaust can

travel to the kidneys and cause damage by triggering inflammation and cellular stress.

To test this, I used gold nanoparticles of various sizes that are similar in size to
diesel exhaust particles and the mouse as a model. Gold is safe to use in experiments
and reliable methods exist to detect it in the body. I exposed mice to these gold
nanoparticles through their lungs twice weekly for four weeks. At the end of the
experiment, a sensitive technique was used to measure the concentration of gold in
the blood, urine and kidneys of the mice. Gold, especially smaller particles, was found
in all tissues, showing that inhaled nanoparticles can reach and accumulate in the

kidney.

Next, I studied the effects of short-term exposure to diesel exhaust particles (DEP)
on the kidneys. Mice exposed to a single dose of DEP showed inflammation in the
lungs, but no significant inflammation throughout the body. There was no increase in

markers of kidney injury or inflammation in the kidney tissue. This suggests that a

viii



single exposure might not be sufficient to cause substantial kidney damage.

Next, I investigated the effects of long-term exposure to DEP on function of the
kidney and the artery delivering blood to the kidney. Mice were exposed to DEP twice
weekly for four consecutive weeks. This prolonged exposure caused lung inflammation
but no inflammation throughout the body and did not affect kidney function at the
molecular or structural level. 1 also tested whether DEP could affect the ability of
the arteries leading to the kidney ("renal arteries") to contract and relax, which would
control the delivery of blood to the kidney. I isolated kidney arteries from healthy
mice and directly exposed the vessels to DEP. Results showed that when DEP was
present vessels were less able to relax. I then tested how vessels from mice chronically
exposed to DEP to the lungs would react. Although there were no major effects of
DEP, some arteries became more sensitive in some conditions, suggesting there was a

counter response to DEP when it was administered to the lungs.

Given the limited effects of DEP in healthy mice, I used a mouse model of kidney
injury caused by high blood pressure. These mice were fed a high-salt diet and received
a hormone called angiotensin II through small pumps, while also being exposed to
DEP twice weekly. Despite these conditions, DEP exposure did not cause widespread
inflammation or changes in kidney genes related to injury, inflammation or scarring.
However, there was a tendency for increased levels of genes related to cellular stress in
the kidneys of mice exposed to the combination of a high-salt diet, angiotensin IT and

DEP.

In summary, while nanoparticles from diesel exhaust can reach the kidneys and
cause lung inflammation, they did not cause kidney damage in healthy mice. However,
there were signs that DEP may cause cellular stress in mice with pre-existing kidney
damage. Future studies should explore longer exposure to DEP, different types of air
pollution and other models of kidney disease. This study highlights the potential for
air pollution to worsen underlying health conditions and underscores the need for strict

air quality regulations to protect public health.
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Chapter 1

Introduction



1.1 Kidney disease

1.1.1 Acute kidney injury

One of the primary functions of the kidneys is the filtration and excretion of
nitrogenous waste products. Elevated levels of blood urea nitrogen (BUN) and
creatinine are indicative of impaired renal function, reflecting reduced clearance of
these metabolites. Acute kidney injury (AKI) is defined by a sudden decline in renal
function within 48 h, resulting in the accumulation of nitrogenous waste [1-3]. AKI is
associated with increased morbidity and mortality, affecting approximately 13.3
million individuals and contributing to an estimated 1.7 million deaths globally [4-6].
The incidence of AKI is notably high among hospitalised patients, estimated to affect
~20% of adults and >25% of children-incidence exceeding 50% in intensive care

settings [7-9].

Aetiology of AKI

The aetiologies of AKI are multifaceted and can be broadly categorised into pre-
renal, renal (intrinsic) and post-renal causes, each involving distinct pathophysiological
mechanisms that lead to compromised renal function (summarised in Figure 1.1) [2, 3].
Pre-renal azotemia, characterised by elevated nitrogenous waste in the blood, occurs
due to reduced renal perfusion resulting in decreased glomerular filtration rate (GFR)
without direct damage to the renal parenchyma. Given that the kidneys receive ~25%
of cardiac output, any disruption in systemic blood volume or isolated renal circulation
can significantly impact renal perfusion and function [10]. Aetiologies of pre-renal
AKI include: (1) hypovolemia, which may result from haemorrhage, burns, diuresis
or dehydration (secondary to vomiting, diarrhea, excessive sweating), (2) decreased
cardiac output, commonly associated with congestive heart failure or other states of
reduced cardiac output such as pericardial tamponade, (3) reduced vascular resistance
(peripheral vasodilation), occurring in conditions, such as sepsis, anaphylaxis or as an
adverse effect of vasodilatory medications, and (4) renal vasoconstriction, induced by

vasoconstrictive medications, anaesthesia or conditions such as hypercalcemia [2, 11].



Post-renal AKI occurs due to acute obstruction of urinary flow, leading to increased
intratubular pressure and a consequent reduction in GFR. This obstruction may also
impair renal blood flow and initiate inflammatory processes that further decrease GFR.
The obstruction can occur at any point in the urinary tract-from the renal tubules to the
urethra. Obstructions above the urethra typically need to affect both kidneys to cause
significant renal impairment, although patients with pre-existing renal insufficiency
may develop AKI with obstruction of only one kidney. Clinically, post-renal AKI may
manifest as anuria (complete absence of urine production), oliguria (low urine output),

polyuria (excessive urine output), nocturia (excessive urination at night) or nonoliguric

AKI [1, 12].

The aetiologies of intrinsic AKI encompass a range of insults affecting the four
major structures of the kidney: (1) the renal tubules, (2) the glomeruli, (3) the
interstitium and (4) the intra-renal blood vessels. AKI due to damage to the tubular
epithelial cells of the renal tubules is termed acute tubular necrosis (ATN), which is
the most prevalent form of renal AKI. The primary aetiologies of ATN are ischaemia
and nephrotoxicity from various exogenous compounds. Glomerular damage leading
to AKI is most commonly attributed to acute glomerulonephritis, characterised by
inflammation of the glomerulus. Interstitial damage-induced AKI occurs due to
interstitial nephritis, often resulting from allergic reactions to medications (commonly
antibiotics) or bacterial infections. Vascular damage causing AKI arises from injury
to intra-renal vessels, leading to reduced GFR. Such vascular damage can be induced
by conditions like malignant hypertension, renal artery stenosis, atheroembolic disease

and pre-eclampsia.
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Figure 1.1: Aetiology of acute kidney injury. Schematic diagram illustrating the three
main categories of acute kidney injury (AKI)-pre-renal, renal (intrinsic) and post-renal and
examples of underlying causes for each. |-decrease. Figure created by the author using
BioRender.

1.1.2 Chronic kidney disease

Chronic kidney disease (CKD) is defined as a sustained decline in renal function,
characterised by an estimated glomerular filtration rate (eGFR) below 60 mL/min/1.73
m? for at least 3 months, regardless of the cause [13, 14]. CKD presents a significant
global health challenge, affecting over 13% of the population worldwide [15] and 25-35%
of individuals over 65 [16]. In 2016 it was ranked as the 13'" leading cause of death
globally [17], with projections placing it as the 5™ leading cause by 2040 [18]. The
2012 Kidney Disease Improving Global Outcomes (KDIGO) guidelines classify CKD
into 5 stages based on eGFR and albuminuria [19]. The most common primary diseases

leading to CKD and ultimately end stage renal disease (ESRD) are type 2 diabetes (30—
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50%) and hypertension (27%) [20], with rising CKD prevalence partly attributed to the
ageing population but also the increasing incidence of these risk factors [21]. The burden
of CKD is compounded by its strong association with cardiovascular disease (CVD),
with CKD patients facing significantly higher risks of CVD, including heart failure [22],
peripheral vascular disease [23] and stroke [24]. As CKD progresses, the prevalence of
CVD increases [25], with cardiovascular mortality rates in dialysis patients significantly
increasing compared to the general population [26, 27]. This association is partly due
to the high prevalence of hypertension in CKD patients, which affects 70-80% of stage
1 CKD patients and >95% in stages 4 and 5 before dialysis initiation [28, 29]. The

renin-angiotensin-aldosterone system plays a crucial role in blood pressure regulation.

1.1.3 The AKI-CKD interplay

Historically, AKI and CKD were primarily differentiated by the duration of renal
function decline. However, emerging evidence suggests a closer interrelationship, with
each condition potentially exacerbating the other [30]. AKI is increasingly recognised as
an independent risk factor for both the initiation and acceleration of CKD progression.
Contrary to earlier beliefs that AKI survivors do not experience long-term consequences,
it is now well-established that these individuals have a heightened risk of developing
CKD and ESRD [31]. AKI induces a cascade of detrimental effects, including reduced
renal function, heightened inflammatory responses (such as neutrophil and macrophage
infiltration), tubular cell loss and the activation of fibrotic pathways [32]. In cases of
severe or repeated injury, maladaptive repair mechanisms can occur, characterised by
chronic inflammation, sustained reduction in renal function and structural changes,
such as interstitial fibrosis and permanent cell cycle arrest in tubular cells [33, 34].
These processes set the stage for CKD development. Conversely, CKD is also recognised
as a risk factor for AKI [35]. The chronic dysfunction inherent to CKD increases the
kidney’s vulnerability to even mild insults progressing into AKI episodes. Additionally,
the impaired regenerative capacity in CKD patients hinders recovery from AKI, leading

to further renal function decline and accelerating CKD progression [36].



1.1.4 The renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) is a sequential hormonal
pathway essential for regulating blood volume and blood pressure (BP) via the release
of angiotensin II and aldosterone (Figure 1.2). Juxtaglomerular (JG) cells, specialised
smooth muscle cells surrounding the afferent arteriole in the glomerular corpuscle,
function as high-pressure baroreceptors that detect changes in BP. When blood
volume or BP decreases, these cells synthesise prorenin, which is cleaved into the

active enzyme renin and released from secretory granules.

In the liver, renin cleaves the inactive angiotensinogen to form angiotensin I, which
is then converted by angiotensin-converting enzyme (ACE) in the lungs into angiotensin
IT (Ang IT). Ang II restores blood volume and BP through multiple mechanisms. It acts
as a vasoconstrictor by binding to angiotensin II receptor type 1 (AT1R), initiating a
signalling cascade that increases intracellular calcium, leading to vascular constriction

and elevated BP.

Ang II also maintains GFR under conditions of renal hypoperfusion by constricting
efferent arterioles, and to a lesser extent afferent arterioles. This increases the filtration
fraction (proportion of blood filtered across the glomerulus), enhancing water and salt

reabsorption due to the more concentrated blood exiting the glomerulus.

In the kidneys, Ang II directly stimulates sodium and water reabsorption by
increasing the activity of the sodium-hydrogen exchanger (Na™/H* antiporter) on the
apical surface of proximal convoluted tubule (PCT) epithelial cells, driven by
sodium-potassium ATPase. Ang II also induces aldosterone release from the adrenal
cortex. Binding of aldosterone to the intracellular mineralocorticoid receptors (MR)
upregulates the sodium-chloride cotransporter (NCC) in the distal convoluted tubule
(DCT) and the epithelial sodium channel (ENaC) in the collecting duct (CD),

therefore enhancing sodium reabsorption.

Furthermore, Ang IT promotes the release of antidiuretic hormone (ADH /arginine

vasopressin) from the posterior pituitary gland. ADH binds to V receptors on principal



cells in the late distal tubule and CD, leading to the phosphorylation and insertion of
aquaporin-2 (AQP2) into the apical membrane, facilitating water reabsorption. Ang II

also stimulates thirst through its action on the hypothalamus [37].
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Figure 1.2: Diagram of the renin-angiotensin-aldosterone system and the
hypertensive effects of angiotensin II. Juxtaglomerular cells surrounding the afferent
arterioles of the glomerulus detect decrease in blood pressure or volume and initiate a cascade
leading to the release of angiotensin IT (Ang IT). Ang II elevates blood pressure through multiple
mechanisms: promoting antidiuretic hormone release from the posterior pituitary, stimulating
aldosterone secretion from the adrenal gland, constricting afferent arterioles, inducing global
vasoconstriction and directly enhancing sodium reabsorption in the renal tubules. ACE-
angiotensin-converting enzyme, ADH-antidiuretic hormone, PCT-proximal convoluted tubule,
DCT-distal convoluted tubule, CD-collecting duct, GFR-glomerular filtration rate, RBF-renal
blood flow, TPR-total peripheral resistance, T-increase, |-decrease. Figure created by the author
using BioRender.



1.1.5 Angiotensin, salt and hypertension

Hypertension is characterised by a systolic pressure of >140 mmHg and/or a
diastolic pressure of >90 mmHg [38]. It is the leading preventable risk factor for CVD
and all-cause mortality globally. In 2010 it was estimated that nearly 1.4 billion
people, representing >30% of the global adult population, were affected by
hypertension, with approximately 10.5 million deaths attributed to the condition
[39, 40]. The prevalence of essential hypertension continues to rise due to increasing
lifestyle-related risk factors, including poor diet (high in sodium and/or low in

potassium) and insufficient physical activity [41].

The relationship between sodium intake and hypertension

Maintenance of osmotic pressure and water homeostasis in the extracellular space
relies on the precise regulation of sodium balance. More than 85% of daily sodium
intake comes from salt (sodium chloride, NaCl) consumption and ~90% of this sodium
is excreted by the kidneys [42, 43]. Historically, prior to the discovery of salt’s
preservative properties, daily salt intake was <0.25 g/day (0.1 g/day of sodium).
Currently, the global average salt intake has increased to 9-12 g/day (3.5-5.5 g/day of
sodium), exceeding the World Health Organization recommendation of <5 g salt per
day [38, 44]. This shift towards a high-salt diet is driven largely by the increased
production and consumption of processed foods [38] and is estimated to contribute to
1.89 million deaths annually [45]. The elevated salt intake imposes a significant

challenge on the kidneys’ ability to excrete the excess sodium.

Data from animal studies, observational studies and clinical trials demonstrate
a causal relationship between excessive salt consumption and hypertension [46-52].
Long-term high-salt diets (8 weeks) in rats have been shown to induce hypertension,
promoting renal injury through increased inflammatory cell infiltration, extracellular

matrix formation and reduced cell survival [48, 49].

Epidemiological studies suggest that hypertension prevalence increases with age

only when accompanied by high salt intake. For instance, the Yanomamo and Xingu



Indians of Brazil and rural populations in Kenya and Papua New Guinea consume diets
very low in salt (from <1 to 3 g/day), resulting in a hypertension prevalence of <5% [53].
Elevated BP was observed when members of these populations migrated to Westernised
societies and adopted high-salt diets. A study involving >100,000 participants from
18 countries reported a positive association between high salt intake and BP, which
was even more pronounced in the elderly, those with hypertension and individuals

consuming low-potassium diets [50].

Clinical trials have shown that reducing salt intake can lower BP. A meta-analysis
of 34 clinical trials demonstrated that reducing salt consumption to 4.4 g/day decreased
systolic and diastolic BP by 4.2 and 2.1 mmHg, respectively, with a stronger effect
observed in hypertensive individuals [51]. Similar results were observed in the TONE
study, where reduced salt intake in hypertensive, elderly individuals (n=681) resulted

in a reduction of systolic and diastolic BP by 4.3 and 2.0 mmHg, respectively [52].

1.2 Atmospheric pollution

1.2.1 Historical evidence for the relationship between air pollution

and human health

Our understanding of the adverse health effects of exposure to air pollution has
been growing over the last >60 years. The realisation that air pollution can have
significant effects on human morbidity and mortality was substantiated by several major
incidents in the first half of the 20" century [54]. In December of 1930 a thick and
almost motionless fog covered the Meuse Valley in Belgium, forming a toxic cloud
of pollutants from chimney exhaust, which resulted in a total of 60 deaths between
December 4 and 5 [55]. In October 1948 another environmental disaster took place in
Donora, Pennsylvania, in which industrial pollutants from a local smelting plant started
to accumulate in the air above Donora. This resulted in 20 sudden deaths, 400 people
were hospitalised and an estimated 5,000-7,000 individuals (of 14,000 residents) became
ill [56, 57]. In the UK, the most notable such environmental disaster was the Great

Smog in London in December 1952 [58]. In the 1930s and 1940s London above ground



transport comprised mainly of emission-free trams. However, these were replaced by
diesel buses (the last tram stopped operating just 5 months before the smog) and
by December 1952 there were 8,000 buses running, adding their fumes to the winter
fog. This, combined with the smoke from indoor heating (coal burning) during this
particularly cold winter and the windless conditions, formed a thick, dusty, smoky
layer over the city [58-60]. It was estimated that as a result in the weeks following the
smog >4,000 people died and thousands more suffered lifelong health problems. Recent

studies suggest that the number of fatalities is much greater-around 12,000 [61].

These tragic events had two important consequences. First, they prompted
environmental research and promoted public awareness of the effects of air pollution
on human health. Second, they lead to introduction of governmental regulations, such
as the Clean Air Act (1956) in the UK and the Clean Air Act (1963) and Air Quality
Act (1967) in the USA, which aim to reduce the levels of pollutants and extent of
toxicity [62]. Introduction of this legislature in the UK has significantly reduced
particulate air pollution-in London particulate concentration is now closer to 20-30
pg/m? compared to the 300 pg/m?® 70 years ago (and upward of 3,000 pg/m?3 in
December 1952) [58, 63, 64]. Nevertheless, air pollution remains a major public health
concern. Exposure to ambient (outdoor) air pollution (AAP) is associated with
increased morbidity (4.2% of global disability-adjusted life years) and mortality,
contributing to 7-9 million premature deaths per year globally (7.6% of total global
deaths) (the combined cost of life due to ambient and indoor air pollution reached 9
million deaths per year worldwide) [65-67]. AAP has been estimated to reduce global
life expectancy by ~1 year and up to ~1.2-1.9 years in heavily polluted countries in
Asia and Africa. These values are even higher in some countries in the Middle East
and North Africa, like Afghanistan, Sudan and Egypt, where reduction in AAP would
have increased life expectancy by 2.3, 2.2 and 2 years, respectively [68]. AAP also
poses an enormous economic burden equating to about 1-3 trillion US dollars per
year worldwide-a cost projected to reach 18-25 trillion US dollars by 2060 [69, 70]. A

5th

recent report placed air pollution as the risk factor for all cause disease, preceding
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traditional risk factors, such as poor diet and sedentary lifestyle [65]. Notably, global
reduction of air pollution to levels within the World Health Organization Air Quality
Guidelines [71] is expected to increase life expectancy to a similar magnitude as

eradicating both lung and breast cancer (~0.6 years) [72].

1.2.2 Components of atmospheric pollution

Air pollution is a complex cocktail of gases, liquids and particles (Table 1.1) and
their concentrations in the atmosphere depend on geographic location, meteorological
conditions, seasonality, topography, diurnal/seasonal cycles in solar radiation and
temperature [73]. Atmospheric pollutants may have a natural (volcanic eruptions,
wildfires, etc.) or anthropogenic (agriculture, burning of fossil fuels for transport,
industry and electricity generation, etc.) origin and are categorised as primary or
secondary. Primary pollutants are those directly emitted into the atmosphere, such as
particulate matter (PM), sulphur dioxide (SO2), nitrogen oxides (NOy, including
nitrogen monoxide (NO) and nitrogen dioxide (NOgz)), ammonia (NHs), carbon
monoxide (CO), methane (CHy), volatile organic compounds (VOCs), including
benzene, and certain metals and polycyclic aromatic hydrocarbons (PAH). Secondary
pollutants result from chemical and photochemical reactions of primary pollutants,
therefore their levels are much harder to control [74]. Tropospheric (ground-level)
ozone (O3) is a key secondary pollutant and is formed by the interaction of NOy and
organic compounds in the presence of sunlight [75]. Some pollutants are not
particularly dangerous at ambient levels (such as CHy and carbon dioxide (CO3)) or
even completely harmless, like sodium chloride (NaCl). Others, however, have a high
toxicity level and can cause significant health problems (O3, PAH, CO) [74].
Nevertheless, epidemiological studies suggest that PM is the component that tends to

show the strongest association with adverse human health effects [76, 77].
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Table 1.1: Components of air pollution

Pollutant Sources Health Effects
PM;jq Dust from erosion
Particulate Matter | PMs 5 Lung cancer, CVD [73, 78]
Combustion of fuels
UFP
CcO Incomplete combustion of carbonaceous | Difficulty breathing, exhaustion, dizziness, can

Gas

fuels (wood, petrol, coal, natural gas)

be deadly at high levels [79, 80]

NOy (NO, NO,)

High temperature combustion of fuels
for heating, transportation, industry and

power generation

Asthma and other respiratory conditions, long
term-respiratory and CVD mortality, cancers

81, 82]

O3 Smog. Formed from photochemical | Difficulty breathing, triggers asthma, reduces
reactions with pollutants, such as VOCs, | lung function, COPD, CVD and cancers [81, 83—
CO and NOy emitted from vehicles and | 85]
industry

SO2 Combustion of fossil fuels for domestic | Asthma and respiratory diseases [86, 87]

heating, industries and power generation

Continues on next page
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Continuation of Table 1.1

Pollutant Sources Health Effects

COo Outdoor-burning of fossil, oil and gas, | Metabolic stress, increased respiratory rate and
deforestation. Indoor-COj respired into | brain blood flow (CO2 >10,000), headaches,

ambient air (as a bi-product of human | dizziness (COz >50,000 ppm), sweating,

metabolism) confusion (CO2 >100,000 ppm) [88, 89
Benzene Vehicle exhaust, industrial emissions, | Headaches, lassitude, weakness, CNS
tobacco smoke depression, cardiac arrhythmia, leukaemia
VOCs/SVOCs [90, 91]
PAH Incomplete combustion-vehicle exhaust, | Various cancers (lung, skin and others), CVD,
power plants; volcanoes, forest fires oxidative stress [92, 93|

Table 1.1: Components of air pollution. D,.-aerodynamic diameter, PM-particulate matter, PMo-PM with D,. 2.5-10 pm, PMs 5-PM with D,
<2.5 pm, UFPs-ultrafine particles (D,e <0.1 pm), VOCs-volatile organic compounds, SVOCs-semi-volatile organic compounds, CO-carbon monoxide, NOy-
nitrogen oxides, NO-nitrogen monoxide, NOo-nitrogen dioxide, Oz-ozone, SOq-sulphur dioxide, COs-carbon dioxide, PAH-polycyclic aromatic hydrocarbons,
CVD-cardiovascular disease, COPD-chronic obstructive pulmonary disease, ppm-parts per million, CNS-central nervous system.



1.2.3 Particulate matter

Due to the complex and continually changing composition of air pollution, with
its constituents all interacting with each other, it is difficult to determine the health
effects of individual pollutants. Although accounting for ~2% of air pollutant mass
(the remaining 98% consist of gases or vapour-phase components, such as CO, NOq,
NO, O3, SO2, VOCs, etc.), PM, especially ultrafine particles (UFPs), has attracted
significant attention as playing a key role in air pollution-associated morbidity and

mortality [73, 77].

PM originates from both natural (e.g. wildfires and windblown dust) and
anthropogenic activities (e.g. road dust, tire wear emissions, construction and
agriculture) [54]. These particles are a result of fuel combustion or can be formed in
the atmosphere by chemical reactions between different pollutants and are composed
of inorganic components (sulphates, nitrates, trace metals, chlorides, ammonium),
elemental and organic carbon, crystal materials, biological components (bacteria,
pollens, spores) and VOCs [54, 94] (Figure 1.3A). Environmental PM is categorised
based on particle aerodynamic diameter-coarse (PMjg, particle diameter <10 pm),
fine (PMsy5, diameter <2.5 pm) and ultrafine particles (PMg 1, diameter <0.1 pm),
also termed nanoparticles (NPs) (Figure 1.3B). While PM;q preferentially deposits in
the upper airways, PMs 5 and NPs can reach the alveoli of the lungs. Small NPs are
able to penetrate the alveolar-capillary membrane and enter the systemic circulation
[95, 96]. Although most studies showing association between air pollution and disease
focus on particle mass measurement (expressed as micrograms per cubic
metre-ig/m?), other particle characteristics may influence their activity. Chemical
composition, charge, solubility, surface area, size and particle count-all these metrics
could determine particle toxicity [73, 97]. In fact, the high surface area-to-mass ratio
of the small UFPs, their high capacity to carry surface chemicals and their ability to
potentially reach remote organs suggest that they may induce greater toxicity

compared to other sources of PM [73, 98, 99].
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Figure 1.3: Particulate matter composition and size comparison. (A) Pie chart of
the various constituents of particulate matter (PM). These values are based on PMj 5 collected
during winter campaigns in London (North Kensington) and proportions may vary between
locations (figure adapted from [100]). (B) Diagram comparing size of particulate matter to

human hair (figure adapted from [101]).

In the last few decades a great focus has been placed on traffic pollution. Nowadays,

many individuals spend a significant amount of time in motor vehicles and in high
traffic areas, increasing their exposure to the pollutants in traffic fumes. Additionally,
a substantial number of people, especially of low socioeconomic background, live near

high volume roads (as many as 40% of the residents in California), making them even
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more susceptible to the adverse effects of vehicle emissions [102]. While combustion
of both petrol and diesel in vehicle engines produces combustion-derived nanoparticles
(CDNP), diesel produces more particles per unit fuel than petrol does [103]. Upon
combustion in automobiles diesel gives rise to low solubility nanoparticles with a carbon
core and a complex chemical structure, containing sulphate, nitrate, metals and other
trace elements. Singlet nanoparticles are 5-20 nm but are usually found in agglomerates
of 60-100 nm [97]. As the main source of ultrafine PM in urban environments, diesel
exhaust particles (DEPs) have become the model particle for studying the adverse

effects of air pollution and are therefore the focus of the work described in this thesis.

1.2.4 Particulate matter and disease

Numerous studies have established a strong association between exposure to
AAP and deleterious health effects. Observational epidemiological studies have linked
AAP exposure to increased risk of miscarriages [104], worse semen quality [105],
reduced foetal growth [106, 107] and adverse pregnancy outcomes [108, 109]. Air
pollution potentially impairs cognitive function, increasing the risk of dementia [110].
AAP has been associated with a number of malignancies, including childhood
astrocytoma and leukaemia [111], colorectal [81, 112], gastric [113] and bladder cancer
[114, 115]. Although AAP is known to be particularly damaging to the lungs and
airways, contributing to 280,000 lung cancer deaths and >800,000 chronic obstructive
pulmonary disease (COPD) deaths, it has been estimated that over half of the deaths
associated with AAP are due to CVD-mainly ischaemic heart disease and stroke [66]
(Figure 1.4). The increased risk of cardiovascular morbidity and mortality may be in
part due to pollution exacerbating common CVD risk factors, such as diabetes and
metabolic syndrome [99]. Controlled exposure studies on humans have demonstrated
that short-term acute exposure to diesel exhaust (1-2 h) can have multiple
detrimental effects on the cardiovascular system, including impaired vascular tone
regulation (impaired vessel relaxation) [116], arterial stiffness [117], increased
thrombogenicity and platelet-neutrophil and platelet-monocyte aggregates [118].

Studies suggest that these adverse vascular and pro-thrombotic effects are
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predominantly mediated by particulates in diesel exhaust [119, 120]. Animal models
have replicated the detrimental effects of air pollution on cardiovascular health,
extending them to other cardiovascular conditions (e.g. atherosclerosis and cardiac
hypertrophy) and providing a number of plausible biological mechanisms for

epidemiological associations [121, 122].
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Figure 1.4: Systemic effects of chronic exposure to air pollution. Schematic diagram
of the various adverse health effects throughout the body resulting from prolonged exposure
to ambient air pollution. Pie chart demonstrates the most common causes of mortality (as %)
due to outdoor pollution (chart adapted from [66]). NCD-non-communicable diseases, COPD-
chronic obstructive pulmonary disease. Figure created by the author using BioRender.

1.2.5 Mechanisms for the systemic effects of inhaled particulate

matter

Although there is substantial evidence suggesting a causal relationship between
PM exposure and morbidity, especially cardiorespiratory disease, the precise
underlying mechanisms remain to be fully established. Furthermore, the pathways

linking inhalation of pollutants to effects on specific organ systems needs to be
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ascertained. Induction of inflammation and oxidative stress (OS) are two key
pathways involved in the detrimental effects of PM in the lung and in different facets
of PM-induced dysfunction in systemic organs [99]. Inhaled particles activate alveolar
neutrophils and macrophages to induce pulmonary inflammation and this process is
further triggered by PM-derived OS. Oxygen derived free radicals, such as superoxide
(Og7) and hydroxyl free radicals drive OS and impair cellular function. In fact, in the
absence of biological tissue DEP has the capacity to produce Oy [123] and metals on
the surface of DEP assist in the generation of hydroxyl free radicals [124, 125]. When
in contact with cells DEP can promote OS via a number of cellular mechanism,
including nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and
mitochondrial dysfunction [126, 127]. Therefore, inflammation and OS likely act

synergistically to amplify each other’s effects [99].

At present three main hypotheses have been proposed for potential pathways
linking particle inhalation and their detrimental systemic effects (Figure 1.5)
[99, 128]. The classical (‘inflammation’) theory is that inhaled pollutants are taken up
by alveolar macrophages, leading to these cells’ activation, therefore inducing
pulmonary inflammation. Inflammatory cytokines then ‘spill-over’ into the circulation
to cause systemic inflammation and OS [99, 129]. Although there are inconsistencies
between different inflammatory biomarkers and between studies, OS and
inflammation play a key role in multiple stages of the mode of action of inhaled PM.
Therefore, even if they are not the sole underlying cause, these pathways represent an

important mediator in amplifying the signal from PM [99].

The second hypothesis postulates that particles can activate alveoli sensory
receptors which in turn stimulate sensory efferent neurons. This activation of the
central nervous system leads to changes in autonomic balance (towards increase in
sympathetic and decrease in parasympathetic activity) or neuroendocrine activity to
ultimately indirectly affect other organs [130, 131].  Studies in rodents have
demonstrated that DEP-driven cardiac effects (increased blood pressure, arrhythmia

and myocardial injury) can be attenuated by blocking the alveolar sensory receptor
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TRPA1 (transient receptor potential cation channel, member Al) or the beta
adrenergic receptors [121, 132]. The role of this pathway in mediating non-cardiac
aspects of the cardiovascular system could be explained by activation of the central
nervous system (such as the hypothalamic-pituitary-adrenal axis) and subsequent

endocrine release [133, 134].

The third hypothesis (‘translocation’) is that the small size of the nanoparticle
fraction of PM allows these molecules to cross over the alveolar membrane, enter the
pulmonary circulation and be carried by the blood to harm other organs.
Furthermore, chemicals in PM (e.g. metals or polyaromatic hydrocarbons) may leach
from the particles’ surface, gain access to the circulation to directly interact with
systems throughout the body. The technical limitations of visualising these small
particles and detecting their low levels in the circulation challenges proving this
hypothesis [99]. Nevertheless, animal studies have shown translocation of NPs to the
heart, liver [135], olfactory bulb [136] and studies in humans have detected PM in the
brain [137]. Our group has previously investigated this pathway in mice by using gold
nanoparticles of various sizes and showed that particles with a primary size <30 nm
entered the circulation and preferentially deposited in inflammation-rich vascular

lesions compared to arteries without disease [138].
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Figure 1.5: Schematic representation of the biological mechanisms for the systemic
effects of inhaled particles. Several hypotheses have been proposed for the pathways by
which inhaled particles exert systemic effects. The three main ones are: (1) inflammation-
particles cause lung inflammation and the ‘spill-over’ of cytokines and inflammatory mediators
results in systemic inflammation, (2) neuroendocrine activation-particles activate alveolar
sensory mneurons which through efferent neuron stimulation induce autonomic imbalance
(towards increase in sympathetic and decrease in parasympathetic activity) or neuroendocrine
activity which can ultimately alter function of organs throughout the body, and (3)
translocation-particles cross the lung epithelial barrier, enter the circulation where they promote
systemic inflammation and oxidative stress and can thus reach distant organs and systems to
directly exert adverse effects. Black dots represent particles, blue dots represent cytokines and
inflammatory mediators; 1-increase, |-decrease, HRV-heart rate variability, BP-blood pressure,
OS-oxidative stress, eGFR-estimated glomerular filtration rate, CKD-chronic kidney disease.
Figure created by the author using BioRender.
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1.3 Air pollution and kidney disease

It is now well established that AAP and especially PM is associated with increased
cardiorespiratory morbidity and mortality. However, it has recently become evident
that PM has effects throughout the body, including the kidney. This section provides

a brief overview of the evidence from epidemiological and animal studies.

1.3.1 Epidemiological studies

In the last decade a number of epidemiological studies have examined the
relationship between exposure to AAP and the incidence of CKD, as well as other
adverse renal outcomes, such as progression to ESRD, changes in eGFR, proteinuria
and albuminuria. A summary of the main findings from the epidemiological papers

discussed in this section is presented in Table 1.2.

Exposure to increasing concentrations of PMs s has been strongly linked to
increased risk of CKD [139-141]. A recent study involving ~2.2 million US veterans
demonstrated a linear relationship between increase in PMs 5 concentrations and the
risk of CKD and progression to ESRD [139]. Long-term exposure to increasing PMa 5
concentrations was strongly associated with an increase in the incidence of an eGFR
<60 mL/min/1.73 m? (representing a >50% reduction of normal kidney function,
therefore used to define CKD) and decline in renal function, represented by an eGFR
decline >30% [139]. The negative association between PMsy 5 concentration and
decline in eGFR over time has further been shown in other studies where for each 2.1
ng/m? increase in PMy 5 a reduction in GFR of 1.87 mL/min/1.73 m? was estimated
and an additional reduction of 0.6 mL/min/1.73 m? each consecutive year [140, 142].
Furthermore, an increase of 1 pg/m® in PMys concentration has shown strong
association with a higher urinary albumin-to-creatinine ratio [140]. The association
between increasing PMs 5 concentration and these adverse renal effects has largely
remained statistically significant even after adjusting for demographics, socioeconomic
status, age, gender, race and other CKD risk factors, such as diagnosis of diabetes or

hypertension [140, 141]. Interestingly, in some studies this correlation was not
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observed in diabetics or individuals taking angiotensin receptor blockers [142].

Collectively, these studies, while few in number, demonstrate a relatively consistent
relationship between exposure to higher concentrations of PMs 5 and increased risk of
CKD progression to ESRD. It is interesting that associations were observed at the
modest levels of pollution (all studies exhibited a mean PMy 5 of 10-12 ng/m?) which
is below UK guidelines for PMy 5 (<25 1g/m?) and are not necessarily representative

of other countries, especially those with developing economies.

Recently, several studies have examined AAP exposure and kidney disease in
Taiwan-a region with higher levels of pollution. In a recent nationwide Taiwanese
study PMy5 concentrations were divided into levels by quartiles (Q) and results
showed that compared to individuals exposed to Q1 (<29.5 ng/m?), those from Q2
(29.5-33.3 ng/m3), Q3 (33.3-41.2 pg/m3) and Q4 (>41.2 pg/m3) exhibited an increase
in CKD risk of 1.33, 1.55 and 1.74-fold, respectively. Furthermore, individuals from
Q3 and Q4 had a 1.52 and 1.69-fold increased risk of developing ESRD, respectively
[143]. These observations are in line with those made by Bowe et al. in the USA
cohort [139].  Estimates suggest that for every 10 pg/m3 increase in PMsy 5
concentration CKD risk increases by 6% [144]-this correlation has been noted in other
studies [145, 146]. A strong association between increase in particle concentration and
decline in eGFR has been observed with conflicting results on the particulate size
elucidating this effect with some suggesting it’s only larger particulates (mainly PMjg
but not PMa5) [145] and others suggesting particles as small as PMg 5 could trigger
this [146]. In one study, the adverse renal outcomes associated with PMy exposure
were much more predominant among women and associations with PMs5_19 were
limited to females [145]. Interestingly, in a number of studies the PM-induced decline
in eGFR was measured in ‘low risk’ individuals (normotensive, non-diabetic subjects
with normal weight, an eGFR >60 mL/min/1.73 m? and <65 years) but not in
subjects who were hypertensive, diabetic, overweight, with an eGFR <60

mL/min/1.73 m? and >65 years [145, 146].
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Table 1.2: Summary of epidemiological studies

Study

Cohort

Pollutant & Means of

Measurement

Renal Outcomes

Bowe et al. [139]

n=2,482,737 (all US veterans),
mostly white men, median age
~62 years, median follow-up of

8.52 years

PMs 5, data from the US EPA
AQS (using ground-based air
monitoring stations across the
USA) & NASA space-borne

satellite sensors

Increasing PMs 5 levels associated with
an increase in incident rate of eGFR <60
mL/min/1.73 m?, CKD, eGFR decline
>30% (from baseline) and ESRD

Blum et al. [140]

1n=10,997, median follow-
up=17.7 years, baseline mean
participant age=63, baseline

eGFR=86 mL/min/1.73 m?

PMs 5, data from the US EPA
AQS (using ground-based air

monitoring stations)

Each 1 pg/m? higher annual average
PMs 5 was associated with higher UACR
and significantly higher risk of incident

CKD

Bragg-Gresham

et al. [141]

n=1.1 million people (>65 years
old), 40% male, diverse ethnic
backgrounds, both rural and

urban status

PMs 5, median county level

PMs 5=12.2 ig/m3, measurements
obtained from the US EPA AQS
and NASA MODIS data

Median county-levels CKD
prevalence=16% (ranging 0%—60%),
PMs 5 concentration positively associated

with CKD diagnosis

Continues on next page
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Continuation of Table 1.2

Study

Cohort

Pollutant & Means of

Measurement

Renal Outcomes

Mehta et al. [142]

n=669 (all male, mostly white),
from Boston area, MA, age

at entry=21-80 years (mean
age=T73.5 years), at baseline-
most were former smokers

and used anti-hypertensive

medication

PMs 5, concentration

measurements obtained from

NASA MATAC and MODIS data

(using satellite based models),

mean l-year average PMgys=11.4

pg/m3 at first visit and 10.5 pg/m?

over all visits

1-year PMj 5 exposure associated with
reduced eGFR and higher rate of decline
in eGFR over time (not observed for
individuals on ARBs and less apparent

in diabetics)

Lin et al. [143]

n=161,970 Taiwan citizens
(43.8% males), average age ~40

years, a retrospective study

PMs 5, PMgy 5 levels organised in

quartiles (lowest-Q1, highest-Q4),

data collected 1998-2011 using
TAQMD data obtained from an

air quality monitor closest to the

clinic where the patients received

medications for URI

An increase in risk of CKD and ESRD
with increasing PMs 5 concentration-
compared to individuals in Q1 (<29.5
ng/m3), those in Q4 (>41.2 pg/m?) had
a 1.74-fold increased risk of CKD and
1.69-fold increased risk of developing
ESRD

Continues on next page
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Continuation of Table 1.2

Study

Cohort

Pollutant & Means of

Measurement

Renal Outcomes

Chan et al. [144]

n=100,629 Taiwan citizens (52%
males), mean age ~39 years (all
>20 years old), followed up 3-13

years (mean=6.5 years)

PMs 5, concentrations estimated
at each participant’s address using
NASA MODIS data and validated

using ground monitoring stations

Increase in PMs 5 associated with
increased risk of developing CKD.
Every 10 pg/m? increase in PMa 5 was
associated with a 6% increased risk of

developing CKD

Yang et al. [145]

n=21,656 (all reside in New
Taipei City, Taiwan), 30-97
years old (mean age ~54 years),

female:male=2:1

PM;ig, PMs.5_19, PMs 5 and

PMos 5 Absorbance- PM collected in
20 sampling sites over 3 14-day
periods. PM levels measured using
LUR models, which combined PM
absorbance data (from impactors),
land use data, traffic related
information and each participant’s

residential address

CKD association with PMs 5_1¢ and
PMjo was stronger in individuals <65
years of age (vs older), normotensive (vs
hypertensive), with normal weight (vs
overweight) and stronger for (PMjg) or
limited to (PMg5-10) women. PMs 5 and
PMb5 5 Absorbance Were not associated with

CKD prevalence or eGFR decline

Continues on next page
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Continuation of Table 1.2

Study

Cohort

Pollutant & Means of

Measurement

Renal Outcomes

Chen et al. [146]

n=8,479, all >65 years old and
residents of Taipei city, Taiwan,
equal gender distribution, mean

age=74.2 years

PM;yg, PM3 5-10, PM2 5 and
PMa 5 Absorbance- PM levels
measured using LUR models as

described in Yang et al. [145]

1-year exposure to PMg, PMs5_19 and
PMa3 5 Absorbance-lower eGFR. in people
with baseline eGFR <60 mL/min/1.73
m?, but not in those with eGFR >60
mL/min/1.73 m3. A 1-year exposure to
traffic pollution associated with increased

CKD prevalence

Table 1.2: Summary of epidemiological studies. Summary of main findings of epidemiological studies discussed in Section 1.3.1.
participants, PMs 5-particulate matter with aerodynamic diameter <2.5 nm, PMs 5_19-particulate matter with aerodynamic diameter 2.5-10 pm, PM;q-
particulate matter with aerodynamic diameter <10 pm, EPA-Environmental Protection Agency, AQS-Air Quality System, NASA-National Aeronautics and
Space Administration, eGFR~estimated glomerular filtration rate, CKD-chronic kidney disease, ESRD-end stage renal disease, UACR-urinary albumin-
to-creatinine ratio, MODIS-moderate resolution imaging spectroradiometer, MA-Massachusetts, MATAC-multi-angle implementation of atmospheric
correction, ARB-angiotensin receptor blocker, TAQMD-Taiwan Air Quality-Monitoring Database, URI-upper respiratory infections, LUR-land use

regression.
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1.3.2 Animal studies

Mechanistic studies have used animal models of renal injury to further investigate
the relationship between air pollution and kidney disease. In one such study, histological
analysis revealed that acute PMs 5 exposure did not result in visible kidney injury, but
rather lead to renal damage at the molecular level (increase in uric acid, renal kidney
injury molecule-1 (KIM-1) and serum cystatin C (Cys-C) [147]. Data suggest that
AKI was a result of PMs 5-induced renal inflammatory response and OS and the renin-
angiotensin system (RAS) was likely to be a key upstream pathway inducing these
changes [147]. This was in line with the finding from another study where sub-chronic
PMs 5 exposure (in whole body chambers with a particle cutoff size of 2.5 pm for 5
h/day, 4 days/week for 8 consecutive weeks) significantly increased the RAS proteins
angiotensin-converting enzyme (ACE) and angiotensin II receptor 1 (AT1R), induced
OS and substantially compromised renal function (elevated KIM-1, Cys-C and plasma

creatinine) [148].

Exposure to PMs 5 has also been associated with hypertension-a major risk factor
for the development of kidney disease and specifically impaired Na® excretion
(natriuresis) [149]. Activation of the dopamine 1 receptor (D1R) induces natriuresis,
while its hyper-phosphorylation by the G protein coupled receptor kinase 4 (GRK4)
halts the process. Lu et al. demonstrated that chronic exposure to PMs 5 significantly
increased systolic and diastolic blood pressure (SBP, DBP) and decreased basal
natriuresis levels in male Sprague-Dawley rats [149]. The authors suggest that
PMj 5-induced reactive oxygen species (ROS) generation drives expression of GRK4
through an increase in its transcription factor c-Myec. The subsequent
hyper-phosphorylation of D1R and its lower expression result in impaired natriuresis
and therefore hypertension [149]. Similar observations were made in offspring of rats

exposed to PMjy 5 during pregnancy [150].

A few studies have investigated the renal effects of acute and chronic DEP
exposures in rodent models of cisplatin (CP)-induced AKI. In all studies, CP

administration was associated with renal injury (increased serum urea and creatinine,
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urine output and N-acetyl-3-D-glucosaminidase (NAG) activity, induced OS through
decrease in glutathione (GSH) and superoxide dismutase (SOD) [151, 152]. A study
by Ali et al. showed that acute DEP exposure alone significantly affected only NAG,
interleukin-6 (IL-6) and total antioxidant capacity (TAC) but concomitant CP+DEP
treatment did not aggravate CP-induced changes [151]. These results were not in
agreeance with data from another study using a similar protocol, which showed that
while DEP alone largely did not affect renal parameters (except GSH), concomitant
CP+DEP significantly exacerbated CP-induced changes [152]. On the other hand,
chronic exposure to DEP alone had no adverse renal effects while concomitant
CP+DEP treatment exacerbated the effects of CP alone on urea, urine albumin,
KIM-1, neutrophil gelatinase-associated lipocalin (NGAL) and 8-isoprostane [153].
DEP did not raise SBP compared to saline, while CP did so substantially [153].
Histological assessment of cortical tissue in all studies revealed acute tubular necrosis
with eosinophilic material, interstitial oedema and congestion in both CP and
CP+DEP groups, while renal architecture of saline and DEP groups was preserved

[151-153).

Studies have also investigated the potential exacerbating renal effects of
prolonged DEP exposure on rodent models of CKD (induced by an adenine
(AD)-supplemented diet). Similarly to CP, AD treatment lead to renal injury by ROS
generation and increased DNA damage in addition to the previously mentioned renal
parameters [154]. Although DEP alone induced only ROS generation, it significantly
aggravated the AD-induced changes in lipid peroxidation, ROS generation, catalase
and DNA damage [154]. These results conflict with those from another study where
DEP had no effect on kidney function and AD+DEP did not exacerbate AD-driven
renal changes [155]. Further histological evaluation of kidney sections suggested an
increase in injury and fibrosis in both DEP and AD mice-changes the authors
suggested to be exacerbated in the concomitant group (although no quantification
was performed) [154]. In the same study SBP increased with both DEP and AD alone

compared to saline and was further elevated in the AD-+DEP group compared to
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either treatment alone [154]. These observations are not in line with those from
another study, where haemodynamic analysis indicated an increase in baseline SBP
and DBP with AD treatment but not with DEP. Here, phenylephrine administration
produced a dose-dependent increase in SBP and DBP and treatment with DEP and
AD either alone or combined significantly decreased phenylephrine action.
Furthermore, baseline renal blood flow (RBF) was decreased by both DEP and AD
compared to control. This effect was further amplified in AD+DEP treatment.
Phenylephrine caused a dose-dependent reduction in RBF which remained unchanged
in AD group. Treatment with DEP prevented this phenylephrine-induced reduction in
RBF-an effect amplified in AD+DEP group [155]. A summary of the main findings

from the animal studies discussed in this section is presented in Table 1.3.

However, despite these interesting observations, data on the topic are limited and
many questions remain, such as: What are the properties of the PM responsible for
these effects? What is the precise characterisation of the renal injury (e.g. glomerular
and/or tubulointerstitial injury, reversibility, time course)? And what are the roles of

key mechanisms (e.g. OS, changes in the renal vasculature, particle translocation)?
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Table 1.3: Summary of animal studies

Study Study Design Treatment Group | Renal Outcomes
Rats-male Wistar (7-8 ws, n=6) DEP f uNAG; 1 pIL-6, pCRP
Ali et al. [151] | DEP-SRM 2975, 1 it (day 5 Il TAC
post-CP), 0.5 mg/kg CP it pUrea, pIL-6, pCRP, pNGAL, uNAG; 1 pCreat
AKI-CP, 1 ip, 6 mg/kg |l Creatciearance, TGSH, rSOD, rCAT, TAC
CP+DEP T pIL-6, rPlatinum

i CreatClea’r’ance

0¢

Rats-Male Wistar (10-12 ws) DEP No change in parameters measured
Nemmar et al.

DEP-SRM 2975, 1 it (day 6 Cp fi sUrea, sCreat, uVol, uProt, uNAG;
[152]

post-CP), 0.5 mg/kg || rGSH, uOsmolarity

AKI-CP, 1 ip, 6 mg/kg CP+DEP No change in parameters measured

Rats-Male Wistar (10-12 ws, n=6-8) | DEP | rGSH
Nemmar et al.

DEP-SRM 2975, 1 it (day 6 CpP ft sUrea, sCreat, uVol, uProt, uNAG
[152]

post-CP), 1 mg/kg | rGSH, rSOD, uOsmolarity

AKI-CP, 1 ip, 6 mg/kg CP+DEP i sUrea, sCreat, uNAG

| rGSH

Continues on next page
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Continuation of Table 1.3

Study Study Design Treatment Group | Renal Outcomes
Rats-male Wistar (10-12 ws) DEP No change in parameters measured
Nemmar et al.
DEP-SRM 2975, it every 2" day for | CP ft pUrea, pCreat, rKIM-1, r8-Iso, uAlbumin, bSBP;
[153]
8 days (total it=>5), 0.5 mg/kg 1T uGGT
AKI-CP, 1 ip (1 h before 374 it), 6 | Creatciearance
mg/kg CP+DEP ft pUrea, INGAL, r8-Iso, rtNO, uAlbumin, uGGT,
bSBP
Mice-male TO (n=6-8) DEP 1 rROS, bSBP
Nemmar et al.
DEP-SRM 2975, it every 4% day for | AD ft pUrea, pCreat, rROS, rLP, DNA damage, bSBP
[154]
4 ws, 0.5 mg/kg U Creatciearance, TCAT
CKD-AD diet (0.25% w/w), 4 ws AD+DEP ft r'TNF-a, rTROS, rLP, DNA damage, bSBP
| rCAT
Rats-male Wistar (n=4-7) DEP 1 sCreat
Al-Suleimani et
DEP-SRM 2975, it every 2" day for | AD ft pUrea, sCreat, bSBP, bDBP
al. [155]
4 ws, 0.5 mg/kg Histology-casts, tubular necrosis, dilatation
CKD-AD diet (0.75% w/w), 4 ws AD+DEP Histology-tubular dilatation, necrosis and casts

Continues on next page
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Continuation of Table 1.3

Study Study Design Treatment Group | Renal Outcomes

Zhang et al. Mice-BALB/c (6-8 ws) PMs 5 1 sCysC, sUA, rHyO9; mRNA: rKIM-1 (day 3 & 7),

[147] PMs 5 collected using filters in China. rHO-1, rINOX-4, rNF-kB, rTNF-« ; protein: tNOX-
it on days 0 and 2, 10 mg/mL in 50 4, TNF-« (day 7), r-p65 (day 7), ACE, rAT1R (day
pL saline. Mice culled on day 3, 7 or 3&7)
14 | rGSH-PX, rSOD mRNA

Aztatzi-Aguilar Rats-male Sprague-Dawley PMsy 5 f MBP, DBP, H2O con., UFR, pCreat, haematuria,

et al. [148]

PM, 5-collected in Mexico. Sub-
chronic exposure in WBC (2.5 L/min
airflow)-5 h/day, 4 days/week, 8

weeks

us-2M, uCys-C, rRANTES, Col dep; mRNA:
rB1R; protein: rAT1R, rACE, rB1R, +-GClLc,
rKIM-1, rTGF-6

|l eGFR, rIL-6, rIL-18, rTNF-«, rIL-4, rIL-10,
rIFN-~, rIL-17a, tMIP-2; mRNA: rAT1R, rACE,
rKLK-1 rSOD-2, rHO-1, rCol3al; protein: rKLK-1,
Nrf-2, rSOD-2, rHO-1

Histology: tubular lesions, tissue structural

alterations, intertubular immune cell infiltration

Continues on next page
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Continuation of Table 1.3

Study Study Design Treatment Group | Renal Outcomes

Lu et al. [149] Rats-Sprague-Dawley (8-10 ws) PMs5-L & PMss5-H | ff SBP, DBP, phos-D1R, GRK4 mRNA, GRK4
PM; 5 (ambient) collected in China. protein
it every 3' day for 8 ws, low or high | uVol, uNa™ goeretion; UFR and uNa™t gueretion
dose-PMs 5-1.-3 ng or PMs 5-H-30 ng post-fenoldopam (D1-like receptor agonist)
in 25 nLL PBS treatment, D1R protein

Table 1.3: Summary of animal studies. Summary of animal studies discussed in Section 1.3.2. Differences in renal outcomes based on the
following comparisons: ‘DEP’=DEP vs Control, ‘CP’=CP vs Control, ‘AD’=AD vs Control, ‘CP+DEP’=CP+DEP vs CP, ‘AD+DEP’=AD+DEP vs
AD. {-significant increase, T-trend towards increase but no statistics shown, |-significant decrease, |-trend towards decrease but no statistics shown,
ws-weeks, n=number of animals/group, ét-intratracheal instillation, ip-intraperitoneal injection, u-urinary, p-plasma, s-serum, r-renal, t-total, b-baseline,
con-consumption, dep-deposition, phos-phosphorylated, DEP-diesel exhaust particles, SRM-standard reference material, PMs 5-particulate matter with
diameter <2.5 pm, AKl-acute kidney injury, CKD-chronic kidney disease, CP-cisplatin, AD-adenine, WBC-whole-body chamber, NAG-N-acetyl-3-
D-glucosaminidase, IL-interleukin, CRP-C reactive protein, TAC-total antioxidant capacity, NGAL-neutrophil gelatinase-associated lipocalin, Creat-
creatinine, GSH-glutathione, SOD-superoxide dismutase, CAT-catalase, Vol-volume, Prot-protein, KIM-1-kidney injury molecule-1, 8-Iso-8-isoprostane,
SBP-systolic blood pressure, GGT-v-glutamyl transpeptidase, NO-nitric oxide, ROS-reactive oxygen species, LP-lipid peroxidation, TNF-a-tumour necrosis
factor-a, DBP-diastolic blood pressure, Cys-C-cystatin C, UA-uric acid, Hy02-hydrogen peroxide, HO-1-heme oxygenase 1, NOX-4-NADPH oxidase 4,
NFkB-nuclear factor x B, ACE-angiotensin-converting enzyme, AT1R-angiotensin receptor type I, GSH-PX-GSH peroxidase, MBP-mean blood pressure,
UFR-urinary flow rate, 8-2M-/ 2 microglobulin, B1R-bradykinin receptor type-I, 7-GCLc-v-glutamyl cysteine ligase, TGF-g-transforming growth factor
B, eGFR-estimated glomerular filtration rate, IFN-~-interferon v, MIP-2-macrophage inflammatory protein-2, KLK-1-kallikrein 1, Col3a1-pro-« 1 chain of
type III collagen, Nrf-2-nuclear factor erythroid 2-related factor 2, D1R-dopamine D1 receptor, GRK4-G-protein coupled receptor kinase type 4.



1.4 Hypothesis and aims

The overarching hypothesis explored in this thesis is:

Particles in diesel exhaust can reach and accumulate in the kidney, where
they promote injury and inflammation at both morphological and molecular
levels and induce vascular dysfunction. These effects are exacerbated in a

mouse model of hypertension-induced kidney injury.

The first aim of this thesis was to determine whether inhaled nanoparticles in diesel
exhaust, considered highly harmful, can translocate from the lungs to the bloodstream,
reach and sequester in the kidneys, thus cause detrimental effects. Gold nanoparticles
were selected due to their inert nature and safety for exposure studies, ability to be
synthesised in sizes similar to particles in diesel exhaust, low background levels in tissues
and the availability of sensitive techniques for quantification. Additionally, the capacity
of translocated DEP to impair vascular function was assessed by in vitro application of

DEP on renal arteries from healthy mice. These questions are addressed in Chapter 3.

The renal effects of pulmonary DEP exposure were studied in healthy mice across
two main investigations. Chapter 4 explores the impact of acute DEP exposure on
markers of renal injury and inflammation. Chapter 5 examines a model of chronic
DEP exposure, reflecting real-life scenario more accurately. This study evaluated the
effects of prolonged exposure on kidney inflammation and injury markers, as well as

the impact of DEP on vascular function in vivo.

Chapter 6 investigates whether DEP exposure exacerbates kidney damage in mice
with pre-existing renal injury. Unlike most studies in the field, which use cisplatin or
adenine, this study employed a model of hypertension-induced injury through
continuous administration of angiotensin II combined with a high-salt diet. This
approach was chosen as hypertension is a more relevant and common cause of kidney

disease in humans than exposure to cisplatin or adenine.
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Chapter 2

Materials and methods
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2.1 Animal source and breeding

All animal studies were performed in line with the United Kingdom Home Office
regulations and conformed to the Animals Scientific Procedures Act (1986). Animal
procedures were performed under project licence P1ID9E2ADDS5, held by Prof Matthew
Bailey. Male C57BL/6J mice, aged 8-10 weeks were purchased from Charles River
Laboratories (Tranent, UK) and allowed at least a week between transportation and
start of any experiment to equilibrate with their environment. Mice were housed in
groups of up to 5 per cage and maintained under the following controlled conditions:
temperature of 21°C + 1°C in stock holding rooms and 24°C + 1°C in procedural rooms,

humidity of 55% + 10% and a 12 h light-dark cycle (lights on 7 AM to 7 PM).

2.2 Particle administration

2.2.1 DEP administration

The diesel exhaust particles (DEP) used in this study were Standard Reference
Material (SRM 2975), collected from industrial forklift engine exhausts and obtained
from the National Institute of Standards and Technology (NIST, Gaithersburg, MD,
USA). DEP was suspended in sterile saline (0.9% NaCl) at a dose of 1 mg/mL. To
minimise aggregation, particle suspensions were always vortexed, then sonicated for
15 min and mixed thoroughly again prior to administration. DEP was delivered to
the lungs of mice using the instillation/oropharyngeal aspiration method. Mice were
anaesthetised with isoflurane (Merial)-4% for induction and 2-3% for short-term
maintenance, inside an anaesthesia induction chamber. Following assessment of the
level of anaesthesia using the hind limb reflex test mice were taken out of the
chamber, placed supine with extended neck on an angled board, held by their front
teeth. The tongue was gently pulled out using forceps and DEP was administered at
the relevant dose (35 pg or 50 pg, diluted in 35 pL or 50 pL of saline, respectively) by
placing the suspension at the base of the tongue. The tongue was held out to prevent

swallowing and then the mouse’s nose was briefly covered to encourage the animal to
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inhale the droplet via the oropharynx. Figure 2.1 shows a schematic representation of

the procedure.

The DEP exposure protocols for the studies in this thesis were developed based
on a review of previous study designs. Research in rats suggests a timeline in which
pulmonary inflammation is mild at 2 h post-exposure, peaks at 6 h and remains elevated
at 24 h [122, 156]. Based on the proposed pathway of DEP particles-entering the lungs,
translocating to the circulation and eventually reaching distant organs-a delay in the
onset of systemic inflammation relative to pulmonary inflammation was anticipated.
Dose selection was based on previous studies in mice, both within and outside our
group, which used 35 pg and 50 pg DEP (or an equivalent dose in rats) [122, 156, 157].
Based on this, two acute exposure protocols were designed, discussed in Chapter 4: a
single 35 pg instillation with mice culled at 18 h and a single 50 png exposure with mice
culled at 6 h or 16 h post-exposure. These findings, along with the aim of maximising
the permitted dose under the project licence, informed the experimental design used in
the chronic exposure study, discussed in Chapter 5, and the DEP exposure study in a
hypertensive mouse model, discussed in Chapter 6, which involved repeated exposures

to 50 ng DEP with mice culled at 18 h post-final exposure.
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Figure 2.1: Schematic representation of pulmonary instillation procedure. Mice were
anaesthetised, assessed for level of anaesthesia using the hind limb reflex test and were then
placed supine with extended neck on an angled board, held by their front teeth. The tongue
was gently pulled out using forceps and DEP /saline was administered by placing the suspension
at the base of the tongue. As the tongue was held out, the mouse’s nose was briefly covered to
ensure the droplet would enter the lungs. Figure created by the author using BioRender.

2.2.2 Gold nanoparticles administration

Healthy male adult C57BL/6J mice were subjected to repeated pulmonary
exposure (680 pg in total, 50 pL of 1.7 mg/mL, twice weekly for 4 consecutive weeks)
of gold nanoparticles (one of the following sizes: 2, 3-4, 7-8, 14 and 40 nm) or their
particle-free dispersant as a control. Particle sizes were chosen to reflect glomerular
pore size (~4-6 nm) [158]. Particles were purchased from NanoPartz™ (Loveland,CO,
USA)-2 and 40 nm and PlasmaChem GmbH (Germany)-3-4, 7-8 and 14 nm. Prior to
each instillation particles were sonicated for 5 min then vortexed for 2 min.

Instillation procedure was carried out as previously described in Section 2.2.1.
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2.3 Measurement of pulmonary inflammation from

bronchoalveolar lavage fluid

2.3.1 Collection of BALF

To collect BALF, lungs were lavaged with 0.8 mL of sterile saline (0.9% NaCl) three
times (primary lavage kept separate, secondary and tertiary lavages were combined,
now referred to as secondary lavage) and both were kept on ice until processed. BALF
was centrifuged at 3,000 rpm for 5 min-primary lavage supernatant was aliquoted and
stored at -80°C for future analysis. The secondary lavage supernatant was discarded.
Cell pellet from primary lavage was gently resuspended in 500 pL of 1% bovine serum
albumin (BSA; Sigma)-this suspension was combined with secondary lavage cells by

gentle pipetting. Cells were kept on ice until further processing.

2.3.2 BALF total cell count

For each sample, 50 pL of cell suspension was mixed with 50 pL lysis buffer and 50
nL stabilising buffer (ChemoMetec A/S, Denmark). The sample was drawn up into a
NucleoCassette™ (ChemoMetec A /S, Denmark) and the BALF total cell count (TCC)

was determined using a NucleoCounter™ (ChemoMetec A/S, Denmark).

2.3.3 BALPF cell differential counts

For each sample a glass slide was inserted into a slide clip (holder) ensuring that
the frosted upper part of the slide was face up. A filter card (with the absorbent surface
touching the slide) was put onto the slide and the cytofunnel was positioned onto the

filter paper making sure that all holes are aligned.

Based on the total cell count, for each sample the volume required to achieve 40,000
cells was calculated and was combined with 1% BSA+saline to reach a final volume of
300 pL. This cell suspension was then gently mixed, pipetted into the cytofunnel and
centrifuged at 300 rpm for 3 min at medium acceleration. Slides were left to dry for

5-10 min before staining with Diff-Quik (Raymond A Lamb. London, UK).
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For each stage of the staining, slides were placed in the appropriate solution for
30 dips, then drained before moving to the next solution. Steps were as follows: 100%
methanol (for fixing cells), red stain (Eosin G in phosphate buffer), blue stain
(Thiazine dye in phosphate buffer) and distilled water. BALF cell differential counts
were conducted by manually enumerating and classifying approximately 200 cells per
sample into their respective cell types. Data for each cell type are presented as (1)
percentage of total number of cells counted manually and (2) the absolute number of
cells from each cell type in the lung lavage by referring back to the original total cell
count obtained by the nucleocounter. Macrophages were identified as large, circular
cells with single-lobed nuclei, neutrophils were identified as smaller cells with
multi-lobed nuclei, eosinophils were identified as larger cells with a two-lobed nucleus
(lobes connected by a thread) and red cytoplasmic granules and lymphocytes were
identified as smaller cells with large, single-lobed nuclei surrounded by a minimal
amount of cytoplasm. A schematic representation of BALF processing is presented in

Figure 2.2.
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Figure 2.2: Diagram of BALF collection and processing protocol for total cell count
and differential analysis. Lungs were lavaged with sterile 0.9% NaCl three times. BALF was
centrifuged and cells resuspended with 1% BSA. TCC was determined using a nucleocounter.
For each sample, a total number of 40,000 cells were suspended in 1% BSA-saline, pipetted
into a cytofunnel and centrifuged. Slides were air-dried before being stained with Diff-Quik,
followed by cell differential analysis. BALF-bronchoalveolar lavage fluid, BSA-bovine serum
albumin, TCC-total cell count. Figure created by the author using BioRender.

2.4 Circulating cytokines measurement

2.4.1 Measurement of plasma IL-6 levels by ELISA

Mice were culled by terminal anaesthesia with intraperitoneal ip injection of
Dolethal (100 pL, 200 mg/mL; Vetoquinol UK Ltd). Following assessment of mouse
consciousness using the hind limb reflex test, blood was collected by cardiac puncture
(syringe was pre-coated with citrate 3.8%), placed in an EDTA-coated tube (BD
K2EDTA Microtainer) and kept on ice. Within 30 min of collection, blood was
centrifuged at 2,000 x g for 5 min at 4°C, plasma was separated, placed in a fresh

Eppendorf tube and stored at -80°C until further processing.
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Circulating levels of IL-6 were measured in plasma using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Quantikine™ ELISA, R&D Duoset Systems,
Patricell Ltd, Nottingham, UK) following manufacturer’s instructions. Briefly, an 8-
point standard was prepared by making serial dilutions (1:2 in Calibrator Diluent) from
the stock standard provided (500 pg/mL). The final point of the standard was used
as a blank (Calibrator Diluent only). A control sample provided in the kit was also
included. The control sample and each standard were run in technical duplicates. Due

to low plasma volumes available, samples were run in singles.

The microplate strips were loaded by adding 50 pul. Assay Diluent and 50 pL of
sample, standard or control to each well. Plate was mixed gently and left to incubate
for 2 h at room temperature on a plate shaker (for continuous gentle mixing). Plate was
then washed by aspirating each well and filling it with 400 nL. Wash Buffer-this process
was repeated four times. After the last aspiration 100 pL of mouse IL-6 conjugate were
pipetted into each well and incubated for 2 h at room temperature. The aspiration/wash
step was repeated five times as described before, followed by addition of a Substrate
Solution (100 pL/well) and incubation for 30 min at room temperature, protected from
light. Finally, the reaction was stopped by adding a Stop Solution (100 pL) and gently

tapping the plate to ensure thorough mixing.

The optical intensity of each well was immediately determined, using a
microplate reader (OPTImax Tunable Microplate Reader, Molecular Devices, CA) set
to 450 nm and corrected by subtracting the 570 nm readings. This step corrects for
the optical imperfections in the plate and is essential as readings made directly at 450
nm without corrections may be higher and less accurate. Using the GraphPad Prism
software the corrected absorbance measurements were plotted against the known
concentrations of the standards. The standard curve produced was then used to

interpolate the concentrations of the samples.
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2.4.2 Measurement of circulating cytokines using a multiplex assay

Mice were culled by terminal anaesthesia with an p injection of Dolethal (100 pL,
200 mg/mL; Vetoquinol UK Ltd). Following assessment of mouse consciousness using
the hind limb reflex test, blood was collected by cardiac puncture (syringe was precoated
with citrate 3.8%), placed in an EDTA-coated tube (BD K2EDTA Microtainer) and
kept on ice. Within 30 min of collection, blood was centrifuged for 20 min at 1,000 x
g, plasma was separated, placed in a fresh Eppendorf tube and stored at -80°C until

further processing.

Cytokine levels were measured in plasma using the LEGENDplex™
Multi-Analyte Flow Assay Kit (Mouse Macrophage/Microglia Panel (13-plex),
Biolegend®). This is a bead-based assay which combines sandwich ELISA and flow
cytometry and allows for the simultaneous quantification of multiple cytokines and
chemokines. The panel included the following cytokines: CXC motif chemokine ligand
1 (keratinocyte chemoattractant)-CXCL1 (KC), free active transforming growth
factor beta-TGF-p1, IL-18, IL-23, chemokine ligand 22 (macrophage-derived
chemokine)-CCL22 (MDC), IL-10, IL-12p70, IL-6, tumour necrosis factor alpha
(TNF-«), granulocyte colony-stimulating factor (G-CSF), chemokine ligand 17

(thymus and activation-regulated chemokine)-CCL17 (TARC), IL-12p40 and IL-15.

Assay principle

Each bead set is conjugated to a specific antibody on its surface and forms the
capture beads for that particular analyte. When the sample is mixed and incubated
with a selected panel of capture beads, each analyte binds to its specific capture
beads. After washing, a cocktail of biotinylated antibodies is added and each
detection antibody binds to its specific analyte, forming the capture
bead-analyte-detection antibody sandwich. Streptavidin-phycoerythrin (SA-PE) is
then added and it binds to the biotinylated detection antibodies which provides

fluorescent signal intensity proportional to the amount of bound analytes.

The individual beads are distinguished by size and varying levels of internal
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allophycocyanin (APC) fluorescence intensity. APC is an intensely bright
phycobiliprotein isolated from red algae that exhibits far-red fluorescence with high
quantum yields. Beads are then acquired on a conventional flow cytometer. A

schematic diagram illustrating the assay principle is presented in Figure 2.3.
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Figure 2.3: Principle of multiplex assay. Ab-antibody, Streptavidin-PE-streptavidin-
phycoerythrin. Figure created by the author using BioRender.

Assay protocol

Plasma samples were diluted 2-fold with Assay Buffer (as per manufacturer’s
instructions) and run in singles. An 8-point standard curve was generated by making
1:4 serial dilutions from the stock standard provided (10,000 pg/mL). The final point
of the standard was used as a blank (Assay Buffer only). Each standard was run in

technical duplicates.

Standards and diluted plasma samples were loaded onto a V-bottom 96-well plate-
components shown in Table 2.1 (beads were the last component to be added to each
well and were vortexed for 30 sec prior to loading; bottle was shaken intermittently
to mix them and avoid settling). The samples and beads were mixed for 2 h at room

temperature on a plate shaker (800 rpm), protected from light. Following incubation,

44



the plate was centrifuged (1,100 rpm) for 5 min and supernatant discarded. The plate
was washed by dispensing 200 nL. Wash Buffer into each well, incubating it for 1 min,
centrifuging again for 5 min and finally discarding the Wash Buffer. This wash step
was repeated twice. Samples were then incubated with Detection Antibodies (12.5
nL/well) for 1 h at room temperature on a plate shaker (800 rpm), protected from
light. The SA-PE was then added directly (12.5 uL/well) and allowed to incubate with
the samples for 30 min at room temperature on a plate shaker (800 rpm), protected from
light. The plate was centrifuged, supernatant discarded and plate washed as previously
described, forming a bead pellet at the bottom of the plate at the end. Finally, beads
were resuspended by adding 150 pl. Wash Buffer and gentle pipetting. Samples were

read on a flow cytometer and run by Shonna Johnston.

Reagent Standard Wells (pL) | Sample Wells (pL)
Matrix C 37.5 -

Assay Buffer - 37.5
Standard 25 -

Plasma (diluted) - 25

Beads 12.5 12.5

Table 2.1: Reagents used in beads-based multi-analyte flow assay. All reagents were
provided in Biolegend’s LEGENDplex™ Mouse Macrophage/Microglia Panel (13-plex) assay
kit.

Data analysis

Data were analysed using BioLegend’s LEGENDplex™ Data Analysis cloud-based
software. The software automatically finds and gates the beads based on forward and
side scatter profile, followed by internal APC fluorescence. It then applies a 5-parameter
curve fitting algorithm to generate a standard curve for each analyte. Samples are then

automatically quantified based on these curves.
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2.5 Measuring mRNA levels in renal tissue by RT-qPCR

2.5.1 Tissue harvest

Mice were culled by terminal anaesthesia with an ip injection of Dolethal (100 pL,
200 mg/mL; Vetoquinol UK Ltd). Kidneys were dissected and the capsule removed.
Each kidney was cut longitudinally and one half further cut in two. A quarter from
each kidney was placed in 1 mL of RNAlater™ solution (Thermo Fisher, MA, USA)

and kept at 4°C for 24 h, then stored at -80°C long-term.

2.5.2 RNA extraction

Immediately prior to RNA extraction mouse kidneys were split into cortex and
medulla, placed in 700 pL of QIAzol™ and homogenised using the TissueLyserll
homogeniser (Qiagen) (2 x 60 sec, 30 Hz frequency). RNA was isolated using the
RNeasy Plus Universal Kit (Qiagen) following manufacturer’s instructions and RNA

concentration was quantified using a spectrophotometer (NanoDrop, ND-1000).

2.5.3 Reverse transcription and quantitative polymerase chain

reaction

cDNA was synthesised using the High-Capacity RNA-to-cDNA™ kit (Applied
Biosystems, CA, USA). For each RT reaction an RNA extract volume corresponding
to 2,000 ng of diluted RNA was mixed with 1 ul of the 20 x enzyme mix and 10 nL
of the 2 x RT buffer to obtain a total reaction volume of 20 pnL. Negative controls
were also included, where RT enzyme or RNA were replaced with an equal volume of
water. Samples were reverse transcribed on a Veriti 96-well Thermal Cycler (Applied
Biosystems, USA) using cycling conditions outlined in Table 2.2. The ¢cDNA product

was stored at -20°C long-term.

46



Step Temperature (°C) Time (min)

1 37 60
2 95 )
3 4 o)

Table 2.2: Cycling conditions used for reverse transcription reaction.

The cDNA generated from the RT reaction was amplified and quantified using
quantitative polymerase chain reaction (qPCR). An 8-point standard curve was
constructed by pooling an equal volume from each cDNA sample and performing a
1:4 dilution (with nuclease-free water) for the first point and serial 1:2 dilutions for
points 2-7. The final point of the standard was used as a blank (nuclease-free water
only). The remaining cDNA was diluted 1:40 (2.5 ng/pL) to fit middle of standard
curve. For each reaction (run in technical triplicates) 2 pL of diluted ¢cDNA (or
standard) were added to 8 pL of master mix (components listed in Table 2.3).
Negative controls, as described above, were also added. Reactions were run on a
Roche LightCycler 480 instrument (Roche Diagnostics Ltd., Basel, Switzerland)-
specific cycling conditions outlined in Table 2.4. Quantification data for each gene of
interest and reference gene were accepted if standard curve was adequate
(efficiency=1.7-2.1, error<0.4) and results were normalised against the average Cp
value of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

Primer sequences for RT-qPCR are presented in Table 2.5.
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Volume/reaction (pL)
Reagent
EG Qiagen
PowerUP™ SYBR® Green Master Mix 5 5
Primer - 1
Forward primer 0.6 -
Reverse primer 0.6 -
Nuclease-free HoO 1.8 2
Total 8 8

Table 2.3: Master mix components for qPCR. Composition of qPCR master mix
depended on the source of primers-Eurofins Genomics (EG) or Qiagen (QuantiTect).

Step Temperature (°C) Time Ne Cycles
UDG activation 50 2 min 1
Dual lock DNA polymerase 95 2 min 1
Denaturation/ 95 15 sec
40

amplification 60 1 min

95 15 sec
Melt curve 60 1 min 1

95 o

Table 2.4: Cycling conditions used for qPCR reaction. UDG-uracil-DNA glycosylase.
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Protein Gene Primer sequence/Catalogue number

F 5-ACT GGC ATG GCC TTC CG-3’
GAPDH Gapdh

R 5-CAG GCG GCA CGT CAG ATC-3

F 5-AAA CCA GAG ATT CCC ACA CG-3

KIM-1 Haverl
R 5-GTC GTG GGT CTT CCT GTA GC-3
F 5-GGG AGG CAG GGC CTA CAC-¥
Renin Renl1
R 5-CTC TCC TGT TGG GAT ACT GTA GCA-3
F 5-CAC AAG ATG CTG GGA CAG TGA-3
TNF-« Tnf

R 5-TCC TTG ATG GTG GTG CAT GA-3’

AT14R Agtria QT00261464

COL1A1 Collal QT00162204

eNOS Nos3 QT00152754

SOD3 Sod3 QT00246169

Table 2.5: Primer sequences for qPCR protocol. Primers were purchased either from
Eurofins Genomics or Qiagen (QuantiTect). F-forward primer, R-reverse primer.
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2.6 Histology

Dissected mouse kidneys were place in 10% formalin for 24 h at room temperature
before being transferred to 70% ethanol long-term. Samples were dehydrated by being
passed up an ethanol gradient (70%, 80%, 95% and 100%) and xylene before embedding
in paraffin blocks. Sections of fixed kidneys were cut (5 pm), stained with haematoxylin
and eosin (H&E) and assessed for morphological abnormalities using light microscopy

(examined and photographed using a Nikon eclipse Ci microscope).

2.6.1 Haematoxylin and eosin staining

Kidney sections were deparaffinised in xylene (2 x 5 min) and passed down an
ethanol gradient (100%, 95%, 80%, 70% for 20 sec each) for rehydration. After staining
for 5 min with Harris modified Haematoxylin, sections were sequentially placed in acid
alcohol (10 sec), Scott’s Tap Water Substitute (30 sec) and eosin (10 sec) with rinsing
under tap water after each step. Slides were then taken back up the ethanol gradient

and xylene and mounted with DPX.

2.7 Osmotic minipump implantation

2.7.1 Minipump preparation

Minipump preparation was carried out using aseptic techniques to prevent
contamination of both the solution and minipump. Using a syringe and blunt-tipped
filling tubes osmotic minipumps (Alzet® model 2004, Charles River Laboratories)
were filled with angiotensin II (Angiotensin II human, Sigma Aldrich, Dorset, UK) at
the desired dose of 500 ng/kg/min. This was done slowly to prevent the introduction
of bubbles as this can affect pumping rates. Minipumps were then placed in sterile
saline and kept at 37°C for 40 h for “priming” as per manufacturer’s instructions.
This step is essential as all minipumps have a start-up gradient during which they
soak up fluid and come to temperature, therefore priming allows immediate pumping

when implanted into the animal.
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2.7.2 Minipump implantation surgery

Osmotic minipumps were implanted subcutaneously (s/c) into male C57BL/6J
mice under isoflurane anaesthesia (Merial)-4% for induction (in a chamber) and 2-3%
for maintenance during the procedure (using a nose cone adaptation). Prior to surgery
animals received a Vetergesic analgesic injection (s/¢, 0.3 mg/mL; Ceva, UK) along
with a s/c injection of 0.5 mL 0.9% sterile saline to minimise post-operative pain and
aid recovery. Hair from the lower cervical area was shaved and cleaned with iodine
(Vetersept®). A small incision was made in the nape of the neck and a small pocket
(s/c) was created using tissue-separating scissors. The minipump was placed in the
pocket and the incision closed using a 5-0 absorbable suture (Ethicon). A schematic

diagram of the procedure is presented in Figure 2.4.
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Figure 2.4: Osmotic minipump implantation procedure. s/c-subcutaneous injection.
Figure created by the author using BioRender.

o1



2.8 Urine measurements

2.8.1 Metabolic cage protocol

Mice were individually housed and placed in metabolic cages for urine collection for
16-20 h. This time period always encompassed the 7 PM—7 AM time period, when the
animals were active. Metabolic cage experimental designs are outlined in the methods

sections of the relevant chapters.

2.8.2 Urinary KIM-1 measurement

Levels of urinary KIM-1 were measured using a commercial enzyme-linked
immunosorbent assay (ELISA) kit (Mouse TIM-1/KIM-1/HAVCR Quantikine®
ELISA, R&D Duoset Systems; Patricell Ltd, Nottingham, UK) following
manufacturer’s instructions. Briefly, the stock standard provided (5,000 pg/mL) was
first diluted 10-fold to achieve a concentration of 500 pg/mL, which served as the 15
point of the 8-point standard prepared by making serial dilutions (1:2). The final
point of the standard was used as a blank (Calibrator Diluent only). A control sample
provided in the kit was also included. Urine samples require at least a 15-fold dilution
(as per manufacturer’s recommendations), therefore preliminary tests were conducted
to estimate the appropriate level of dilution to ensure the optical density
measurements fell within the assay’s detection range. Based on the results, samples
were diluted 1:40. Each standard, control and experimental sample was run in
technical duplicates. All dilutions were performed using the Calibrator Diluent

solution provided.

The microplate strips were loaded by adding 50 pL Assay Diluent and 50 pnL of
sample, standard or control to each well. Plate was mixed gently and left to incubate
for 2 h at room temperature on a plate shaker (for continuous gentle mixing). Plate
was then washed by aspirating each well and filling it with 400 pL. Wash Buffer-this
process was repeated a total of five times. After the last aspiration 100 pL of cold
mouse TIM-1 conjugate were pipetted into each well and incubated for 1 h at 2-8 °C

without shaking. The aspiration/wash step was repeated five times as described before,
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followed by addition of a Substrate Solution (100 pL/well) and incubation for 30 min at
room temperature, protected from light. Finally, the reaction was stopped by adding

a Stop Solution (100 pL) and gently tapping the plate to ensure thorough mixing.

The optical intensity of each well was immediately determined, using a
microplate reader (OPTImax Tunable Microplate Reader, Molecular Devices, CA) set
to 450 nm and corrected by subtracting the 570 nm readings. This step corrects for
the optical imperfections in the plate and is essential as readings made directly at 450
nm without corrections may be higher and less accurate. Each sample was further
adjusted by subtracting the average reading of the blank samples. Using the
GraphPad Prism software the final absorbance measurements were plotted against the
known concentrations of the standards to generate a four parameter logistic (4-PL)
curve-fit. The standard curve produced was then used to interpolate the
concentration of each sample and the resulting values were multiplied by the dilution
factor to produce the final estimated concentration. Urinary KIM-1 levels were

normalised to urinary creatinine.

2.8.3 Urinary creatinine measurement

Urine creatinine measurements were performed by Kirsten Wilson from the
Centre for Reproductive Health at The University of Edinburgh. Briefly, creatinine
measurements were determined using a creatininase/creatinase enzymatic method as
described by Borner et al. [159] making use of a commercial kit (Creatinine
enzymatic colorimetric assay, Sentinel Diagnostics via Alpha Laboratories Ltd.,
Eastleigh, UK) adapted for use on either a Cobas Fara or Mira analyser (Roche
Diagnostics Ltd, Welwyn Garden City, UK). Within run precision was CV <3% while

intra-batch precision was CV <5%.

Assay principle

When the sample is combined with the Enzymatic Creatinine Liquid reagents the
creatinine is converted by three enzymes in a sequential cascade: creatininase,

creatinase and sarcosine oxidase. First, creatininase catalyses the conversion of

53



creatinine to creatine. Creatine is then enzymatically converted by creatinase into
sarcosine and urea. Sarcosine oxidase then converts sarcosine to glycine,
formaldehyde and hydrogen peroxide (H203). The resulting HOo reacts with
4-aminoantipyrine and N-ethyl-N-sulfopropyl-m-toluidine, catalysed by peroxidase, to
form a quinoneimine dye. The intensity of the dye’s colour, measured at 546 nm,
allows for the quantification of creatinine in the sample. A schematic diagram of the

assay principle is presented in Figure 2.5.

o Creatininase Creatinase Sarcosine oxidase Peroxidase
b

OH CHy
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H0

Creatinine Creatine Sarcosine

Figure 2.5: Urine creatinine measurement assay principle. Creatinine in urine samples
is converted by three enzymes in a sequential cascade: creatininase, creatinase and sarcosine
oxidase. In the final step, hydrogen peroxide (H2Os) reacts with 4-aminoantipyrine (4-AA) and
N-ethyl-N-sulfopropyl-m-toluidine (ESPMT), catalysed by peroxidase, to form a quinoneimine
dye, the intensity of which is measured to quantify creatinine. Figure created by the author
using BioRender.

2.9 Assessment of vascular function: wire myography

To assess vascular function under isometric experimental conditions, wire
myography was performed on renal arteries. In this study, the wire myograph 610 M

system of Danish Myo Technology (DMT) was used.

2.9.1 Renal artery isolation and mounting

Mice were culled by an ip injection of Dolethal (100 pL, 200 mg/mL; Vetoquinol
UK Ltd) and the kidneys, with the intact vasculature connected to the abdominal
aorta, were isolated and placed in ice-cold physiological salt solution (PSS, components
listed in Table 2.6). Both kidneys and the top and bottom ends of the abdominal aorta
were pinned down on a silicone-coated petri dish containing ice-cold PSS and vessels

were cleaned of perivascular adipose tissue (PVAT).
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The wire myograph consists of 4 baths and each bath has gas supply and aspirators
to remove solutions. Each bath was filled with 6 mL of PSS, warmed to 37°C and
supplied with gas of 95% Os and 5% CO,. Perfusing the vessels with this gas mixture
intends to mimic the Oy and COs concentrations in human arterial blood. Dissected
renal arteries were transferred to the baths and cut into rings of 1-2 mm in length.
Under a microscope each renal artery was mounted onto a myograph by passing a fine
40 pnm wide stainless steel wire through the vessel lumen, trying not to touch the inner
vessel wall. The wire ends were stabilised by the screws and baths returned to the

myograph.

Reagent PSS KPSS
NaCl 119.0 mM 3.2 mM
KCI 3.7 mM 125.0 mM
MgSOy4 1.2 mM 1.2 mM
NaHCO;3 25.0 mM 25.0 mM
KHyPOy 1.2 mM 1.2 mM
EDTA 27.0 M 27.0 pM
D-Glucose 5.5 mM 5.5 mM
CaCly 2.5 mM 2.5 mM

Table 2.6: Reagents for preparing PSS and KPSS solutions used in wire myography.
PSS-physiological salt solution, KPSS-high potassium physiological salt solution.

2.9.2 Normalisation of vascular tension

Normalisation of vascular tension is a key step in the wire myography protocol
which aims to determine the internal vessel circumference which produces the
maximal isometric contractility. Vascular reactivity depends on the initial vessel

tension, hence normalisation is an essential step for the accurate comparison of drug
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effects and reproducibility of results.

Normalisation was performed using the DMT Normalisation Module on LabChart
(AD Instrumentals), which involves testing the length/tension relationship for each
vessel. Vessel length was determined using a scale incorporated in the microscope
eyepiece. To set the vessel tension, the micrometer dial, separating the myograph
jaws, was turned in increments of 2 mN each time. For every increase in force, the
distance between the jaws was measured until the vessel reached a maximum of 13.3
kPa, which corresponds to an intramural pressure of 100 mmHg. The length/tension
graph produced was used to determine the optimal internal circumference (ICy) for
each vessel to produce maximal vascular reactivity. The jaws were then adjusted to
correspond to the ICy, at which the vessels remained for the rest of the experiment.

Vessels were left to equilibrate for 30 min.

2.9.3 Vascular reactivity protocol

Viability of renal arteries was tested by bathing vessels in 6 mL of a high
potassium PSS (KPSS, components listed in Table 2.6) to induce a maximal
contractile response through cell depolarisation. Once the concentration response
curve peaked and plateaued, the baths were emptied, the vessels washed three times
with warmed PSS and left to equilibrate for 20 min. This process was repeated three

times.

To assess vascular reactivity, vessels were treated with the adrenergic-dependent
vascular contraction agent phenylephrine (PE; Sigma), the endothelial-dependent
vasodilator acetylcholine (ACh; Sigma) and the endothelial-independent vasodilator
sodium nitroprusside (SNP; Sigma) and dose response curves were generated for each
(109, 3x107, 108, 3x108, 1077, 3x10°7, 10, 3x10¢ and 10> M). Following each drug
administration, vessels were washed with PSS until they reached baseline tension and
left for 20 min before the next treatment. For wvasodilation, arteries were
preconstricted by PE incubation at a dose that would induce ~80% of the maximal

contraction. The mechanism of action of each drug is presented in Figure 2.6.
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Figure 2.6: Mechanism of action of vasoactive drugs used in wire myography.
Signalling pathways of the endothelium-independent vasoconstrictor phenylephrine (PE), the
endothelium-dependent vasodilator acetylcholine (ACh) and the endothelium-independent
vasodilator sodium nitroprusside (SNP).(A) PE acts on alpha-1 (a-1) receptors on vascular
smooth muscle cells (VSMC), triggering a signalling cascade that increases intracellular calcium
(Ca?*), leading to constriction. (B) ACh binds to muscarinic 3 (M3) receptors on endothelial
cells, triggering a signalling cascade that increases intracellular Ca?*, leading to nitric oxide
(NO) synthesis. NO then acts on VSMC, causing relaxation. SNP acts as a NO donor to
cause relaxation. PLC-phospholipase C, PIP;-phosphatidylinositol 4,5-bisphosphate, DAG-
diacylglycerol, IPs-inositol triphosphate, NOS-nitric oxide synthase, GC-guanylyl cyclase,
GTP-guanosine-5’-triphosphate, cGMP-cyclic guanosine monophosphate. Figure created by
the author using BioRender.

2.9.4 The effects of in vitro DEP application on vascular function

One way in which DEP may exert its effects is by producing superoxides and
other oxygen-derived free radicals [160]. In this experiment the direct effect of DEP on
vascular reactivity and whether DEP-induced vascular changes could be reversed by
superoxide dismutase (SOD) were assessed ez vivo in mouse renal artery grafts using

wire myography.

Healthy, untreated mice were culled and renal artery was isolated as described
in Section 2.9.1. Arteries were mounted on a wire myograph and vascular tone was
normalised as previously detailed in Section 2.9.2. Vessel viability was confirmed by
KPSS administration followed by treatment with PE, ACh and SNP (Section 2.9.3).
Arteries were pretreated with either DEP alone or combined DEP+SOD before each
drug administration. For this, a fresh suspension of DEP (SRM 2975, NIST) was

prepared each day (2 mg/mL stock solution) in PSS, vortexed and sonicated to ensure
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particle dispersion and added to the myograph bath at a concentration of 30 ng/mL.
SOD (Sigma) was dissolved in PSS (5,000 U/mL stock solution) and added to the
myograph bath at a concentration of 100 U/mL. A >20 min period was allowed between
DEP/DEP+SOD administration and addition of any vasoactive agent. A >30 min
washout period was ensured before treatment with subsequent drugs. Vessels in the
control group were not pretreated with DEP/DEP+SOD. A diagram with the protocol

details is presented in Figure 2.7.

DEP/ DEP/ PE precon + DEP/ PE precon +
KPSS DEP+SOD PE DEP+SOD ACh DEP+SOD SNP
< B < > ¢——> ¢ B < > < >
Washout 20 min Washout 20 min Washout 20 min
30 min 30 min 30 min

Figure 2.7: Timeline of myography protocol for assessing the direct effects of DEP
on the renal vasculature. Renal arteries from healthy mice were isolated, mounted on a wire
myograph and treated with phenylephrine (PE), acetylcholine (ACh) and sodium nitroprusside
(SNP) to assess vascular function. Vessels were pretreated with diesel exhaust particles alone
(DEP, SRM 2975, 30 pg/mL) or in combination with superoxide dismutase (SOD, 100 U/mL).
KPSS-high potassium physiological salt solution, PE precon-preconstriction with the PE dose
that induced ~80% of the maximal contraction.

2.9.5 Wire myography data analysis

Data were visualised and collected using the LabChart 7 pro software (v.7.3.2) and
analysed using LabChart Reader 8 (v.8.1.22). For vasoconstriction, the maximum force
for each dose was collected and recorded-for KPSS in mN and for PE as percentage of
the maximum KPSS-induced response. For vasodilation, the minimal force for each dose
was collected and expressed as percentage of the tension induced by PE preconstriction.

A diagram of the analysis process is presented in Figure 2.8.

For each treatment a dose response curve was synthesised in GraphPad Prism 9.
A non-linear regression in the logarithmic equation of the dose versus the response was

performed, which allowed for the calculation of the logECso-the concentration of the
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vasoactive compound required to induce 50% of the maximum response.
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Figure 2.8: Exemplars of wire myography vasoreactivity data from LabChart.

2.10 Analysis of gold concentration in tissues using

inductively coupled plasma mass spectrometry

All sample digestion and measurement of gold (Au) concentration using inductively
coupled plasma mass spectrometry (ICP-MS) were performed by Dr Gavin Sim and
Dr Lorna Eades from the School of Chemistry at The University of Edinburgh. All
chemicals used for sample pretreatment and mass spectrometry were of analytical grade
or of high purity. Nitric acid (HNO3) and hydrochloric acid (HCI) of >99.9999% purity
were purchased from Thermo Fisher Scientific (UK), L-cysteine (Acros Organics, NJ,
USA) and deionised (DI) water 18.2 M) produced with an Arium II system (Sartorius,
Germany). The calibration standard solution of gold and the solution of the element
rhodium (Rh), used as internal standard, were prepared using single-element stock
solutions with a concentration of 1,000 mg/mL (both PlasmaCAL grade, SPE Science,
France). For quality control aspects on the relevant ultra-trace level, two reference
samples-“SEROnorm™ Trace Elements in Whole blood L-1” and “SEROnorm™ Trace

Elements in Urine L-2” (both supplied by AB Scientific, UK), were included into the
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analytical procedure. Although the gold concentrations were not certified in these

samples, they were used as reference matrices for additional control experiments.

Sample preparation

Blood (~500 mg) or whole kidneys (~200 mg) were placed in disposable borosilicate
tubes and digested in 2 mL aqua regia (1:3 ratio of concentrated HNOj3-to-concentrated
HCI) at 80°C for 1 h on a block heater type (BT5D, Grant Instruments, UK). Following
digestion, 8 mL of ultrapure water was added to reach a final volume of 10 mL. For
each digestion batch, two reagent blanks were also added. Urine samples were directly
diluted by a factor of 10 in 2% (v/v) aqua regia (aqua regia diluted in DI water), left
for 30 min and centrifuged for 5 min at 1,400 rpm to remove debris. To further stabilise
the gold during analysis and aid washout, immediately before analysis all pretreated
samples (blood, kidney and urine) were further diluted by a factor of 10 in a solution
of 0.01% w/v L-cysteine in 1% v/v HC1 (HCI diluted in DI water). Schematic diagram

of the tissue processing procedure is presented in Figure 2.9.

Sample analysis

Gold content in all samples was analysed using a multi quadrupole inductively
coupled plasma mass spectrometer (multiquad-ICP-MS type 8900, Agilent, USA).
Instrumental setup and methodological settings are outlined in Table 2.7. Two
external calibration curves were applied for gold of the interference-free isotope °7Au
were performed-a micro-calibration at the start of analysis (0.001-0.5 ng/mL Au) and
a macro-calibration at the end (0.01-2 ng/mL Au). Further online addition and
correction with an internal standard (200 ng/mL Rh with the measured isotope
103Rh) and the correction for the chemical blank were also applied. As gold is a
challenging element to analyse due to the potential memory effect of the ICP-MS
system, a thorough washout protocol was designed and tested prior to analysis. The
protocol included the following optimisation steps: (1) comparing background Au
concentrations when employing new single-use digestion tubes versus used and

cleaned tubes, and (2) testing different solutions and acids to reduce background Au
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concentration in blank and washout solutions. Based on this optimisation: (1) new,
single-use digestion tubes were used to maintain Au background concentration low
and reliable, and (2) sample dilution in 0.01% L-cysteine w/v in 1% v/v HCI,
introducing a blank check after every three samples and a refined washout protocol
were applied during the measurement series of the pretreated blood, kidney and urine
samples. Implementing these changes reduced background inter-sample carry over to
0.03 ng/mL Au for samples which were <1 ng/mL Au. For samples reporting >1
ng/mL Au in digest, analysis was repeated to ensure carry over did not affect the
data. The methodological limit of detection (LOD) and limit of quantification (LOQ)
were determined under reproducibility circumstances and in the blank (LOB) as well
as in the three matrices of interest-blood, kidney and urine. Due to Au concentration
being reported as "< value" on the certificate, SEROnorm™ samples were used to (1)
check for blanks and (2) establish the trueness by spike recovery using a spiked
concentration of 0.5 ng/mL Au. Selected samples were run in duplicates and
triplicates in order to establish the inter- and intra-batch analysis variation. A

schematic diagram of the protocol is presented in Figure 2.9.

61



@ Tissue collection @ Digestion

= y
— 7 X 1h [
y /
l // 2mL Aqua regia / \?v?tl_e?mapure
(1:3 HNOs:HCI) & 80°C /
— s
AT '
L
8 5 min
[/ 10-old _ +_) 1,400 rpm
U dilution with 8 30 min ‘
. R — 2% (v/v) )
e Aqua regia } \ .
- ) S
@ Sample stabilisation @ Au concentration measurements
VTP
( Washout )
N~ l J
——

C Blanks )
=
10-fold dilution in

0.01% wt/v L-cysteine

Y Ve et
in 1% v/vHCI

(- Microcalibration )
NG

/%
(( Test samples (3/run) )
~_ - -
C Blanks \>
~_
!

Ve . R Y
(- Macrocalibration )
e

Multiquad ICP-MS, Agilent 8900

Figure 2.9: Protocol for gold concentration measurements using ICP-MS. Healthy
mice were administered gold (Au) nanoparticles via pulmonary instillation (ét) twice weekly
for 4 consecutive weeks. Mice were culled ~18 h after last it and whole blood, kidneys and
urine were collected. Tissues were digested, stabilised and Au concentration measured using
multi quadrupole inductively coupled plasma mass spectrometer (ICP-MS). w-weight, v-volume.
Figure created by the author using BioRender.
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Parameter

Settings

Nebuliser

Micro-mist nebuliser by peristaltic pump at a rate

of ~1.0 mL/min

Spray chamber

Scott double pass (quartz)

Sampler and skimmer cone Nickel

Take up time 1.5 min
Washout time 2 min

RF power 1550 W

RF matching voltage 1.8V
Plasma gas flow 15 L/min Ar
Auxiliary gas flow 0.9 L/min Ar

Nebuliser gas flow

1.03 L/min Ar

Measured isotope (internal

standard isotope)

197Au (103Rh)

Operation mode

Single quad mode

Methodological settings

Fully quantitation mode with 1 point per mass
unit and integration time of 0.1 ms, number of

replicates=3

Table 2.7: ICP-MS instrumental setup and methodological settings.
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2.11 Statistical analysis

Statistical analysis and graph generation were conducted using GraphPad Prism
10 (GraphPad Software, California, USA). Data are presented as Mean + SEM.
Outliers were identified using Grubbs’ test and excluded if p<0.05. Comparisons
between two groups were performed using an unpaired Student’s t-test, with Welch’s
correction applied when significant differences in variance were detected by an F-test.
For comparisons involving three or more groups, ordinary One-way ANOVA was used,
followed by Dunnett’s multiple comparisons test (for comparisons to a control) or
Tukey’s post hoc test (for comparisons among all groups). Two-way ANOVA with
Tukey’s multiple comparisons test was employed to analyse the effects of two
independent factors simultaneously. Statistical significance was defined as p<0.05 and

statistical tests used are stated in the figure legends of each results chapter.
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Chapter 3

Particle translocation to the
kidney and its impact on renal

vascular function
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3.1 Introduction

Ambient air pollution is the largest environmental risk factor, responsible for
approximately 7 million premature deaths each year globally-a number estimated to
have increased by 66% in the last two decades [161, 162]. The detrimental effects of
air pollution go beyond the respiratory system-in fact, studies have shown a clear
correlation between exposure to air pollution and diseases in all major organs of the
body [163]. Epidemiological studies have also linked pollution to kidney disease
[164, 165] (further detailed in Table 1.2), the mechanisms, however, remain unclear.
Air pollution is a complex mixture of various toxic components, however, particulate
matter is especially damaging to human health. As particles originate from different
sources, their composition and size vary. Nevertheless, the small, ultrafine particles
have shown the strongest association with disease. Their high surface area-to-mass
ratio suggests they may carry harmful substances to the body and their small size
(<100 nm) allows them to reach deep into the alveoli and potentially cross from the
lungs to the circulation (translocate) and reach distant organs [166].  This
translocation hypothesis is a riveting explanation for the detrimental effects of air

pollution all throughout the body.

Tracing nano-sized particulates in the body is challenging for a number of
reasons: they are extremely small in size, levels of particles that pass the
alveolar-capillary barrier are low and get diluted even further into the blood and
tissues. Furthermore, particles, such as those in diesel exhaust, are carbon-based,
making them problematic to trace in cells naturally high in carbon. To get around
this, our group has previously used gold nanoparticles as a model to track particle
movement in the body [138]. Gold nanoparticles can be obtained in broadly the same
sizes as particles in diesel exhaust, gold is inert, making it safe for exposure studies,
background gold levels in biological tissues are extremely low and there are a number
of sensitive and reliable techniques to detect them. Our group has previously shown
gold nanoparticles present in blood of adult volunteers as early as 15 min after

inhalation (and in most at 24 h) and was detectable in blood and urine 3 months
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after exposure. Studies in rodents revealed a size-dependent translocation, with
different size thresholds for particle detection in blood (30-100 nm) and in urine
(10-30 nm). These observations suggested that intermediate-sized particles may
sequester in the kidney. Particles in diesel exhaust have a primary size of 10-80 nm,
therefore, the translocation and accumulation of combustion-derived particles in the

kidney may be a key pathway through which pollution could induce kidney disease.

3.1.1 Hypothesis and aims

The hypotheses explored in this chapter are:

1. Nano-sized particles found in air pollution have the capacity to cross
the alveolar-capillary barrier, be carried in the circulation to distant

organs and sequester in the kidney.

2. Nanoparticle translocation into the circulation leads to wvascular

dysfunction in renal arteries.

Aims:

1. Investigate particle translocation following exposure using gold nanoparticles by

establishing gold concentration in tissues.

2. Assess the impact of in vitro DEP application on vascular function in renal
arteries as a proof-of-concept for the effects of nanoparticle translocation to the

circulation. Evaluate the capacity of SOD to attenuate these effects.
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3.1.2 Study design

In addressing the aims of this chapter, two studies were designed.

To explore particle translocation, gold nanoparticles of various sizes were
administered to the lungs of healthy mice twice weekly for 4 consecutive weeks and
mice were culled ~18 h after the last instillation. Blood, kidneys and urine were
collected, digested and concentration of gold in each matrix was measured using

ICP-MS. A diagram of the study design is presented in Figure 3.1.
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Figure 3.1: Study design for gold nanoparticles translocation experiment. Healthy
mice were administered gold (Au) nanoparticles (50 pL of 1.7 mg/mL, total of 680 ng) of various
sizes (2, 3-4, 7-8, 14 and 40 nm diameter) via pulmonary instillation (it) twice weekly for 4
consecutive weeks. Mice were culled ~18 h after last it and whole blood, kidneys and urine
were collected. Tissues were digested and Au concentration measured using multi quadrupole
inductively coupled plasma mass spectrometer. Figure created by the author using BioRender.
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To investigate the impact of nanoparticle translocation to the blood on vascular
function, a proof-of-concept experiment was conducted by directly applying DEP to
isolated renal arteries, followed by vascular function assessment using wire myography.
Renal arteries from healthy mice were tested for their responsiveness to phenylephrine
(PE)-an adrenergic receptor agonist, acetylcholine (ACh)-an endothelium-dependent
vasodilator and sodium nitroprusside (SNP)-an endothelium-independent vasodilator.
The potential of superoxide dismutase (SOD) to mitigate DEP-induced vascular effects

was also evaluated.

69



3.2 Methods

Fach procedure performed in this chapter is detailed in the main Materials and
Methods chapter. All animal experiments in this chapter were performed on healthy,
adult, male C57BL/6J mice, aged 8-10 weeks at the start of each study and maintained

under controlled conditions, further detailed in Section 2.1.

3.2.1 Gold nanoparticles administration

Mice were split into 6 groups and administered gold nanoparticles of various sizes
(2, 3-4, 7-8, 14 and 40 nm-citrate coated) or citrate (vehicle) directly to the lungs using
the instillation/inhalation method (detailed in Section 2.2.2). Particles were diluted to
a final concentration of 1.7 mg/mL and were sonicated and vortexed immediately prior
to administration to minimise aggregation. Briefly, mice were placed under transient
isoflurane anaesthesia and, following assessment of anaesthesia level, were placed supine
on an angled board. Nanoparticle suspension was gently positioned at the base of the
tongue as to be inhaled as the anaesthesia wore off. Particles were administered at
a maximum frequency of once every 72 h. Mice were culled ~18 h after the last 8P
instillation by terminal anaesthesia with ip injection of Dolethal. After assessment of
mouse consciousness, blood was collected by cardiac puncture, kidneys were isolated

with the capsule removed and urine was collected from the bladder. All tissues were

stored at -80°C until further processing.

3.2.2 ICP-MS

All sample digestion and measurement of gold (Au) concentration using inductively
coupled plasma mass spectrometry (ICP-MS) were performed by Dr Gavin Sim and Dr
Lorna Eades from the School of Chemistry at The University of Edinburgh. Blood or
whole kidneys were placed in disposable borosilicate tubes and digested in 2 mL aqua
regia at 80°C for 1 h on a block heater. Following digestion, 8 mL of ultrapure water
was added to reach a final volume of 10 mL. For each digestion batch, two reagent

blanks were also added. Urine samples were directly diluted with 2% (v/v) aqua regia
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by a factor of 10, left for 30 min and centrifuged for 5 min at 1,400 rpm to remove
debris. To further stabilise the gold during analysis and aid washout, immediately prior
to analysis all samples were further diluted by a factor of 10 with a solution of 0.01%
L-cysteine in 1% v/v HCL. Gold concentration in all samples was measured using a

multi quadrupole inductively coupled plasma mass spectrometer (see Section 2.10).

3.2.3 Assessment of vascular function following in vitro application

of DEP: wire myography

To assess vascular function under isometric experimental conditions, wire
myography was performed on renal arteries. In this study, the wire myograph 610 M

system of Danish Myo Technology (DMT) was used.

Renal artery isolation and mounting

Healthy, untreated mice were culled by an ¢p injection of Dolethal and the kidneys
with the intact vasculature connected to the abdominal aorta were isolated and placed
in ice-cold PSS. Both kidneys and the top and bottom ends of the abdominal aorta
were pinned down on a silicone-coated petri dish containing ice-cold PSS and vessels

were cleaned of PVAT.

The wire myograph consists of 4 baths and each bath has gas supply and aspirators
to remove solutions. Each bath was filled with 6 mL of PSS, warmed to 37°C and
supplied with gas of 95% O2 and 5% COs. Dissected renal arteries were transferred to
the baths and cut into rings of 1-2 mm in length. Under a microscope each renal artery
was mounted onto a myograph by passing a fine 40 pm wide stainless steel wire through
the vessel lumen. The wire ends were stabilised by the screws and baths returned to

the myograph.

Normalisation of vascular tension

Normalisation of vascular tension is a key step in the wire myography protocol

which aims to determine the internal vessel circumference which produces the
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maximal isometric contractility. Vascular reactivity depends on the initial vessel
tension, hence normalisation is an essential step for the accurate comparison of drug

effects and reproducibility of results.

Normalisation was performed using the DMT Normalisation Module on LabChart,
which involves testing the length /tension relationship for each vessel. Vessel length was
determined using a scale incorporated in the microscope eyepiece. To set the vessel
tension, the micrometer dial, separating the myograph jaws, was turned in increments
of 2 mN each time. For every increase in force, the distance between the jaws was
measured until the vessel reached a maximum of 13.3 kPa, which corresponds to an
intramural pressure of 100 mmHg. The length/tension graph produced was used to
determine the optimal internal circumference (IC;) for each vessel to produce maximal
vascular reactivity. The jaws were then adjusted to correspond to the ICi, at which
the vessels remained for the rest of the experiment. Vessels were left to equilibrate for

30 min.

Vascular reactivity protocol

Viability of renal arteries was tested by bathing vessels in high potassium PSS
(KPSS) to induce a maximal contractile response. Once the concentration response
curve peaked and plateaued, baths were emptied, the vessels washed three times with

warm PSS and left to equilibrate for 20 min. This process was repeated three times.

To assess vascular reactivity, vessels were treated with the adrenergic-dependent
vascular contraction agent phenylephrine (PE), the endothelial-dependent vasodilator
acetylcholine (ACh) and the endothelial-independent vasodilator sodium nitroprusside
(SNP). For vasodilation, arteries were preconstricted by PE incubation at a dose that
would induce ~80% of the maximal contraction. Prior to administration of each drug,
arteries were pretreated with either DEP alone or combined DEP+SOD (vessels in the
control group were pretreated with equal volume of PSS). For this, a fresh suspension of
DEP in PSS was prepared each day, vortexed and sonicated to ensure particle dispersion

and added to the myograph bath at a concentration of 30 pg/mL [123]. SOD was
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dissolved in PSS and added to the myograph bath at a concentration of 100 U/mL. A
>20 min period was allowed between DEP/DEP+SOD administration and addition of
any vaso-active agent. Following each drug administration vessels were washed with
PSS until they reached baseline tension and left for >30 min washout period before
treatment with subsequent drugs. A diagram with the protocol details is presented in

Figure 2.7.
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3.3 Results

3.3.1 Inhaled gold nanoparticles translocate and sequester in the

kidney

Gold was detected in whole blood in a size-dependent manner (Figure 3.2A)-the
smaller the particle size administered, the greater the gold concentration in the blood
(2 nm p <0.0001, 3-4 nm p <0.001). Although concentrations were lower, a similar
dependency was observed in the urine (p <0.0001) (Figure 3.2C). Gold nanoparticles
were also detected in the kidney (2 nm p <0.0001, 3-4 nm p <0.01) (Figure 3.2B). In all
tissues, gold concentration from groups administered 2 nm and 3—4 nm-sized particles
was significantly higher compared to that in vehicle-treated control animals (Figure

3.2).
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Figure 3.2: Gold nanoparticles concentration in mouse tissues following pulmonary
instillation. Mice were instilled with gold nanoparticles of various sizes (2 instillations/week for
4 consecutive weeks, 50 pL, 1.7 mg/mL) and gold concentration was measured in (A) blood, (B)
kidney and (C) urine using ICP-MS (each dot represents an animal). Data presented as Mean
+ SEM (n=6 except control blood n=>5 and 2 nm urine n=4). **p <0.01, ***p <0.001, ****p
<0.0001 compared to control (ordinary One-way ANOVA with Dunnett’s multiple comparisons
test).
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3.3.2 In wvitro application of DEP impairs nitric oxide-dependent

vasodilation in renal arteries

After confirming that inhaled nanoparticles can be transported via the circulation
to the kidney and accumulate there (Section 3.3.1), we sought to examine the effects of
these translocated particles on vascular function. In this proof-of-concept experiment,

DEP was directly applied to isolated vessels to simulate translocation.

To investigate the effects of in vitro application of DEP on vascular function, renal
artery grafts from healthy mice were assessed for their reactivity to phenylephrine
(PE)-an adrenergic receptor agonist, acetylcholine (ACh)-an endothelium-dependent
vasodilator and sodium nitroprusside (SNP)-an endothelium-independent vasodilator.
The potential of SOD to reverse DEP-induced vascular effects was also evaluated. Renal
artery vasoconstriction in response to high potassium physiological salt solution (KPSS)
was measured at the start of the protocol as a marker of vessel viability post-mounting,
with no significant difference in maximal constriction observed across all groups (Figure

3.3).

Dose-response curves were generated for each vasoactive drug and non-linear
regression was used to calculate ECsg values (the concentration required to induce
50% maximal response) to assess vessel sensitivity. These curves and graphs with
ECs¢ values are presented in Figure 3.4, with statistical analysis results summarised

in Table 3.1.

Dose-response curves for PE showed no differences among the three groups and
ECso values were similar across treatments (Figure 3.4A and 3.4B). Although DEP
treatment did not significantly alter vessel response to ACh (Figure 3.4C), a
rightward shift in the dose-response curve and a slightly higher mean ECsy; were
observed in the DEP group compared to controls, though this was not statistically
significant (p=0.5733; Figure 3.4D). Dose-response curve for SNP suggested a
DEP-induced slight impairment in vasodilation at SNP concentrations of 10 nM and
30 nM, similar to the observations in the DEP+SOD group at 30 nM and 100 nM

(Figure 3.4E). DEP administration significantly increased SNP ECjsg compared to
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control (p=0.0173; Figure 3.4F).

KPSS

ns
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Figure 3.3: Assessment of renal arteries constriction by KPSS prior to treatment
with DEP/DEP+SOD in vitro. Renal arteries from healthy, untreated mice were isolated
and mounted on a wire myograph. Vessel viability was assessed by measuring constriction
in response to potassium-induced depolarisation (KPSS-high potassium physiological salt
solution). Measurements were made prior to treatment with DE/DEP+SOD. Each dot
represents an animal. Data presented as Mean + SEM; ns-not significant (ordinary One-way
ANOVA followed by Tukey’s multiple comparisons test).
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Figure 3.4: Effects of in vitro DEP application on renal artery vascular function.
Renal arteries from healthy, untreated mice were isolated and vascular reactivity assessed by
wire myography following treatment with phenylephrine (PE), acetylcholine (ACh) or sodium
nitroprusside (SNP). Prior to each drug administration, vessels were treated with diesel exhaust
particles alone (DEP, 30 ng/mL) or combined with superoxide dismutase (SOD, 100 U/mL).
Untreated mice served as control. Each dot represents an animal. Data presented as Mean +
SEM. Comparisons control vs DEP are indicated by * and comparisons control vs DEP+SOD
are indicated by T; ns-not significant, */*p <0.05 (Two-way ANOVA with Tukey’s multiple
comparisons test for dose-response curves and ordinary One-way ANOVA followed by Tukey’s
multiple comparisons test for calculation of ECsg values).
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6.

Drug Source of Variation % of total variation | P value P value summary ECs5y P value
Drug dose x Treatment 0.3765 0.9564 ns Con/DEP 0.9395
PE Drug dose 82.96 <0.0001 ok Con/DEP+SOD  0.9989
Treatment 0.005153 0.9924 ns DEP/DEP+SOD 0.9572
Drug dose x Treatment 0.4788 0.9605 ns Con/DEP 0.5733
ACh Drug dose 63.91 <0.0001 ok Con/DEP+SOD  0.9722
Treatment 2.062 0.3236 ns DEP/DEP+SOD 0.4573
Drug dose x Treatment 1.645 0.0006 ok Con/DEP 0.0173
SNP Drug dose 74.24 <0.0001 ok Con/DEP+SOD  0.0370
Treatment 3.891 0.0458 * DEP/DEP+SOD 0.9649

Table 3.1: Statistical analysis summary of the effects of DEP on renal artery vascular function in wvitro. Renal arteries from healthy mice
were isolated and treated with phenylephrine (PE), acetylcholine (ACh) or sodium nitroprusside (SNP) to assess vascular function using wire myography
(Figure 3.4). Prior to each drug administration, vessels were treated with diesel exhaust particles (DEP) alone or in combination with superoxide dismutase
(SOD). Untreated mice served as control (Con). Table summarises results from statistical analysis for dose-response curves (Two-way ANOVA with Tukey’s
multiple comparisons test) and ECyo values (ordinary One-way ANOVA followed by Tukey’s multiple comparisons test). Text in red indicates statistical
significance; ns-not significant, ~p <0.05, ~"p <0.001, “"p <0.0001.



3.4 Discussion

3.4.1 Particle translocation as a mechanism for the extrapulmonary

effects of DEP

Several pathways have been proposed to elucidate the adverse extra-pulmonary
health impacts attributed to air pollution (detailed in Section 1.2.5). These include
(1) the activation of pulmonary macrophages following particle ingestion, leading to
the subsequent release of inflammatory mediators into the circulation and (2)
stimulation of alveolar sensory receptors by particulate matter and the subsequent
activation of the central nervous system-this neuronal response modulates systemic
organs through neural connections and altered release of neuroendocrine signals. The
hypothesis that particles, particularly fine particles, could permeate the air-blood
barrier and directly interact with systemic organs was introduced in the early 215
century. Significant progress has been made in this area through the demonstration of
particle translocation and accumulation into the circulation and secondary target
organs (STOs) using various labelled particles.  Several factors can affect the
distribution of particles in biological systems, such as size, with smaller particles
exhibiting a higher propensity for translocation [167-171]. Surface charge can also
influence distribution, however, conflicting findings have been reported in different
studies regarding the relationship between particle charge and their translocation to
specific organs [168, 170, 172]. Upon introduction into physiological fluids,
nanoparticles adsorb proteins, resulting in the formation of a protein corona (PC)
[173]. This PC has the capability to alter particle identity and influence its activity
and destination within the body-the PC formation itself depends on particle size and
surface modifications [174]. While only small concentrations of nanoparticles enter the
circulation and systemic organs (e.g. <1% of inhaled gold nanoparticles translocated
from the lung into the circulation [175] and accumulation of 20 nm iridium particles
in STOs estimated at 1-2% of the deposited dose at 24 h after administration [171]),
adverse effects could potentially arise from prolonged accumulation (such as

cumulative exposure to air pollution over a lifetime) or if particles aggregate in more
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susceptible tissue areas, such as those affected by disease [138].

Several studies in rodents have shown the movement of particles to the kidney,
using different types of particles (such as gold or radiolabeled iridium) and
administered through intratracheal instillation or inhalation/ventilation, mostly
falling within the size range of 15200 nm [171, 176-178]. Our study aimed to expand
upon these previous findings by concentrating on the primary (single) size of particles
within the range of renal pore sizes. In the kidney, the glomerulus acts as a
specialised filtration unit responsible for removing waste products, including
nanoparticles, from the blood. Different methods have yielded various estimates of
pore size, but most studies indicate that the majority of pores have a median
diameter of ~4-6 nm, with a smaller subset having diameters up to ~14 nm [179-181].
The glomerular filtration apparatus is generally considered to have a cutoff size of 6-8
nm [182, 183]. While our study did not aim to directly measure pore size, our results
align with existing estimates of glomerular pore size, as evidenced by the higher
excretion of sub-7 nm particles and the lower excretion of larger particles (14 nm,
with almost no detectable 40 nm particles) in urine samples. This inverse relationship
between particle size and their concentration in the kidney is consistent with findings
reported by other research groups. For instance, analysis of rat renal tissue following
exposure to gold nanoparticles showed a higher proportion of 1.4 nm compared to 18
nm particles 24 h post-administration. Interestingly, accumulation in the kidney was
more significant when particles were administered intravenously compared to
intratracheally [169]. Studies indicate that NP translocation to STOs peaks at 7 days
post-exposure [178], with particles still detectable in the kidneys up to 6 months later
[184]. While size is an important determinant in glomerular filtration, other aspects
are also crucial, including molecular shape, charge and glomerular permeability,

influenced by factors such as inflammation or disease.

As mostly smaller nanoparticles were translocated to the circulation (2 and 34
nm), our findings showed a similar size dependency for the kidney and the urine.

Although excretion to the urine is a potential mechanism for particle clearance from
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the blood, nanoparticles still accumulate in the kidney. These results suggest that
nanoparticles may penetrate into renal tissue as opposed to accumulation only of
those too large to pass through the glomerulus. To further explore this phenomenon,
analysis of renal tissue with transmission electron microscopy (TEM) and Raman
spectroscopy could be employed to examine whether nanoparticles exhibit preferential
deposition within specific renal regions and whether such deposition is size-dependent.
Previous investigations conducted by our group have demonstrated the deposition of
gold nanoparticles within sites of vascular pathology in ApoE”" mice [138]. Future
studies could extend this to the kidney, wherein animals with pre-existing renal injury
could be administered gold nanoparticles of varying sizes, with subsequent evaluation

of particle translocation using the aforementioned methodologies.

3.4.2 The effects of in vitro application of DEP on vascular function

of mouse renal artery

The conventional pathway for the extrapulmonary effects of particulate matter in
air pollution holds that inhaled particles trigger a local inflammatory response in the
lungs, which then leads to the release of inflammatory cytokines into the systemic
circulation (Section 1.2.5). In contrast, using gold nanoparticles, our study
demonstrated that inhaled nano-sized particles can cross the alveolar-capillary barrier
and travel through the bloodstream to reach distant organs like the kidneys, where
they may exert direct harmful effects (Section 3.3.1). If DEP enters the circulation,
does it have the capacity to directly impair renal artery function? To address this
question, we conducted a proof-of-concept experiment in which isolated mouse renal
arteries were incubated with the well-characterised DEP SRM 2975 and vascular
reactivity to PE, ACh and SNP was evaluated using wire myography. The capacity of
SOD in counteracting DEP-induced changes was assessed by co-incubating SOD with
DEP.

Our results indicated that in wvitro application of DEP did not alter renal artery

sensitivity to PE. However, DEP caused a rightward shift in the ACh
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concentration-response curve and a trend toward elevated ECsy compared to controls,
though these changes did not reach statistical significance. Co-incubation with SOD
showed a partial reversal of these effects. In contrast, DEP significantly reduced
SNP-induced vasorelaxation, as demonstrated by a marked rightward shift in the
dose-response curve and a significantly increased ECsg. This inhibitory effect on
SNP-induced relaxation was not reversed by SOD. These findings suggest that DEP
can directly impair renal artery function, potentially through disruption of the NO
signalling pathway, without requiring prior interaction with lung tissue and

independent of lung-mediated inflammatory responses.

The large surface area of nanoparticles in diesel exhaust allows for significant free
radical generation, particularly oxygen-centred radicals such as Os, as
well-documented in previous studies [123, 185]. Prior research in our group used
electron paramagnetic resonance (EPR) to demonstrate that a 60 min incubation of
DEP suspension (10 pg/mL) significantly increased EPR signal intensity, indicating
elevated free radical production compared to controls. This effect was notably
diminished with co-incubation of SOD, suggesting that the free radicals generated
were primarily Og™ [123]. Og™ readily reacts with NO, reducing its bioavailability
while forming the cytotoxic compound peroxynitrite [186]. Furthermore, the study
showed that NO concentrations from the NO donor
2-(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO) were significantly lower in the
presence of DEP, supporting the notion that DEP scavenges NO. These findings
collectively indicate that DEP exposure induces the generation of oxygen-centred free
radicals, which deplete NO and contribute to the inhibition of NO-mediated vascular
relaxation [123]. The DEP-induced impairment of renal artery vascular function in

vitro observed in the current study may be attributed to this mechanism.

Previous research in female wild type (WT) mice demonstrated that in wvitro
treatment of aortas with a lower dose of DEP (10 pg/mL) did not affect PE-induced
constriction [187]. However, a higher DEP dose (100 pg/mL) significantly reduced

contractility, as indicated by a decreased maximal response (E.x) without altering
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ECs0. While DEP had no impact on SNP sensitivity, Hansen et al. observed a
leftward shift in the ACh dose-response curve for both DEP doses, with no significant
changes in ECsg but a significant increase in maximal relaxation only at the higher
dose [187]. In rats, DEP incubation of thoracic aortas significantly impaired
endothelium-dependent relaxation and modestly reduced SNP-induced relaxation at
DEP doses as low as 10 pg/mL [123]. These findings have been corroborated in
human studies, where diesel exhaust inhalation for 1 h during intermittent exercise
significantly attenuated the increase in forearm blood flow in response to ACh and

SNP infusions at 2 and 6 h post-exposure [116].

In this experiment a high concentration of DEP was used and its relevance to the
vascular effects following pulmonary DEP exposure in mice has yet to be determined.
However, the in wvitro effects observed may not fully capture the extent of DEP’s
impact, as this model does not account for the heightened effects of free radicals,
intensified by OS and compromised defences typically associated with DEP-induced
inflammation in vivo. Nevertheless, the consistency of in wvitro findings with those
observed in human exposure studies [116, 185] indicates that these in vitro methods

provide a useful preliminary assessment of the vascular effects of DEP in vivo.
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3.4.3 Chapter summary

In this study, gold nanoparticles were employed as a model for ultrafine particles to
explore the translocation pathway as an underlying mechanism for the adverse systemic
health effects associated with particulate matter exposure. Having identified the kidney
as a potential target for nanoparticle accumulation, our investigation shifted towards
assessing the impact of diesel exhaust particles on renal vascular function in healthy

mice in vitro. In summary, the main findings of this chapter are:

e Gold was detected in whole blood, urine and kidney in a size-dependent manner

with a cutoff particle diameter of <7 nm.

e In vitro application of DEP to renal arteries from healthy mice had no effect on
sensitivity to PE. DEP reduced sensitivity to ACh-induced vasorelaxation, with
a minor but non-significant increase in ECsy values. DEP significantly impaired
endothelium-independent vasodilation and increased ECsg values. Co-incubation
with SOD did not affect SNP-induced changes but reversed the DEP-induced

impairment in ACh sensitivity.
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Chapter 4

The effects of acute DEP

exposure on the kidney
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4.1 Introduction

Results from Chapter 3 demonstrated the potential of inhaled nanoparticles to
cross the alveolar-capillary barrier, enter the circulation and sequester in the kidney.
Furthermore, the capacity of translocated DEP to cause vascular impairment was
demonstrated by applying DEP directly to renal arteries of healthy mice in wvitro.
Next, we aimed to investigate the impact of nanoparticles on renal injury and

inflammation in healthy mice following a single DEP exposure.

4.1.1 Hypothesis and aims

The hypothesis explored in this chapter is:

Acute exposure to DEP induces kidney damage through effects on renal

inflammation and markers of kidney injury.

Aims:
1. Evaluate pulmonary and systemic inflammation following acute DEP exposure.

2. Determine the effects of acute pulmonary DEP exposure on markers of kidney

injury and inflammation.

4.1.2 Study design

To examine the effects of acute DEP exposure on markers of kidney injury, two
experiments were performed. In the first one, mice were given a single dose of DEP
(35 pg), culled ~18 h later and tissues collected. BALF was collected for pulmonary
inflammation measurements, blood was collected for analysis of systemic
inflammation and kidneys were harvested to quantify markers indicative of renal
injury and inflammation (see Figure 4.1A). In the second experiment mice were
administered a higher dose of DEP-50 pg and culled either 6 h or 16 h after
instillation. Tissues were collected and analysed for markers of pulmonary, systemic

and renal inflammation and kidney injury (see Section 4.2 for methodological details).

87



Acute DEP exposure
+ 35 ug; 1 instillation (i?)
* mice culled ~18 h post it

Total cell count+

Cell differentials ELISA RT-qPCR

Fluorescence

Cycles

(A)

Acute DEP exposure - study 2
* 50 pg; 1 instillation (if)
* mice culled ~6 h/16 h post it

Fluorescence

R Cycles
Total cell count Multiplex bead assay RT-gPCR

(B)

Figure 4.1: Study designs for acute DEP exposure experiments. Healthy mice were
administered either (A) a single dose of diesel exhaust particles (DEP, 35 ng) and culled ~18 h
after exposure or (B) a single dose of DEP (50 pg) and culled ~6 h or 16 h after exposure. Tissues
were collected for measurement of DEP-induced effects on markers of pulmonary, systemic and
renal inflammation and injury. Figure created by the author using BioRender.



4.2 Methods

Fach procedure performed in this chapter is detailed in the main Materials and
Methods chapter. All animal experiments in this chapter were performed on healthy,
adult, male C57BL/6J mice, aged 8-10 weeks at the start of each study and maintained

under controlled conditions, further detailed in Section 2.1.

4.2.1 DEP administration

DEP (SRM 2975, NIST) was suspended in sterile saline (0.9% NaCl) at a
concentration of 1 mg/mL and was always sonicated and vortexed prior to
administration to avoid particle aggregation. Mice were administered DEP at a single
dose of either 35 pg or 50 pg using the instillation/aspiration method. Briefly, mice
were placed under transient isoflurane anaesthesia and following assessment of
anaesthesia level, were placed supine on an angled board. DEP suspension was gently
positioned at the base of the tongue as to be inhaled as the anaesthesia wore off.

Control group received sterile saline. This procedure is detailed in Section 2.2.1.

4.2.2 BALF measurements

BALF collection

To assess pulmonary inflammation in mice following DEP exposure, BALF was
collected by lavaging the lungs three times with 0.9% NaCl. Primary lavage was kept
separate, secondary and tertiary lavages were combined, now referred to as secondary
lavage. BALF was centrifuged, cell pellet from primary lavage was resuspended in 1%
BSA and combined with suspension from secondary lavage by gentle pipetting (see

Section 2.3.1).

Total cell count

For each sample, 50 pL of cell suspension was mixed with equal volumes of lysis
buffer and stabilising buffer, sample was drawn up a NucleoCassette™ and total cell

count was established using a NucleoCounter™ (see Section 2.3.2).
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Cell differential counts

For each sample, a glass slide was inserted into a metal cassette, a filter card placed

on top of the slide and finally a cytofunnel on top of the filter card.

Based on the total cell count, for each sample the volume corresponding to 40,000
cells was mixed with 1% BSA to reach a final volume of 300 pL. This suspension was
pipetted into the cytofunnels, cassettes were centrifuged, slides were left to dry, followed

by Diff-Quik staining.

Immune cells from BALF were stained using the Diff-Quik method by dipping the
slides into each solution for 30 sec before moving to the next one. Steps were as follows:
100% methanol (for fixing cells), red stain (Eosin G in phosphate buffer), blue stain
(Thiazine dye in phosphate buffer) and distilled water. BALF cell differential counts
were conducted by manually enumerating and classifying approximately 200 cells per
sample into their respective cell types. Data for each cell type are presented as (1)
percentage of total number of cells counted manually and (2) the absolute number of
cells from each cell type in the lung lavage by referring back to the original total cell
count obtained by the nucleocounter. A detailed description of this protocol is outlined

in Section 2.3.3 and a diagram of BALF processing is presented in Figure 2.2.

4.2.3 Measurement of plasma IL-6 levels

Mice were culled ~18 h after DEP exposure by terminal anaesthesia with ip
injection of Dolethal. After assessment of mouse consciousness, blood was collected by
cardiac puncture (syringe was pre-coated with citrate 3.8%). Blood was placed in an
EDTA-coated tube, centrifuged, plasma was separated and kept at -80°C for further

analysis.

Systemic levels of I1.-6 were measured using a commercial ELISA kit, following
manufacturer’s instructions. Briefly, an 8-point standard was prepared by making serial
dilutions from the stock standard provided (500 pg/mL)-the final point being blank.
A control sample provided in the kit was also included. Control sample and standards

were run in technical duplicates, test samples were run in singles due to low plasma
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volumes available. Each well was loaded with 50 pnL of sample, control or standard,
thoroughly mixed with an equal volume of Assay Diluent, and left to incubate for 2
h on a plate shaker. The plate was washed, conjugate added and incubated for 2 h.
Plate was washed again, Substrate Solution added and incubated for 30 min at room
temperature, protected from light. Reaction was terminated by adding a Stop Solution
and the optical intensity of each well was immediately determined using a microplate

reader. This procedure is detailed in Section 2.4.1.

4.2.4 Measuring mRNA levels in renal tissue by RT-qPCR

Tissue harvest

Mice were culled ~6 h, 16 h or 18 h after DEP exposure by terminal anaesthesia
with ¢p injection of Dolethal. Kidneys were dissected and the capsule removed. The
left kidney was cut longitudinally and one half further cut horizontally into two. A
quarter of each kidney was placed in RNAlater™ solution for 24 h at 4°C, then stored

at -80°C for further processing.

RNA extraction

Immediately prior to RNA extraction the quarter of mouse kidney was split into
cortex and medulla, placed in QIAzol™ lysis reagent and homogenised using a tissue
lyser. RNA was isolated using a commercial kit following manufacturer’s instructions

and RNA concentration was quantified using a spectrophotometer (see Section 2.5.2).

RT-qPCR

cDNA was synthesised using a commercial kit and following manufacturer’s
instructions. Briefly, for each RT reaction an RNA extract volume corresponding to
2,000 ng of diluted RNA was mixed with enzyme mix and RT buffer. Negative
controls were also included, where RT enzyme or RNA were replaced with an equal
volume of water. Samples were reverse transcribed on a Thermal Cycler and the

cDNA generated was stored at -20°C until further processing.
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The cDNA generated from the RT reaction was amplified and quantified using
qPCR. An 8-point standard curve was constructed by pooling an equal volume from
each ¢cDNA sample and performing a 1:4 dilution for the first point and serial 1:2
dilutions for points 2-7. The final point of the standard was used as a blank (nuclease-
free water only). The remaining cDNA was diluted 1:40 (2.5 ng/pL) to fall within the
middle of the standard curve. For each reaction (run in technical triplicates) cDNA
was mixed with master mix. Negative controls, as described above, were also added.
Reactions were run on a LightCycler instrument and quantification data were accepted
if standard curve was satisfactory. Results were normalised against the average Cp value
of the housekeeping gene GAPDH. Further details on the RT-qPCR protocol, master

mix components, cycling conditions and primer sequences are outlined in Section 2.5.3.

4.2.5 Measurement of circulating cytokines using a multiplex assay

Mice were culled by terminal anaesthesia with an ip injection of Dolethal. Following
assessment of mouse consciousness using the hind limb reflex test, blood was collected
by cardiac puncture (syringe was pre-coated with citrate 3.8%), placed in an EDTA-
coated tube and kept on ice. Within 30 min of collection, blood was centrifuged for 20
min at 1,000 x g, plasma was separated, placed in a fresh Eppendorf tube and stored

at -80°C until further processing.

Cytokine levels were measured in plasma using the LEGENDplex™ Multi-Analyte
Flow Assay Kit (Mouse Macrophage/Microglia Panel (13-plex); Biolegend®). Plasma
samples were diluted 2-fold with Assay Buffer and run in singles. An 8-point standard
curve was generated by making 1:4 serial dilutions from the stock standard provided
(10,000 pg/mL). The final point of the standard was used as a blank (Assay Buffer

only). Each standard was run in technical duplicates.

Samples were mixed with beads and either matrix C (for standards) or Assay
Buffer (for plasma samples) and loaded onto a V-bottom 96-well plate. The samples
and beads were mixed for 2 h at room temperature on a plate shaker, protected from

light. Following incubation, the plate was centrifuged for 5 min and supernatant
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discarded. The plate was washed by dispensing 200 pl. Wash Buffer into each well,
incubating it for 1 min, centrifuging again for 5 min and finally discarding the Wash
Buffer. This wash step was repeated twice. Samples were then incubated with
Detection Antibodies for 1 h at room temperature on a plate shaker, protected from
light. Streptavidin-phycoerythrin (SA-PE) was then added directly and allowed to
incubate with the samples for 30 min at room temperature on a plate shaker,
protected from light. The plate was centrifuged, supernatant discarded and plate
washed as previously described, forming a bead pellet at the bottom of the plate at
the end. Finally, the beads were resuspended in Wash Buffer by gentle pipetting.
Samples were then read on a flow cytometer. A diagram detailing the underlying
assay principle is presented in Figure 2.3 and a more comprehensive procedural

outline is provided in Section 2.4.2.
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4.3 Results

4.3.1 Acute DEP exposure induces pulmonary inflammation through

increase in BALF total cell count and neutrophil infiltration

Compared to controls, administration of a single dose of DEP produced a
significant increase in total number of cells counted in BALF 18 h after instillation
(Figure 4.2A). Performing differential analysis indicated this increase to be mainly
due to a substantial rise in the number of neutrophils, as opposed to other
inflammatory cell types, such as macrophages and lymphocytes (Figure 4.2B and
4.2C). Pulmonary cells identified as neutrophils rose from 1.1% in control animals to
11.5% in DEP-treated mice (Figure 4.2B). A representative image from cytospins of
BALF cells is presented in Figure 4.2D which shows neutrophil infiltration following
DEP exposure. Diesel particle accumulation on the surface of or within macrophages

of the DEP group is highlighted in the enlarged inset.
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Figure 4.2: Effects of acute pulmonary DEP exposure on lung inflammation. Mice
were administered a single dose of diesel exhaust particles (DEP, 35 pg) or saline (control) by
pulmonary instillation. Mice were culled ~18 h after exposure, bronchoalveolar lavage fluid
(BALF) collected and analysed for (A) total cell count and (B) cell differentials for each cell
type presented as percentage of manually counted cells or (C) presented as the total number
of each cell type by referring back to the original total cell count from the nucleocounter
(n=5 mice/group). (D) Representative images of BALF inflammatory cells following Diff-Quik
staining. Scale bar 40 nm. Inset highlights accumulation of DEP particles within and on the
surface of macrophages. Data presented as Mean + SEM; *p <0.05, ***p <0.001 (unpaired
Student’s t-test; Welch’s correction was used where the t-test indicated significant difference
in the variance of the two groups being compared). MPh-macrophages, Nph-neutrophils, Lys-
lymphocytes.
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4.3.2 Acute pulmonary DEP exposure does not elevate systemic IL-6

levels

Interleukin-6 (IL-6) levels were measured in mouse plasma as a marker of systemic
inflammation (Figure 4.3). Data showed a slight but insignificant increase in plasma
IL-6 levels following acute DEP exposure (mean levels 12.1 pg/mL and 15.6 pg/mL in

control and DEP groups, respectively; p=0.6248).
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Figure 4.3: Effects of acute pulmonary DEP exposure on levels of circulating IL-6.
Mice were administered a single dose of diesel exhaust particles (DEP, 35 pg) or saline (control)
by pulmonary instillation. Mice were culled ~18 h after exposure, blood collected and plasma
IL-6 levels measured using a commercial ELISA kit. Each dot represents an animal. Data
presented as Mean + SEM; ns-not significant (unpaired Student’s ¢-test).
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4.3.3 Acute DEP exposure does not induce KIM-1 and TNF-«

expression in the kidney

The effect of acute DEP exposure on kidney injury and inflammation was
assessed through the quantification of kidney injury molecule-1 (KIM-1) and tumour
necrosis factor-alpha (TNF-oo) mRNA within renal tissue (Figure 4.4). KIM-1 and
TNF-o mRNA levels in both control and DEP-treated mice were significantly higher
in the medulla compared to the cortex. Nevertheless, although treatment did not
induce changes in renal TNF-« expression (Figure 4.4B), exposure to DEP resulted in
a statistically significant reduction in KIM-1 expression within both the cortex
(p=0.0006) and the medulla (p=0.0172; Figure 4.4A). Raw cycle threshold (Ct)

values for each gene and treatment group are presented in Table 4.1.
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Figure 4.4: Effects of acute pulmonary DEP exposure on transcript levels of
biomarkers of kidney injury and inflammation. Mice were administered a single dose
of diesel exhaust particles (DEP, 35 ng) or saline (control) by pulmonary instillation. Mice
were culled ~18 h after exposure, kidneys collected and renal mRNA levels of (A) kidney injury
molecule-1 (KIM-1) and (B) tomour necrosis factor-alpha (TNF-«) were measured by RT-
qPCR (each dot indicates an animal). Results are normalised to the housekeeping (HK) gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and data presented as Mean + SEM.
Comparisons between treatment groups within the same kidney region are indicated by *,
whereas comparisons between kidney regions within the same treatment group are indicated by
i ¥ /T p <0.05, ¥* /T p <0.01, ¥**/T++p <0.001, ¥F*¥* /T p <0.0001 (Two-way ANOVA with
a mixed-effects model fitted on log-transformed data).
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Saline DEP

Cortex 20.98 + 0.15 20.69 + 0.16
GAPDH

Medulla 22.06 + 0.11 22.16 + 0.11

Cortex 31.23 + 0.24 31.52 + 0.16
KIM-1

Medulla 30.27 + 0.15 31.04 + 0.11

Cortex 34.83 + 0.17 34.70 £ 0.12
TNF-o

Medulla 34.91 + 0.06 34.96 + 0.05

Table 4.1: Raw Ct values of renal transcript levels following acute DEP exposure:
study 1. Mice were administered a single dose of diesel exhaust particles (DEP, 35 ng) or saline
(control) by pulmonary instillation. Mice were culled ~18 h after exposure, kidneys collected
and renal mRNA levels of kidney injury molecule-1 (KIM-1) and tomour necrosis factor-alpha
(TNF-a) were measured by RT-qPCR (glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
served as housekeeping gene). Raw cycle threshold (Ct) values for each treatment group are

presented as Mean + SEM.
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4.3.4 Acute DEP exposure does not increase BALF total cell count

within 16 h post exposure

To further examine the effects of acute DEP exposure on inflammation and markers
of kidney damage, a follow-up experiment was conducted. Mice were administered a
higher dose of 50 pg DEP (or saline) and culled after ~6 h or 16 h later. Results
revealed no significant difference in BALF total cell count between the DEP-exposed
and control group 6 h after instillation (Figure 4.5). Although a marginal increase in
TCC was observed in DEP-treated mice compared to controls at the 16 h mark, this
discrepancy did not attain statistical significance (p=0.1058). While in DEP-exposed
mice TCC values at 6 h and 16 h post-instillation were comparable, control animals

exhibited a significantly lower count at the 16 h time point (p=0.0159).
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Figure 4.5: Effects of acute pulmonary DEP exposure on BALF total cell count.
Mice were administered a single dose of diesel exhaust particles (DEP, 50 ng) or saline (control)
by pulmonary instillation and culled ~6 h or 16 h after exposure. Bronchoalveolar lavage
fluid (BALF) was collected and total cell count measured. Each dot represents an animal.
Data presented as Mean + SEM; ns-not significant, Tp <0.05 (comparison between time points
within the same treatment group; Two-way ANOVA with a mixed-effects model fitted on log-
transformed data).
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4.3.5 Acute DEP exposure induces early increases in systemic IL-18

and CCL22 levels

To construct a more comprehensive understanding of the inflammatory state within
the systemic circulation after acute DEP exposure, levels of inflammatory markers
were quantified in mouse plasma (Figure 4.6). Results revealed concentrations for
the pro-inflammatory cytokines IL-23 (Figure 4.6C), IL-12p70 (Figure 4.6E) and IL-13
(Figure 4.6G) to mostly be at the limit of detection (LOD=0.24 pg/mL). No statistically
significant disparities were observed either between treatment groups within the same
time point or between different time points for the same treatment. At 6 h post
exposure, concentrations of both CXCL (KC) (Figure 4.6A) and G-CSF (Figure 4.6F)
exhibited similarity between DEP and control groups. However, at 16 h there was
a marginal but statistically insignificant increase in these cytokines in DEP-exposed
mice compared to controls. At 6 h post exposure a notable rise in levels of the pro-
inflammatory cytokine IL-18 and anti-inflammatory cytokine MDC was detected in the
DEP group (p=0.0007 and p=0.0017, respectively; Figure 4.6B and Figure 4.6D). A
comparable trend was observed at 16 h for both markers, although it did not attain
statistical significance. Additionally, there was a substantial increase in MDC levels for

DEP 16 h compared to DEP 6 h post-exposure (p=0.0069).
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Figure 4.6: Effects of acute pulmonary DEP exposure on markers of systemic
inflammation in mouse plasma. Mice were administered a single dose of diesel exhaust
particles (DEP, 50 pg) or saline (control) by pulmonary instillation and culled ~6 h or 16 h after
exposure. Blood was collected by cardiac puncture, centrifuged and levels of various markers of
systemic inflammation measured in plasma using a multiplex bead assay. Each dot represents
an animal. Data presented as Mean + SEM. Comparisons between treatment groups within
the same time point are indicated by *, whereas comparisons between time points within the
same treatment group are indicated by T; **/T1p <0.01, ***/TT+p <0.001 (Two-way ANOVA
with a mixed-effects model fitted on log-transformed data). KC-keratinocyte chemoattractant,
IL-interleukin, MDC-macrophage-derived chemokine, G-CSF-granulocyte colony-stimulating
factor, LOD-limit of detection.
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4.3.6 Acute exposure to higher dose of DEP does not upregulate
KIM-1 and TNF-a expression in the kidney

KIM-1 mRNA levels in both cortex and medulla exhibited no notable differences
between DEP-exposed and control groups at 6 h and 16 h post-instillation (Figures
4.7A and 4.7B). Similar observations were noted for levels of TNF-o mRNA when
comparing the two treatment groups (Figures 4.7C and 4.7D). Notably, a slight, but
significant increase in cortical TNF-o mRNA was observed in the saline group at 16 h
compared to 6 h (p=0.0317; Figure 4.7C). Additionally, medullary transcript levels for
both markers were consistently higher compared to cortical levels. Raw Ct values for

each gene and treatment group are presented in Table 4.2.
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Figure 4.7: Effects of acute DEP exposure on renal KIM-1 and TNF-a expression.
Mice were administered a single dose of diesel exhaust particles (DEP, 50 ug) or saline (control)
by pulmonary instillation. Mice were culled ~6 h or 16 h after exposure, kidneys collected and
renal transcript levels of (A, B) kidney injury molecule-1 (KIM-1) and (C, D) tumour necrosis
factor-alpha (TNF-a) were measure in cortex and medulla by RT-qPCR (each dot indicates an
animal). Results are normalised to the housekeeping (HK) gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and data presented as Mean + SEM; T p <0.01 (comparison between
time points within the same treatment group; Two-way ANOVA with a mixed-effects model

fitted on log-transformed data).
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qoT

Saline
6 h 16 h 6 h 16 h

Cortex 18.40 + 0.18 18.24 + 0.07 18.26 + 0.06 18.41 + 0.08
GAPDH

Medulla 18.76 + 0.10 18.47 + 0.09 18.34 + 0.04 18.43 + 0.07

Cortex 30.54 + 0.24 30.38 £ 0.17 30.29 + 0.36 30.26 + 0.19
KIM-1

Medulla 28.16 + 0.08 27.75 + 0.06 2747 + 0.23 27.89 + 0.16

Cortex 33.94 + 0.45 32.53 £ 0.25 33.13 £ 0.10 33.14 £ 0.10
TNF-«

Medulla 32.54 + 0.42 31.91 + 0.32 32.30 + 0.19 32.17 £ 0.18

Table 4.2: Raw Ct values of renal transcript levels following acute DEP exposure: study 2. Mice were administered a single dose of diesel
exhaust particles (DEP, 50 pg) or saline (control) by pulmonary instillation. Mice were culled ~6 h or 16 h after exposure, kidneys collected and renal
transcript levels of kidney injury molecule-1 (KIM-1) and tumour necrosis factor-alpha (TNF-«) were measured in cortex and medulla by RT-qPCR
(glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as housekeeping gene). Raw cycle threshold (Ct) values for each treatment group are

presented as Mean + SEM.




4.4 Discussion

4.4.1 Pulmonary inflammation following acute DEP exposure

After establishing the capacity of ultra-fine gold nanoparticles to translocate to
the kidney as a potential mechanism for the extra-pulmonary adverse health effects
associated with particulate matter exposure, our subsequent objective was to investigate
the renal effects following acute exposure to DEP. In light of our proposed trajectory
for particle effects, spanning from the lungs, through the circulation and ultimately to
the kidneys, our aim was to quantify inflammation at each of these sites. Our findings
reveal that a single administration of DEP at a dose of 35 pg, with BALF collected
~18 h post-instillation, is sufficient to induce pulmonary inflammation, evidenced by an
elevation in BALF TCC driven predominantly by neutrophil infiltration into the lungs.
These observations align with prior studies. For instance, Tabor et al. and Robertson
et al. demonstrated that intratracheal instillation of rats with 0.5 mg of DEP SRM
2975, the same material used in our investigation, induced a marked increase in BALF
TCC and neutrophil count, peaking at 6 h post-exposure but persisting at 24 h post-
exposure (BALF collected at 2, 6 and 24 h) [122, 156]. However, in our subsequent
experiment, wherein mice were instilled with a slightly higher dose of DEP (50 pg) and
BALF was collected at 6 h or 16 h post-treatment, we did not observe a similar time
frame for pulmonary inflammation. While in our study DEP did not elicit changes in
BALF TCC at either time point, a trend towards increased TCC in the DEP group
was noted at 16 h. Nevertheless, due to the limited sample size in the corresponding
control group (n=3), the reproducibility and reliability of these findings would benefit

from a larger cohort size.

The early-stage neutrophil infiltration induced by DEP in the lungs, as observed
in our study, has been corroborated by other groups. Nemmar and colleagues reported
neutrophil infiltration in hamsters as early as 1 h post-pulmonary exposure to DEP at
doses ranging from 5 to 500 pg [188] and in rats following intravenous administration of
DEP at doses of 8, 42 and 212 pg [189]. Notably, while comparable observations were

reported in mice for higher doses of DEP (100 pg), such effects were not evident at
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lower doses (25 pg) [190]. Interestingly, while neutrophils are the predominant immune
cells recruited to the lungs shortly after DEP exposure, studies in mice have indicated
a significant increase also in macrophage counts in BALF as early as 24 h post-DEP
exposure (15 or 30 pg) [191]. This discrepancy could be due to a difference in the mouse

strain and its response to particles or the difference in time of BALF collection.

In addition to their role as regulators of inflammatory responses in the lung
following exposure, macrophages serve as the primary cell type responsible for
particle clearance in wvivo [176, 192, 193].  While nano-sized particles swiftly
translocate from the alveolar epithelium to the epithelial and septal interstitial
spaces, macro-sized particles are engulfed by alveolar macrophages, subsequently
transported to the larynx and eventually ingested into the gastrointestinal tract for
clearance [176]. This clearance mechanism is thought to be orchestrated by the
anti-inflammatory M2 macrophages and is estimated to result in particle half-life in
the lung of 60-70 days [194]. In our investigation, we observed presence of DEP in
and on the surface of macrophages ~18 h after a single exposure. These findings are
supported by rat studies, where staining of BALF cells revealed macrophage

phagocytosis of DEP as early as 2 h post-exposure [122, 156].

4.4.2 Systemic inflammatory response to acute DEP exposure

While the effects of DEP on pulmonary inflammation are relatively consistent
across studies, the data regarding DEP-induced systemic response vary. In our study,
most measured cytokines exhibited no change following DEP exposure. However,
exceptions were observed for IL-18 and MDC, which displayed elevated levels at 6 h
and 16 h post-exposure, respectively. Controlled human exposure studies have shown
inhalation of diesel exhaust (300 pg/m? for 1 h) to induce mild systemic inflammation
through increased plasma concentrations of TNF-a and IL-6 (24 h later) [185].
Experiments conducted in mice exposed to low-to-moderate doses of DEP (SRM
2975, single instillation of 15 or 30 pg) did not reveal an elevation in plasma IL-6

levels post-treatment in either normo- or hypertensive rodents [191, 195]. Conversely,
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when employing a very high DEP dosage of 100 pg (administered on days 1, 3 and 7)
and assessing a panel of inflammatory markers, a significant increase in serum IL-173
was observed, while no notable changes were detected in other markers including IL-6,
IL-10, IL-12, interferon-gamma  (IFN-y)  and  granulocyte-macrophage
colony-stimulating factor (GM-CSF) [196]. Similarly, investigations in rats have
produced diverse outcomes. A single intratracheal instillation with standardised DEP
(SRM 2975) at 500 pg induced no changes in plasma IL-6, TNF-a or CRP
concentrations. Interestingly, even when administered intravenously (0.5 mg/kg),
DEP had no effect on plasma levels of these markers [122]. However, systemic CRP
levels were markedly increased one day after instillation with a higher dose (1,000 ng)
of PMjy 5 collected from an urban environment. Conversely, no significant alterations
were noted with lower doses (250 ng and 500 pg), although changes were noted for the
intermediate dose on day 3 post-exposure [197]. The discrepancies observed may be
attributed to various factors including difference in mouse strain, pollutant source and
composition (standardised diesel exhaust versus ambient particles), exposure dosage
and the duration between exposure and inflammation assessment. These findings
underscore the importance of assessing a diverse range of markers to comprehensively

evaluate the systemic effects of particle exposure and avoid potential oversights.

4.4.3 Effects of acute DEP exposure on markers of renal damage and

inflammation

To study the renal effects of acute DEP exposure, transcript levels of the markers
of kidney damage-KIM-1, and inflammation- TNF-«, were measured in renal tissue.
The utility of KIM-1 as a marker for kidney injury was initially elucidated by
Ichimura et al., who subsequently identified its significance as a predictor of outcome
for chronic kidney disease [198, 199]. KIM-1, a transmembrane protein, is minimally
expressed in healthy kidneys but is significantly upregulated in the proximal tubule
following injury. In this context, KIM-1 functions as a phagocytic receptor,
facilitating the clearance of apoptotic and necrotic cells and thereby preventing the

release of harmful cellular contents that could exacerbate inflammation and tissue
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damage [200]. Additionally, after proximal tubular injury, the extracellular domain of
KIM-1 is cleaved in a metalloproteinase-dependent manner, released into the renal
tubule and excreted into the urine [201]. The extent of KIM-1 upregulation in both
renal tissue and urine correlates with the severity of renal damage [198, 202].
Elevated levels of KIM-1 have been detected in the urine of patients with various
acute and chronic kidney conditions, suggesting its potential as a sensitive and
specific marker for AKI diagnosis [203]. Notably, KIM-1 upregulation is believed to
precede the increase in serum creatinine-the current standard diagnostic tool for AKI
detection alongside reduced urine output, further solidifying it as a marker for early
detection of AKI [204, 205]. More recently, KIM-1 has also been proposed as a
blood-based marker for kidney injury [206]. The findings of our study revealed that
following acute DEP exposure, there was an elevation in the expression of KIM-1 and
TNF-a within the medulla relative to the cortex in both control and treated mice.
Additionally, while expression levels in the cortex remained relatively consistent
across all time points, there was a slight but insignificant increase over time in the
medulla. These observations align with our expectations, as KIM-1 is predominantly
expressed (and upon injury-upregulated) in renal proximal tubule cells, particularly
within the S3 region of the medulla, in both human [203] and rodent models [207].
However, irrespective of the dosage (35 ng or 50 pg) or time frame (6 h, 16 h or 18 h),
acute exposure to DEP did not induce an elevation in the expression of KIM-1 or

TNF-« in renal tissue.

Research findings in rodents regarding the effects of acute exposure to diesel
particles on markers of kidney damage vary among studies. For instance, a study
conducted on Wistar rats, which were administered a single intratracheal instillation
of DEP (SRM 2975, 0.5 mg/kg) and sacrificed 24 h later, demonstrated that,
compared to the control group, DEP treatment induced a significant increase only in
urinary NAG concentration and a decrease in TAC, with no changes observed in other
parameters of kidney damage, such as plasma urea and creatinine, or renal GSH,

SOD and CAT [151]. In contrast, a study by Nemmar et al., with a similar
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experimental setup, found no alterations in any parameters of renal damage
measured. Notably, it was only when the dose was doubled (to 1 mg/kg) that a
substantial decrease was observed solely in renal GSH, while other parameters
including serum urea and creatinine, urinary NAG and protein, and renal SOD
remained unaffected [152]. Additionally, another study involving mice exposed to
PMas 5 (500 pg, collected from an urban environment) on days 0 and 2 and culled on
days 3 or 7, revealed PMss-induced changes in various markers including renal
KIM-1, TNF-a, NF-kB, SOD and GSH-PX mRNA, kidney protein concentrations for
TNF-«, ACE and ATI1R, and serum cystatin C [147]. The discrepancy between the
findings in these studies and our data could be attributed to differences in dose

(10-fold difference), source of diesel particles and mouse strain.
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4.4.4 Chapter summary

In this study, the effects of acute pulmonary DEP exposure on markers of kidney
injury and inflammation were explored in healthy mice. In addition, the impact of
single DEP exposure on pulmonary and systemic inflammation was also assessed. In

summary, the main findings of this chapter are:

e Pulmonary administration of a single dose of DEP was sufficient to induce
pulmonary inflammation evident by a substantial increase in BALF total cell

count and neutrophil infiltration to the lung.

e The induction of systemic inflammation by DEP was generally insignificant, as
indicated by the marginal elevation observed in only a limited number of

inflammatory markers following exposure.

e Acute exposure to DEP did not result in the upregulation of either KIM-1 or

TNF-a mRNA in renal tissue.
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Chapter 5

The effects of chronic DEP
exposure on the kidney and renal

vasculature
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5.1 Introduction

Results from Chapter 4 demonstrated that a single pulmonary administration of
DEP induced local inflammation in the lungs without causing significant systemic
inflammation or upregulation of renal damage and inflammation markers. This could
suggest that renal effects from DEP exposure may require prolonged accumulation,
which may better mimic the chronic exposure to air pollution over many years in the
real world. Therefore, this chapter aims to investigate the renal effects of chronic
pulmonary DEP exposure in healthy mice, using the maximum dose permitted under
the project license. Additional markers of kidney function were evaluated and the

impact of DEP on renal vascular function was examined.

5.1.1 Hypothesis and aims

The hypothesis explored in this chapter is:

Prolonged pulmonary DEP exposure induces kidney damage through effects
on renal inflammation and markers of kidney injury and promotes renal

vascular dysfunction.

Aims:

1. Determine the effects of chronic DEP exposure on pulmonary and systemic

inflammation.

2. Examine the impact of prolonged DEP administration on markers of renal

function in healthy mice.

3. Assess renal vascular function in healthy mice following chronic pulmonary DEP

exposure using wire myography.

5.1.2 Study design

In addressing the aims of this chapter a study was conducted whereby healthy

mice were administered DEP or saline by pulmonary instillation (it) twice weekly for 4
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consecutive weeks. Mice were individually house in metabolic cages for urine collection
at 3 time points: at baseline prior to 15 4t, halfway through the protocol (after 4" it)
and at the end of the study after the last 8" it. Mice were culled ~18 h after last 4t
and tissues collected. BALF was collected for pulmonary inflammation measurements,
blood for analysis of systemic inflammation, kidneys were harvested to quantify markers
indicative of renal injury and inflammation and examine changes in renal morphology,
urine was analysed for markers of kidney injury and renal arteries were isolated for

analysis of vascular function. A diagram of the study design is presented in Figure 5.1.

Chronic DEP exposure
+ 50 ug; 2 instillations/week; 4 weeks

Amplification

-

Cycles

Total cell count+ . . .
Cell differentials Multiplex bead assay RT-gPCR Histology ELISA Wire myography

Figure 5.1: Study design for chronic DEP exposure experiment. Healthy mice were
exposed to diesel exhaust particles (DEP, 50ug) or saline (control) twice weekly for 4 consecutive
weeks by pulmonary instillation (it). Mice were culled ~18 h after last it and various organs
collected for measurement of DEP-induced effects on pulmonary and systemic inflammation,
markers of renal injury and vascular function. Figure created by the author using BioRender.
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5.2 Methods

Fach procedure performed in this chapter is detailed in the main Materials and
Methods chapter. All animal experiments in this chapter were performed on healthy,
adult, male C57BL/6J mice, aged 8-10 weeks at the start of the study and maintained

under controlled conditions, further detailed in Section 2.1.

5.2.1 DEP administration

DEP (SRM 2975, NIST) was suspended in sterile saline (0.9% NaCl) at a
concentration of 1 mg/mL and was always sonicated and vortexed prior to
administration to avoid particle aggregation. Using the instillation/aspiration method
mice were administered DEP twice weekly for 4 consecutive weeks at a dose of 50 ng
[157]. Briefly, mice were placed under transient isoflurane anaesthesia and following
assessment of anaesthesia level, were placed supine on an angled board. DEP
suspension was gently positioned at the base of the tongue as to be inhaled as the
anaesthesia wore off. Control group received sterile saline. DEP was administered at

a maximum frequency of once every 72 h. This procedure is detailed in Section 2.2.1.

5.2.2 BALF measurements

BALF collection

To assess pulmonary inflammation in mice following chronic DEP exposure,
BALF was collected by lavaging the lungs three times with 0.9% NaCl. Primary
lavage was kept separate, secondary and tertiary lavages were combined, now referred
to as secondary lavage. BALF was centrifuged, cell pellet from primary lavage was
resuspended in 1% BSA and combined with suspension from secondary lavage by

gentle pipetting (see Section 2.3.1).

Total cell count

For each sample, 50 pL of cell suspension was mixed with equal volumes of lysis

buffer and stabilising buffer, sample was drawn up a NucleoCassette™ and total cell
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count was established using a NucleoCounter™ (see Section 2.3.2).

Cell differential counts

For each sample, a glass slide was inserted into a metal cassette, a filter card placed

on top of the slide and finally a cytofunnel on top of the filter card.

Based on the total cell count, for each sample the volume corresponding to 40,000
cells was mixed with 1% BSA to reach a final volume of 300 pL. This suspension was
pipetted into the cytofunnels, cassettes were centrifuged, slides were left to dry, followed

by Diff-Quik staining.

Immune cells from BALF were stained using the Diff-Quik method by dipping
the slides into methanol, red stain (Eosin G in phosphate buffer), blue stain (Thiazine
dye in phosphate buffer) and finally distilled water. BALF cell differential counts
were conducted by manually enumerating and classifying approximately 200 cells per
sample into their respective cell types-for this experiment cell differential counts were
performed by Dr Emanuel Jeldes and Prof Rodger Duffin from the Centre for
Inflammation Research at The University of Edinburgh. Data for each cell type are
presented as (1) percentage of total number of cells counted manually and (2) the
absolute number of cells from each cell type in the lung lavage by referring back to
the original total cell count obtained by the nucleocounter. A detailed description of
this protocol is outlined in Section 2.3.3 and a diagram of BALF processing is

presented in Figure 2.2.

5.2.3 Measurement of circulating cytokines using a multiplex assay

Mice were culled by terminal anaesthesia with an ip injection of Dolethal. Following
assessment of mouse consciousness using the hind limb reflex test, blood was collected
by cardiac puncture (syringe was pre-coated with citrate 3.8%), placed in an EDTA-
coated tube and kept on ice. Within 30 min of collection, blood was centrifuged for 20
min at 1,000 x g, plasma was separated, placed in a fresh Eppendorf tube and stored

at -80°C until further processing.
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Cytokine levels were measured in plasma using the LEGENDplex™ Multi-Analyte
Flow Assay Kit (Mouse Macrophage/Microglia Panel (13-plex); Biolegend®). Plasma
samples were diluted 2-fold with Assay Buffer and run in singles. An 8-point standard
curve was generated by making 1:4 serial dilutions from the stock standard provided
(10,000 pg/mL). The final point of the standard was used as a blank (Assay Buffer

only). Each standard was run in technical duplicates.

Samples were mixed with beads and either matrix C (for standards) or Assay
Buffer (for plasma samples) and loaded onto a V-bottom 96-well plate. The samples
and beads were mixed for 2 h at room temperature on a plate shaker, protected from
light. Following incubation, the plate was centrifuged for 5 min and supernatant
discarded. The plate was washed by dispensing 200 pL. Wash Buffer into each well,
incubating it for 1 min, centrifuging again for 5 min and finally discarding the Wash
Buffer. This wash step was repeated twice. Samples were then incubated with
Detection Antibodies for 1 h at room temperature on a plate shaker, protected from
light. Streptavidin-phycoerythrin (SA-PE) was then added directly and allowed to
incubate with the samples for 30 min at room temperature on a plate shaker,
protected from light. The plate was centrifuged, supernatant discarded and plate
washed as previously described, forming a bead pellet at the bottom of the plate at
the end. Finally, the beads were resuspended in Wash Buffer by gentle pipetting.
Samples were then read on a flow cytometer. A diagram detailing the underlying
assay principle is presented in Figure 2.3 and a more comprehensive procedural

outline is provided in Section 2.4.2.

5.2.4 Measuring mRNA levels in renal tissue by RT-qPCR

Tissue harvest

Mice were culled ~18 h after final 8" instillation by terminal anaesthesia with ip
injection of Dolethal. Kidneys were dissected and the capsule removed. The left kidney
was cut longitudinally and one half further cut horizontally into two. A quarter of each

kidney was placed in RNAlater™ solution for 24 h at 4°C, then stored at -80°C for
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further processing.

RNA extraction

Immediately prior to RNA extraction the quarter of mouse kidney was split into
cortex and medulla, placed in QIAzol™ lysis reagent and homogenised using a tissue
lyser. RNA was isolated using a commercial kit following manufacturer’s instructions

and RNA concentration was quantified using a spectrophotometer (see Section 2.5.2).

RT-qPCR

cDNA was synthesised using a commercial kit and following manufacturer’s
instructions. Briefly, for each RT reaction an RNA extract volume corresponding to
2,000 ng of diluted RNA was mixed with enzyme mix and RT buffer. Negative
controls were also included, where RT enzyme or RNA were replaced with an equal
volume of water. Samples were reverse transcribed on a Thermal Cycler and the

cDNA generated was stored at -20°C until further processing.

The ¢cDNA generated from the RT reaction was amplified and quantified using
gqPCR. An 8-point standard curve was constructed by pooling an equal volume from
each cDNA sample and performing a 1:4 dilution for the first point and serial 1:2
dilutions for points 2—-7. The final point of the standard was used as a blank (nuclease-
free water only). The remaining cDNA was diluted 1:40 (2.5 ng/pL) to fall within the
middle of the standard curve. For each reaction (run in technical triplicates) cDNA
was mixed with master mix. Negative controls, as described above, were also added.
Reactions were run on a LightCycler instrument and quantification data were accepted
if standard curve was satisfactory. Results were normalised against the average Cp value
of the housekeeping gene GAPDH. Further details on the RT-qPCR protocol, master

mix components, cycling conditions and primer sequences are outlined in Section 2.5.3.

5.2.5 Histology

Dissected mouse kidneys were placed in 10% formalin for 24 h at room temperature

before being transferred to 70% ethanol long-term. Samples were dehydrated up an
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ethanol gradient (70%, 80%, 95% and 100%) and xylene before embedding in paraffin
blocks. Sections of fixed kidneys were cut (5 pm), stained with haematoxylin and eosin

(H&E) and assessed for morphological abnormalities using light microscopy.

Haematoxylin and eosin staining

Kidney sections were deparaffinised in xylene and passed down an ethanol gradient
for rehydration. After staining for 5 min with Harris modified Haematoxylin, sections
were sequentially placed in acid alcohol, Scott’s Tap Water Substitute and eosin. Slides
were then taken back up the ethanol gradient and xylene and mounted with DPX. A

more comprehensive staining protocol is detailed in Section 2.6.

5.2.6 Urine measurements

To establish how exposure to diesel exhaust particles affects expression of markers
of kidney injury in the urine, mice were placed in metabolic cages for urine collection.
Urine was collected at 3 time points: at baseline prior to 15* DEP exposure, after 2

8th instillation). Mice

weeks (after 4'" instillation) and after 4 weeks of exposure (after
were individually housed in metabolic cages for a length of 16-20 h for each collection.
This time period always encompassed the 7 PM—7 AM time period, when the animals

were active.

Urinary KIM-1 measurement

Urinary levels of KIM-1 were measured using a commercial ELISA kit, following
manufacturer’s instructions. Briefly, an 8-point standard was prepared by making
serial dilutions from the stock standard provided (500 pg/mL)-the final point being
blank. A control sample provided in the kit was also included. Standards, control
and experimental samples were run in technical duplicates. Each well was loaded
with 50 pL of sample, control or standard thoroughly mixed with an equal volume of
Assay Diluent and left to incubate for 2 h at room temperature on a plate shaker.
The plate was washed, cold mouse conjugate added and incubated for 1 h at 2-8 °C.

Plate was washed again, Substrate Solution added and incubated for 30 min at room
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temperature, protected from light. Reaction was terminated by adding a Stop Solution
and the optical intensity of each well was immediately determined using a microplate
reader. KIM-1 concentration for each sample was normalised to urine creatinine levels.

This procedure is detailed in Section 2.8.2.

Urinary creatinine measurement

Urine creatinine measurements were performed by Kirsten Wilson from the
Centre for Reproductive Health at The University of Edinburgh. Briefly, creatinine
measurements were determined using a creatininase/creatinase enzymatic method as
described by Boérner et al. [159] making use of a commercial kit (Sentinel Diagnostics
via Alpha Laboratories Ltd., Eastleigh, UK) adapted for use on either a Cobas Fara
or Mira analyser (Roche Diagnostics Ltd, Welwyn Garden City, UK). Within run
precision was CV <3% while intra-batch precision was CV <5%. Assay principle is

detailed in Section 2.8.3.

5.2.7 Assessment of vascular function: wire myography

To assess vascular function under isometric experimental conditions, wire
myography was performed on renal arteries. In this study, the wire myograph 610 M

system of Danish Myo Technology (DMT) was used.

Renal artery isolation and mounting

Mice were culled by an ip injection of Dolethal and the kidneys with the intact
vasculature connected to the abdominal aorta were isolated and placed in ice-cold PSS.
Both kidneys and the top and bottom ends of the abdominal aorta were pinned down on

a silicone-coated petri dish containing ice-cold PSS and vessels were cleaned of PVAT.

The wire myograph consists of 4 baths and each bath has gas supply and aspirators
to remove solutions. Each bath was filled with 6 mL of PSS, warmed to 37°C and
supplied with gas of 95% O9 and 5% COs. Dissected renal arteries were transferred to

the baths and cut into rings of 1-2 mm in length. Under a microscope each renal artery
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was mounted onto a myograph by passing a fine 40 pm wide stainless steel wire through
the vessel lumen. The wire ends were stabilised by the screws and baths returned to

the myograph (for further details see Section 2.9.1).

Normalisation of vascular tension

Normalisation of vascular tension is a key step in the wire myography protocol
which aims to determine the internal vessel circumference which produces the
maximal isometric contractility. Vascular reactivity depends on the initial vessel
tension, hence normalisation is an essential step for the accurate comparison of drug

effects and reproducibility of results.

Normalisation was performed using the DMT Normalisation Module on LabChart
(AD Instrumentals), which involves testing the length/tension relationship for each
vessel. Vessel length was determined using a scale incorporated in the microscope
eyepiece. To set the vessel tension, the micrometer dial, separating the myograph
jaws, was turned in increments of 2 mN each time. For every increase in force, the
distance between the jaws was measured until the vessel reached a maximum of 13.3
kPa, which corresponds to an intramural pressure of 100 mmHg. The length/tension
graph produced was used to determine the optimal internal circumference (ICy) for
each vessel to produce maximal vascular reactivity. The jaws were then adjusted to
correspond to the ICy, at which the vessels remained for the rest of the experiment.

Vessels were left to equilibrate for 30 min (for further details see Section 2.9.2).

Vascular reactivity protocol

Viability of renal arteries was tested by bathing vessels in high potassium PSS
(KPSS) to induce a maximal contractile response. Once the dose-response curve peaked
and plateaued, baths were emptied, the vessels washed three times with warm PSS and

left to equilibrate for 20 min. This process was repeated three times.

To assess vascular reactivity, vessels were treated with the adrenergic-dependent

vascular contraction agent phenylephrine (PE), the endothelial-dependent vasodilator
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acetylcholine (ACh) and the endothelial-independent vasodilator sodium nitroprusside
(SNP) and dose-response curves were generated for each. Following each drug
administration vessels were washed with PSS, until they reached baseline tension and
left for 20 min before the next treatment. For wvasodilation, arteries were
preconstricted by PE incubation at a dose that would induce ~80% of the maximal

contraction (for further details see Section 2.9.3).
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5.3 Results

5.3.1 Chronic DEP exposure increases BALF total cell count and

induced macrophage and neutrophil infiltration to the lungs

A significant increase in total cell count (TCC) was observed in BALF from mice
after chronic pulmonary exposure to DEP compared to controls (p=0.0012, Figure
5.2A). Differential cell analysis revealed a higher percentage of neutrophils in the DEP-
exposed group (21%) compared to controls (3.9%), along with a slight reduction in
macrophages (74.1% vs 86.7% in controls) and lymphocytes (5.5% vs 9.7% in controls;
Figure 5.2B). However, the absolute number of each cell type, calculated based on the
TCC, indicated that the increase in BALF TCC following chronic DEP exposure was

primarily due to substantial macrophage and neutrophil infiltration (Figure 5.2C).
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Figure 5.2: Effects of chronic pulmonary DEP exposure on lung inflammation.

Mice were administered diesel exhaust particles (DEP, 50 pg) or saline (control) by pulmonary

instillation (it) twice weekly for 4 consecutive weeks. Mice were culled ~18 h after last it,

bronchoalveolar lavage fluid (BALF) collected and analysed for (A) total cell count and (B) cell
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differentials for each cell type presented as percentage of manually counted cells or (C) presented
as the total number of each cell type by referring back to the original total cell count from the
nucleocounter. Data presented as Mean + SEM; *p <0.05, **p <0.01 (unpaired Student’s t-
test; Welch’s correction was used where t-test indicated significant difference in variances of
groups being compared). Cell differential counts were performed by Dr Emanuel Jeldes and
Prof Rodger Duffin. MPh-macrophages, Nph-neutrophils, Eos-eosinophils, Lys-lymphocytes.



5.3.2 Chronic pulmonary DEP exposure does not induce systemic

inflammation in healthy mice

To assess the impact of chronic pulmonary exposure to DEP on systemic
inflammation, levels of inflammatory markers were measured in mouse plasma (Figure
5.3). Both the DEP-exposed and control groups showed substantial variability in all
markers (Welch’s correction was used where the ¢-test indicated significant difference
in the variance of the two groups being compared). Compared to controls,
DEP-exposed mice exhibited a slight decrease in plasma levels of CXCL (KC) (mean
concentration 186 pg/mL vs 343 pg/mL in control; p=0.2287), CCL22 (MDC) (274
pg/mL vs 479 pg/mL in control; p=0.0834) and G-CSF (52 pg/mL vs 144 pg/mL in
control; p=0.1464). While plasma IL-18 levels were similarly low in both groups
(mean 12 pg/mL), IL-23 concentrations in the DEP group were slightly lower
compared to controls and largely at the limit of detection (LOD=24 pg/mL).
IL-12p70 concentration was negligible in both groups (mean <1 pg/mL in DEP and 6
pg/mL in control, with majority of replicates at the LOD) and IL-13 levels were at
the LOD.
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Figure 5.3: Effects of chronic pulmonary DEP exposure on markers of systemic
inflammation in mouse plasma. Mice were administered diesel exhaust particles (DEP, 50
ng) or saline (control) by pulmonary instillation (i) twice weekly for 4 consecutive weeks and
culled ~18 h after last it. Blood was collected by cardiac puncture, centrifuged and levels of
various markers of systemic inflammation measured in plasma using a multiplex bead assay.
Each dot represents an animal. Data presented as Mean + SEM (unpaired Student’s t-test;
Welch’s correction was used where t-test indicated significant difference in variances of groups
being compared). KC-keratinocyte chemoattractant, IL-interleukin, MDC-macrophage-derived
chemokine, G-CSF-granulocyte colony-stimulating factor, LOD-limit of detection (24 pg/mL).
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5.3.3 Chronic pulmonary DEP exposure does not promote kidney

injury at the morphological or molecular level in healthy mice

To determine whether the injurious load of prolonged DEP exposure is sufficient
to promote detectable renal changes and induce kidney injury, a histological
evaluation of renal tissue was conducted on H&E-stained renal sections. Glomeruli
were uniformly sized with intact Bowman’s capsules. In both groups proximal tubules
had larger cuboidal epithelial cells with prominent brush borders, while distal tubules
had flatter epithelium, no brush border and larger luminae. H&E staining revealed no
gross abnormalities in kidney morphology in DEP-exposed mice compared to controls
(Figure 5.4). To look for inflammation in the kidney immunohistochemical (IHC)
staining on renal sections was performed for the macrophage marker F4/80 and the T
cell marker CD3. Despite lengthy protocol optimisation, staining was weak in relation
to the background staining. The staining was deemed not sufficiently reliable to
visualise or quantify differences in immune cell infiltration to the kidney between

saline- and DEP-treated mice.
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(B) DEP

Figure 5.4: Effects of chronic pulmonary DEP exposure on mouse renal
morphology. Mice were administered diesel exhaust particles (DEP, 50 ng) or saline (control)
by pulmonary instillation (it) twice weekly for 4 consecutive weeks and culled ~18 h after last
it. Representative light microscopy images of haematoxylin and eosin (H&E)-stained kidney
sections (5 pm) from mice treated with (A) saline or (B) DEP. Scale bar 200 pm.
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Given the absence of gross morphological abnormalities from the histological
evaluation, more subtle non-histologically detectable injury was assessed by
quantifying KIM-1 and TNF-a mRNA levels in renal tissue (Figure 5.5). Chronic
DEP exposure did not increase KIM-1 in either the cortex or medulla (Figure 5.5A).
Cortical TNF-« transcript levels were similar between groups, while in the medulla
TNF-a mRNA levels were slightly but insignificantly lower in the DEP group
compared to control (p=0.1127; Figure 5.5B). For both groups, KIM-1 and TNF-«
transcripts were significantly more abundant in the medulla than in the cortex

(p<0.0001). Raw cycle threshold (Ct) values for each gene and treatment group are

presented in Table 5.1.
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Figure 5.5: Effects of chronic pulmonary DEP exposure on transcript levels of
biomarkers of kidney injury and inflammation. Mice were administered diesel exhaust
particles (DEP, 50 pg) or saline (control) by pulmonary instillation (it) twice weekly for 4
consecutive weeks. Mice were culled ~18 h after last ¢, kidneys collected and renal transcript
levels of (A) kidney injury molecule-1 (KIM-1) and (B) tomour necrosis factor-alpha (TNF-
a) were measured by RT-qPCR (each dot indicates an animal). Results are normalised to
the housekeeping (HK) gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and data
presented as Mean + SEM; T+1+p <0.0001 (comparison between kidney regions within the
same treatment group; Two-way ANOVA with a mixed-effects model fitted on log-transformed
data).
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Saline DEP

Cortex 17.87 + 0.05 18.09 + 0.10
GAPDH

Medulla 18.27 + 0.04 18.31 + 0.07

Cortex 29.82 + 0.24 30.31 + 0.20
KIM-1

Medulla 27.88 + 0.18 28.11 + 0.12

Cortex 32.56 + 0.10 32.91 + 0.21
TNF-o

Medulla 32.06 + 0.07 32.37 £ 0.17

Table 5.1: Raw Ct values of renal transcript levels following chronic DEP exposure.
Mice were administered diesel exhaust particles (DEP, 50 pg) or saline (control) by pulmonary
instillation (¢t) twice weekly for 4 consecutive weeks. Mice were culled ~18 h after last it, kidneys
collected and renal transcript levels of kidney injury molecule-1 (KIM-1) and tomour necrosis
factor-alpha (TNF-«) were measured by RT-qPCR (glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as housekeeping gene). Raw cycle threshold (Ct) values are presented for each

treatment group as Mean + SEM.

131




KIM-1 is a marker of proximal tubular damage, shown to be significantly
upregulated in both renal tissue and urine following kidney injury. Urinary KIM-1
levels were measured in mice chronically exposed to DEP at three time points:
baseline-before first exposure (Ul), after 2 weeks (U2) and after 4 weeks of exposure
(U3) (Figure 5.6). At baseline, urinary KIM-1 (uKIM-1) levels were similar in both
groups-approximately 10 ng/mg uCr. In the saline group, uKIM-1 measurements
remained stable across all time points. In the DEP group, there was no increase in
uKIM-1 after 2 or 4 weeks compared to either baseline or saline concentrations at the

corresponding time points.
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Figure 5.6: Effects of chronic pulmonary DEP exposure on KIM-1 excretion in the
urine. Mice were administered diesel exhaust particles (DEP, 50 ng) or saline (control) by
pulmonary instillation (4t) twice weekly for 4 consecutive weeks. Mice were individually housed
in metabolic cages (for 16-20 h) for urine collection prior to 15¢ it (U1), after 4'® (U2) and after
the final 8" 4¢ (U3). Mice were culled ~18 h after last exposure (immediately following U3
collection) and urinary KIM-1 (uKIM-1) levels were measured (each dot indicates an animal).
Results are normalised to urinary creatinine (uCr) and data presented as Mean + SEM; Two-
way ANOVA with a mixed-effects model fitted on log-transformed data followed by Tukey’s
multiple comparisons test.
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5.3.4 Chronic pulmonary DEP exposure may induce hypersensitivity

to endothelium-dependent vasodilation in renal arteries

To investigate whether chronic pulmonary DEP exposure alters vascular function,
renal artery grafts were assessed for their reactivity to PE, ACh and SNP. Renal artery
vasoconstriction in response to KPSS was measured at the start of the experiment
as a marker of vessel viability post-mounting. No significant difference in maximal
constriction to KPSS was observed between vessels from saline- and DEP-exposed mice

(Figure 5.7).

Dose-response curves were generated for each vasoactive drug and non-linear
regression was used to calculate ECsg values (the concentration required to induce
50% maximal response) to assess vessel sensitivity. These curves and graphs with
ECs¢ values are presented in Figure 5.8, with statistical analysis results summarised

in Table 5.2.

The response to PE was nearly identical between the saline and DEP groups
(p=0.7183; Figure 5.8A), as evidenced by their similar EC5y values (p=0.6058; Figure
5.8B). When challenged with ACh from a preconstricted state, renal arteries from
DEP-exposed mice exhibited a trend towards increased vasodilation compared to
controls, with a significant increase observed only at an ACh concentration of 100 nM
(p=0.0457; Figure 5.8C). Although the overall ACh dose-response curves did not
differ significantly between treatment groups (p=0.0844), a significant decrease in
DEP ECj;p was observed (p=0.0328; Figure 5.8D), suggesting that chronic DEP
exposure may induce vascular hypersensitivity.  No significant differences were

observed in SNP-induced vasodilation between treatments (Figures 5.8E and 5.8F).

133



KPSS

ns
8_
°
6 - -
o N
. 1
°
2 o °
0 T T
Saline DEP

Figure 5.7: Effects of chronic pulmonary DEP exposure on KPSS-induced
constriction of renal arteries. Mice were administered diesel exhaust particles (DEP, 50 ng)
or saline (control) by pulmonary instillation (it) twice weekly for 4 consecutive weeks and culled
~18 h after last it. Renal arteries were isolated and mounted on a wire myograph. Vessel viability
was assessed by measuring constriction in response to potassium-induced depolarisation (KPSS-
high potassium physiological salt solution). Each dot represents an animal. Data presented as
Mean + SEM and analysed by unpaired Student’s ¢-test; ns-not significant.
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Figure 5.8: Effects of chronic pulmonary DEP exposure on renal artery vascular
function ex vivo. Mice were administered diesel exhaust particles (DEP, 50 ng) or saline
(control) by pulmonary instillation (it) twice weekly for 4 consecutive weeks and culled ~18 h
after last it. Renal arteries were isolated and treated with phenylephrine (PE), acetylcholine
(ACh) or sodium nitroprusside (SNP) to assess vascular function using wire myography. Each
dot represents an animal. Data presented as Mean + SEM; ns-not significant; *p <0.05 (dose-
response curve analysed by Two-way ANOVA followed by Tukey’s multiple comparisons test;
ECs¢ values analysed by unpaired Student’s ¢-test).

135



9¢T

Drug Source of Variation % of total variation | P value P value summary EC;y P value
Drug dose x Treatment 0.09422 0.9154 ns

PE Drug dose 92.86 <0.0001 ook 0.6058
Treatment 0.02185 0.7183 ns
Drug dose x Treatment 1.284 0.0647 ns

ACh Drug dose 75.39 <0.0001 ook 0.0328
Treatment 2.494 0.0844 ns
Drug dose x Treatment 0.2359 0.7799 ns

SNP Drug dose 82.12 <0.0001 ook 0.6624
Treatment 0.4199 0.5689 ns

Table 5.2: Statistical analysis summary of the effects of DEP on renal artery vascular function ex vivo. Mice were administered diesel
exhaust particles (DEP, 50 pg) or saline (control) by pulmonary instillation (i) twice weekly for 4 consecutive weeks and culled ~18 h after last it. Renal
arteries were isolated and treated with phenylephrine (PE), acetylcholine (ACh) or sodium nitroprusside (SNP) to assess vascular function using wire
myography (Figure 5.8). Table summarises results from statistical analysis for dose-response curves (Two-way ANOVA with Tukey’s multiple comparisons
test) and ECsq values (unpaired Students t-test). Text in red indicates statistical significance; ns-not significant, ****p <0.0001.



5.4 Discussion

Our acute exposure study in Chapter 4 suggests that a longer exposure duration
may be necessary to observe DEP-induced effects on renal function in healthy mice,
reflecting more accurately the chronic nature of environmental pollution. Consequently,
this chapter employs a chronic exposure protocol designed to maximise the duration,
frequency and dose of DEP within the limits of the project license. Healthy, male
C57BL/6J mice were administered DEP twice weekly for 4 consecutive weeks. Following
exposure, tissues were collected for analysis: BALF and plasma to assess pulmonary
and systemic inflammation, respectively, kidneys to evaluate injury and inflammation
markers and perform histological assessment of renal morphology, urine to assess renal

injury and renal arteries to evaluate vascular function using wire myography.

5.4.1 Chronic DEP exposure and pulmonary inflammation

To evaluate pulmonary inflammation following chronic DEP exposure, BALF
TCC and cell differential analysis were performed. Prolonged DEP exposure
significantly increased BALF TCC, primarily due to neutrophil infiltration, similar to
acute exposure. Additionally, macrophage infiltration was also significantly increased.

These findings align with previous studies involving DEP and other pollutants.

Miller et al. used this chronic exposure protocol in WT mice, administering the
same DEP source (SRM 2975) at a slightly lower dose (35 pg). Despite reporting higher
absolute cell counts, the impact of DEP on pulmonary inflammation was comparable,
with significant increases in BALF TCC due to macrophage infiltration and a smaller
contribution from neutrophils. Lymphocyte levels in the control group remained low
and were unaffected by DEP treatment [157]. These findings were corroborated by
another study, which showed similar inflammatory responses in mice exposed to DEP

daily for 7 days at doses equivalent to approximately 120 and 360 pg per mouse [208].

Although acute DEP exposure primarily recruits neutrophils to the lungs, the
macrophage recruitment observed in our chronic exposure study has also been reported

with shorter protocols and/or lower DEP doses. For instance, Nemmar et al. found
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that 4 it of 15 pg DEP in TO mice over 6 days were sufficient to result in similar BALF
TCC and cell differential outcomes [209]. Other studies showed that even shorter
protocols with 3 exposures at doses of 10 and 100 pg DEP induced such pulmonary
inflammation [210, 211]. However, a dose-dependent response was noted in a study
where mice received 5 DEP it over 15 days, with significant pulmonary inflammation
observed only at the highest dose (120 pg per mouse) and not at lower doses (30 and 60
ng per mouse) [212]. Chronic exposure to PMjy 5 using whole-body chambers (5 h/day,
4 days/week for 8 weeks, median mass concentration of 375 jg/m?) also resulted in

substantial macrophage infiltration in rat lungs [148].

Histological evaluations consistently showed significant dose-dependent
accumulation of particulates within alveoli of DEP exposed mice, primarily within
macrophages, with some evidence suggesting dendritic cells may also play a role in
particle phagocytosis [157, 208, 210-212]. However, the literature on cytokine levels in
BALF following DEP exposure is inconsistent. Among longer exposure studies (7-8
it), those with higher doses (120 and 360 pg per mouse) and higher frequency (daily)
reported significant increases in BALF inflammatory markers like TNF-a and I11.-6
[208], while less frequent and lower dose protocols (twice weekly, 35 pg per mouse)
showed no effect [157]. Variability also exists among shorter protocols (4-5 it). For
instance, while some studies using DEP at doses of 30, 60 and 120 pg per mouse
found no significant changes in BALF markers, including IL-5, IL-6, TNF-a and
MCP-1, CXCL (KC) was elevated only at the highest dose [212]. Conversely, a
protocol involving only 15 pg DEP was sufficient to significantly elevate BALF

TNF-a levels, though not IL-6 [209].

5.4.2 Chronic DEP exposure and systemic inflammation

One proposed mechanism for the extrapulmonary effects of inhaled particulates is
their uptake by alveolar macrophages and neutrophils, leading to cellular activation,
cytokine release and subsequent pulmonary inflammation. These cytokines can then

enter the bloodstream, causing systemic inflammation and OS (see Section 1.2.5). After
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observing a significant increase in inflammatory cells in the lung following chronic
DEP exposure, we next evaluated systemic inflammation. Our findings indicated no
significant elevation in macrophage markers in the blood of mice after 4 weeks of DEP

exposure.

These findings contrast with previous studies. For example, a single DEP
instillation in rats at a similar dose significantly increased plasma TNF-a and IL-6
levels at 24 h post-exposure, though not at 6 h, with plasma CRP levels remaining
unchanged [156]. In another study, multiple low-dose DEP exposures (4 it, 15 pg per
mouse) in TO mice lead to significant increases in plasma TNF-a and CRP, but not
IL-6, 48 h after the final instillation [209]. These findings suggest that a 24-48 h
period post-exposure may be necessary to observe significant changes in systemic
inflammatory markers. Additionally, they highlight the importance of measuring a
comprehensive set of markers to capture any potential systemic effects of DEP
exposure. Studies involving PMg 5 exposure in rodents [149, 213] and humans [214]
have consistently demonstrated the potential of these particles to induce systemic

inflammation.

5.4.3 Effects of chronic DEP exposure on renal structure, injury and

inflammation

The effects of chronic pulmonary exposure to DEP on renal health were
evaluated through histological analysis of H&E-stained kidney sections to detect any
gross abnormalities. No significant structural or morphological changes were observed
in the renal tissue. Consequently, mRNA levels of kidney damage and inflammation
markers were assessed. Our results showed no significant changes in the transcript
levels of KIM-1 or TNF-a following DEP exposure. Urinary KIM-1 levels were also
measured at baseline and after 2 and 4 weeks of exposure, with no significant

differences detected between treatment groups and time points.

Previous rodent studies have investigated the effects of chronic air pollution

exposure on kidney function. However, variability in pollution sources (e.g.
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standardised materials like DEP SRM 2975 vs outdoor PMs ), exposure methods
(e.g. instillation vs whole-body chamber exposure) and protocols (e.g. duration,
frequency, dose), as well as differences in rodent species and strains, complicate the

interpretation and comparison of these findings across the literature.

Nemmar et al. utilised the same DEP source as our study to examine its renal
effects in both rats and mice. Consistent with our findings, they reported no
alterations in kidney damage markers following intratracheal instillation of DEP in
Wistar rats (0.5 mg/kg, every 2" day for 8 days, 5 it in total) [153]. Plasma levels of
urea, creatinine and creatinine clearance remained unaffected, as did levels of KIM-1,
NGAL and 8-isoprostane in kidney homogenates, and albumin and GGT levels in the
urine. Histological examination of H&E-stained kidney sections also revealed no
changes in renal architecture post-DEP exposure [153]. However, when the same dose

4% day for 4 weeks, 7 it in total), it resulted in

was administered to TO mice (every
different outcomes [154]. While traditional kidney injury markers (plasma urea,
creatinine, creatinine clearance and TNF-«a and catalase levels in renal homogenates)
remained unchanged, DEP exposure significantly increased ROS production in the
kidney and lead to renal morphological changes. DEP-treated mice exhibited more
necrotic cells, dilated tubules, cast formation and higher scores for renal fibrosis and
collagen deposition, as confirmed by Masson’s Trichrome and Picrosirius Red staining

[154]. Notably, the DEP dose used in both of these studies is equivalent to 12.5-15 ng

per mouse, which is over 3 times lower than the dose used in our experiment.

Studies using PMs 5 have further investigated the role of particulate pollution
in renal disease. Chronic PMs s exposure has been shown to induce inflammation
and OS in the kidney, elevate BP and increase levels of RAAS components, including
ACE and AT1R. Prolonged exposure also significantly elevated kidney injury markers,
such as KIM-1 and NGAL, and lead to structural changes of the kidney, collagen
deposition and fibrosis [147-150, 215]. However, it is important to note that these
studies are typically conducted in whole-body exposure chambers with significantly

longer exposure protocols, often lasting several hours per day, multiple days per week,
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over several months. Additionally, the particles used in these experiments are frequently
sourced from highly polluted regions, such as China, Taiwan and Mexico, with exposure
concentrations that substantially exceed the WHO’s recommended daily PMs 5 limit of

15 pg/m? [71].

Our findings, along with those from similar studies, suggest that the renal injury
observed under these experimental conditions may be too subtle to manifest as
significant morphological changes, possibly reflecting early stages of inflammation and
OS in the kidney. To investigate this further, I began the optimisation of ITHC
protocols for detecting the macrophage marker F4/80 and T cell marker CD3 in renal
sections, but was unable to complete this work due to time constraints. Completing
these stains could provide critical insights into the kidney’s early inflammatory

response to chronic DEP exposure.

The absence of renal effects following DEP exposure may be due to various
factors, such as the experimental design and/or the health condition of the mice.
After maximising the dose, exposure duration and frequency permitted under our
project license, we further aimed to assessed the impact of chronic DEP exposure on

renal function in a mouse model of hypertension, as discussed in detail in Chapter 6.

5.4.4 Impact of chronic pulmonary DEP exposure on renal artery

vascular function

To investigate the impact of translocated nanoparticles on vascular function, we
evaluated the sensitivity of renal arteries from healthy mice, chronically exposed to
DEP, to PE, ACh and SNP using wire myography. Our findings indicated that
chronic pulmonary exposure to DEP did not alter renal artery sensitivity to
PE-induced  vasoconstriction or  to  vasorelaxation induced by  the
endothelium-independent NO donor SNP. Although there was no significant overall
effect on endothelium-dependent vasorelaxation in response to ACh, DEP exposure
resulted in a leftward shift in the ACh dose-response curve and a significant reduction

in ECsp, indicating a possible DEP-induced hypersensitivity to ACh-mediated
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vasorelaxation.

To explore the mechanisms underlying the observed DEP-induced
hypersensitivity to endothelium-dependent vasorelaxation, further experiments could
be conducted. Among the five muscarinic receptors, the M3 subtype is critical for
ACh-mediated vasodilation [216]. ACh binding to the M3 receptor initiates a
signalling cascade that enhances NO production via nitric oxide synthase (NOS)
[217]. Overexpression of M3 and/or NOS in renal arteries, as determined by Western
blot analysis, could suggest their involvement in the DEP-induced hypersensitivity.
Additionally, pre-treating vessels with an M3 receptor antagonist, such as 4-DAMP
(4-diphenyl-acetoxy-N-methyl-piperidine methiodide) [218], or a NOS inhibitor, such
as L-NAME (N“-Nitro-L-arginine methyl ester) [219], before assessing ACh-induced
vasorelaxation could further elucidate their roles. A reduction or abolition of ACh
hypersensitivity in DEP exposed mice following pre-treatment with these inhibitors

would strongly implicate the M3 receptor and NOS in mediating these effects.

The literature on the effects of DEP on vascular function ex vivo is varied, likely
due to differences in DEP doses, routes and duration of administration, rodent models

and vascular beds studied.

In a study which used a protocol similar to ours (35 pg, 2 it/week, 4 weeks) to
evaluate the effects of pulmonary DEP exposure on vascular function in WT mouse
aortas, no significant changes in vessel responses to PE or SNP were observed between
DEP and control mice. However, DEP exposure resulted in a leftward shift in the
ACh dose-response curve, aligning with our findings, though it did not reach statistical
significance [157]. Another study reported a significant increase in ACh-induced vessel
relaxation in WT mice after DEP treatment, demonstrated by a leftward shift in the
dose-response curve and a significantly higher maximal response [187]. This study
utilised a single dose of DEP (0.5 mg/kg) administered via an ip injection, with mice
sacrificed 1 h later. The higher dose of DEP reaching the circulation in this model
likely accounts for the more pronounced vascular response observed. In this model,

DEP had no impact on the sensitivity to SNP or the contractile response to PE [187].
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Robertson et al. examined vascular function in isolated thoracic aorta, femoral and
mesenteric arteries of rats at 2 h and 6 h post-intratracheal instillation of a single DEP
dose (0.5 mg) [156]. While the contractile response to PE in femoral and mesenteric
arteries was similar between DEP-exposed and control animals, a significantly greater
response was observed in the aorta at 6 h post-exposure. No significant effects of DEP
on ACh response were detected in any vessel at either time point, though a trend
toward DEP-induced ACh hypersensitivity was noted in the mesenteric artery at 6 h
post-exposure, similar to our observations. Sensitivity to SNP-induced vasodilation
was comparable in aortas and femoral arteries from DEP- and saline-exposed mice,
but a significantly greater sensitivity to SNP vasodilation was found in the mesenteric

arteries of DEP-exposed mice 6 h post-exposure [156].

5.4.5 Chapter summary

In this study, the effects of chronic pulmonary DEP exposure on the kidney and
renal vasculature in healthy mice were explored. In summary, the main findings of this

chapter are:

Chronic DEP exposure induced significant pulmonary inflammation, as evidenced
by a marked increase in BALF total cell count and significant neutrophil and

macrophage infiltration in the lungs.
e Prolonged DEP exposure had no effect on markers of systemic inflammation.

e No gross morphological abnormalities were observed in renal tissues following
chronic DEP exposure. DEP did not affect renal KIM-1 and TNF-a mRNA

levels or urinary KIM-1 concentrations.

e DEP exposure lead to a leftward shift in the dose-response curve for endothelium-
dependent vasodilation and significantly reduced ECsg values suggesting potential
hypersensitivity to ACh treatment. No changes were observed for PE-induced

vasoconstriction or endothelium-independent vasodilation by SNP.
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Chapter 6

The effects of DEP exposure on
renal function in a
hypertension-induced mouse

model of kidney injury
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6.1 Introduction

Chapter 4 and Chapter 5 examined the effects of DEP exposure on renal function in
healthy mice. The aim of this chapter was to investigate whether DEP would exacerbate
renal injury in a mouse model of pre-existing kidney damage. Research in rodent models
on the topic is sparse and primarily conducted by Nemmar and colleagues. They have
utilised two models: the cisplatin (CP) model of AKI, involving a single ip injection
of the drug, and the adenine (AD) model of CKD, in which animals were fed an AD-
supplemented diet over several weeks. The mechanisms by which these models induce

kidney disease are summarised below.

Cisplatin (cis-diamminedichloroplatinum (II)) is a potent platinum-based
chemotherapy drug used to treat various malignancies, including breast, cervical,
testicular and bladder cancers [220-223]. Its antitumour effects are mediated by DNA
crosslinking, which impairs DNA repair mechanisms and leads to cell death. However,

its clinical use is limited by severe side effects, particularly nephrotoxicity [224].

Although DNA-damaging agents are typically less toxic to non-proliferating cells,
CP selectively damages the proximal tubular cells of the kidney. Approximately 20%
of patients receiving high-dose CP develop severe renal dysfunction [225]. The
pathogenesis of CP-induced AKI is primarily due to platinum accumulation in renal
cells, which increases the production of TNF-a and ROS. These factors stimulate
inflammation, OS, vascular injury and apoptosis, leading to renal damage. This
results in accumulation of waste products, such as urea, nitrogen and creatinine, and

reduced GFR, which are key clinical manifestations of nephrotoxicity [224, 226].

In the AD-induced model of CKD, AD is administered as a dietary supplement
over several weeks (0.75% w/w for rats and 0.20% w/w for mice) [227-229]. Adenine,
a common dietary component present in foods like meat, fish and legumes, induces
renal disease at non-physiologically high concentrations [230, 231]. It is metabolised
into the highly insoluble 2,8-dihydroxyadenine, which precipitates and forms crystals

in the renal tubules, especially the proximal tubules [232, 233]. These crystals cause
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mechanical obstruction and tubular epithelial damage, leading to an inflammatory
response, ROS generation and OS [234, 235]. This process results in chronic kidney
damage characterised by decreased renal function, increased proteinuria and
albuminuria, elevated serum creatinine, tubulointerstitial injury and histological

changes, such as interstitial fibrosis and tubular atrophy [236, 237].

Hypertension is a leading cause of kidney disease, affecting over a third of the
adult population worldwide, with numbers expected to rise. Exposure to ambient
air pollution has been linked to elevated BP in epidemiological and controlled exposure
studies [238-241]. Therefore, we utilised a hypertension-induced mouse model of kidney
injury by subjecting WT mice to prolonged administration of exogenous angiotensin II

combined with a high-salt diet (Ang II+HSD).

6.1.1 Hypothesis and aims

The hypothesis explored in this chapter is:

Chronic exposure to DEP exacerbates pre-existing renal damage in a mouse

model of hypertension-induced kidney injury.

Aims:

1. Investigate whether DEP administration amplifies systemic inflammatory markers

in a mouse model of renal damage.

2. Evaluate renal function markers to determine if pulmonary DEP exposure

exacerbates renal damage in a hypertension-induced model of kidney injury.

6.1.2 Study design

To address the aims of this chapter, a study was conducted in which healthy mice
were fed a high-salt diet and administered exogenous Ang II via osmotic minipumps
to drive hypertension-induced kidney injury. Concurrently, the mice received either

DEP or saline through pulmonary instillation (it) twice weekly. The study, initially
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planned for 4 weeks, was prematurely terminated after 2.5 weeks (16-18 days) due to
spontaneous aortic ruptures in the animals. As a result, the last 5 mice were excluded
from the protocol and therefore formed an additional control group, which was fed a
normal chow diet, did not receive Ang Il and was not instilled with DEP or saline
(Table 6.1 outlines the groups and their respective treatments). Mice were culled ~18
h after the last 5" it and tissues collected. BALF was collected to assess pulmonary
inflammation, blood samples were taken to analyse systemic inflammation and kidneys
were harvested to quantify markers of renal injury, inflammation and OS and to examine

changes in renal morphology. A diagram of the study design is presented in Figure 6.1.
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Figure 6.1: Study design of DEP exposure in a hypertension-induced mouse
model of kidney injury. Mice were implanted with osmotic minipumps delivering exogenous
angiotensin IT (500 ng/kg/min) and fed a high-salt diet (3% Nat) for 2.5 weeks (16-18 days)
while simultaneously being administered diesel exhaust particles (DEP, 50 pg) or saline by
pulmonary instillation (it) twice weekly (total of 5 it). A control group was fed normal diet
(0.3% Na't), did not receive angiotensin II and was not instilled. Mice were culled ~18 h after
last it and various organs collected for measurement of DEP-induced effects on pulmonary
and systemic inflammation and markers of renal injury. Figure created by the author using
BioRender.
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Group Angiotensin II High-salt diet Saline/DEP
Control - - ,
Saline + + Saline
DEP + + DEP

Table 6.1: Treatment groups for studying DEP effects in a hypertension-induced
mouse model of kidney injury. Angiotensin 1I-500 ng/kg/min, high-salt diet-3% Na™, DEP-
50 pg, saline-50 pl, "-" indicates the group did not receive angiotensin II, was on a normal-salt
diet (0.3% Na™) and was not instilled.
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6.2 Methods

Fach procedure performed in this chapter is detailed in the main Materials and
Methods chapter. All animal experiments in this chapter were performed on healthy,
adult, male C57BL/6J mice, aged 8-10 weeks at the start of the study and maintained

under controlled conditions, further detailed in Section 2.1.

6.2.1 Osmotic minipump implantation

Minipump preparation

Minipump preparation was carried out using aseptic techniques to prevent
contamination of both the solution and the minipump. Using a syringe and
blunt-tipped filling tubes the osmotic minipumps were filled with Ang II at the
desired dose of 500 ng/kg/min. This was done slowly to prevent the introduction of
bubbles as this can affect pumping rates. Minipumps were then placed in sterile saline
and kept at 37°C for 40 h for “priming” as per manufacturer’s instructions. This step
is essential as all minipumps have a start-up gradient during which they soak up fluid
and come to temperature, therefore priming allows immediate pumping when

implanted into the animal.

Minipump implantation surgery

Osmotic minipumps were implanted subcutaneously (s/c) in mice under isoflurane
anaesthesia-4% used for induction in a chamber and 2-3% for maintenance via a nose
cone. Prior to surgery animals received a s/c injection of Vetergesic analgesic (0.3
mg/mL) and 0.5 mL of 0.9% sterile saline to minimise post-operative pain and facilitate
recovery. Hair from the lower cervical area was shaved and cleaned with iodine. A small
incision was made at the nape of the neck and a s/c pocket was created using tissue
separating scissors. The minipump was then placed in the pocket and the incision
was closed with a 5-0 absorbable suture. Further detail on the minipump preparation

and implantation surgery is outlined in Section 2.7 and a schematic diagram of the
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procedure is presented in Figure 2.4. Immediately following surgery, mice were placed

on a high-salt diet (3% Na™; Special Diets Services, Essex, UK).

6.2.2 Particle administration

DEP (SRM 2975, NIST) was suspended in sterile saline (0.9% NaCl) at a
concentration of 1 mg/mL and was always sonicated and vortexed prior to
administration to avoid particle aggregation. Using the instillation/aspiration method
mice were administered DEP twice weekly for 2.5 weeks (16-18 days) at a dose of 50
ng (total of 5 4t). Briefly, mice were placed under transient isoflurane anaesthesia and
following assessment of anaesthesia level, were placed supine on an angled board.
Suspension of DEP (or saline-50 nL) was gently positioned at the base of the tongue
as to be inhaled as the anaesthesia wore off. DEP was administered at a maximum
frequency of once every 72 h and a minimum period of 48 h was allowed between
minipump implantation surgery and first instillation. This procedure is detailed in

Section 2.2.1.

6.2.3 BALF measurements

BALF collection

To assess pulmonary inflammation in mice following chronic DEP exposure,
BALF was collected by lavaging the lungs three times with 0.9% NaCl. Primary
lavage was kept separate, secondary and tertiary lavages were combined, now referred
to as secondary lavage. BALF was centrifuged, cell pellet from primary lavage was
resuspended in 1% BSA and combined with suspension from secondary lavage by

gentle pipetting (see Section 2.3.1).

Total cell count

For each sample, 50 pL of cell suspension was mixed with equal volumes of lysis
buffer and stabilising buffer, sample was drawn up a NucleoCassette™ and total cell

count was established using a NucleoCounter™ (see Section 2.3.2).
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6.2.4 Measurement of circulating cytokines using a multiplex assay

Mice were culled by terminal anaesthesia with an ip injection of Dolethal. Following
assessment of mouse consciousness using the hind limb reflex test, blood was collected
by cardiac puncture (syringe was pre-coated with citrate 3.8%), placed in an EDTA-
coated tube and kept on ice. Within 30 min of collection, blood was centrifuged for 20
min at 1,000 x g, plasma was separated, placed in a fresh Eppendorf tube and stored

at -80°C until further processing.

Cytokine levels were measured in plasma using the LEGENDplex™ Multi-Analyte
Flow Assay Kit (Mouse Macrophage/Microglia Panel (13-plex); Biolegend®). Plasma
samples were diluted 2-fold with Assay Buffer and run in singles. An 8-point standard
curve was generated by making 1:4 serial dilutions from the stock standard provided
(10,000 pg/mL). The final point of the standard was used as a blank (Assay Buffer

only). Each standard was run in technical duplicates.

Samples were mixed with beads and either matrix C (for standards) or Assay
Buffer (for plasma samples) and loaded onto a V-bottom 96-well plate. The samples
and beads were mixed for 2 h at room temperature on a plate shaker, protected from
light. Following incubation, the plate was centrifuged for 5 min and supernatant
discarded. The plate was washed by dispensing 200 pL. Wash Buffer into each well,
incubating it for 1 min, centrifuging again for 5 min and finally discarding the Wash
Buffer. This wash step was repeated twice. Samples were then incubated with
Detection Antibodies for 1 h at room temperature on a plate shaker, protected from
light. Streptavidin-phycoerythrin (SA-PE) was then added directly and allowed to
incubate with the samples for 30 min at room temperature on a plate shaker,
protected from light. The plate was centrifuged, supernatant discarded and plate
washed as previously described, forming a bead pellet at the bottom of the plate at
the end. Finally, the beads were resuspended in Wash Buffer by gentle pipetting.
Samples were then read on a flow cytometer. A diagram detailing the underlying
assay principle is presented in Figure 2.3 and a more comprehensive procedural

outline is provided in Section 2.4.2.
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6.2.5 Measuring mRNA levels in renal tissue by RT-qPCR

Tissue harvest

Mice were culled ~18 h after final 8" instillation by terminal anaesthesia with ip
injection of Dolethal. Kidneys were dissected and the capsule removed. The left kidney
was cut longitudinally and one half further cut horizontally into two. A quarter of each
kidney was placed in RNAlater™ solution for 24 h at 4°C, then stored at -80°C for

further processing.

RNA extraction

Immediately prior to RNA extraction the quarter of mouse kidney was split into
cortex and medulla, placed in QIAzol™ lysis reagent and homogenised using a tissue
lyser. RNA was isolated using a commercial kit following manufacturer’s instructions

and RNA concentration was quantified using a spectrophotometer (see Section 2.5.2).

RT-qPCR

cDNA was synthesised using a commercial kit and following manufacturer’s
instructions. Briefly, for each RT reaction an RNA extract volume corresponding to
2,000 ng of diluted RNA was mixed with enzyme mix and RT buffer. Negative
controls were also included, where RT enzyme or RNA were replaced with an equal
volume of water. Samples were reverse transcribed on a Thermal Cycler and the

cDNA generated was stored at -20°C until further processing.

The cDNA generated from the RT reaction was amplified and quantified using
gPCR. An 8-point standard curve was constructed by pooling an equal volume from
each ¢cDNA sample and performing a 1:4 dilution for the first point and serial 1:2
dilutions for points 2-7. The final point of the standard was used as a blank (nuclease-
free water only). The remaining cDNA was diluted 1:40 (2.5 ng/pL) to fall within the
middle of the standard curve. For each reaction (run in technical triplicates) cDNA

was mixed with master mix. Negative controls, as described above, were also added.
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Reactions were run on a LightCycler instrument and quantification data were accepted
if standard curve was satisfactory. Results were normalised against the average Cp value
of the housekeeping gene GAPDH. Further details on the RT-qPCR protocol, master

mix components, cycling conditions and primer sequences are outlined in Section 2.5.3.

6.2.6 Histology

Dissected mouse kidneys were place in 10% formalin for 24 h at room temperature
before being transferred to 70% ethanol long-term. Samples were dehydrated up an
ethanol gradient (70%, 80%, 95% and 100%) and xylene before embedding in paraffin
blocks. Sections of fixed kidneys were cut (5 pm), stained with haematoxylin and eosin

(H&E) and assessed for morphological abnormalities using light microscopy.

Haematoxylin and eosin staining

Kidney sections were deparaffinised in xylene and passed down an ethanol gradient
for rehydration. After staining for 5 min with Harris modified Haematoxylin, sections
were sequentially placed in acid alcohol, Scott’s Tap Water Substitute and eosin. Slides
were then taken back up the ethanol gradient and xylene and mounted with DPX. A

more comprehensive staining protocol is detailed in Section 2.6.
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6.3 Results

6.3.1 DEP exposure does not induce significant pulmonary
inflammation in a hypertension-induced mouse model of

kidney injury

Both saline and DEP treatment groups exhibited a tendency toward increased
BALF TCC compared to untreated controls, however, these increases were not
statistically significant (p=0.4351 and p=0.1573, respectively; Figure 6.2). Pulmonary
instillation with DEP for 2.5 weeks did not result in a significant increase in BALF
TCC compared to saline (p=0.5379), although a trend was noted. Due to the low

number of replicates, these findings should be interpreted with caution.
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Figure 6.2: Effects of pulmonary DEP exposure on lung inflammation in a mouse
model of hypertension. Mice were implanted with osmotic minipumps delivering exogenous
angiotensin II (500 ng/kg/min) and fed a high-salt diet (3% Na™) for 2.5 weeks (16-18 days)
while simultaneously being administered diesel exhaust particles (DEP, 50 pg) or saline by
pulmonary instillation (it) twice weekly (total of 5 it). Control group was fed normal diet (0.3%
Na™), did not receive angiotensin II and was not instilled. Mice were culled ~18 h after last it,
bronchoalveolar lavage fluid (BALF) collected and analysed for total cell count. Data presented
as Mean + SEM (ordinary One-way ANOVA followed by Tukey’s multiple comparisons test).
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6.3.2 Pulmonary DEP exposure does not induce significant systemic
inflammation in a hypertension-induced mouse model of kidney
injury

Data from a multiplex assay indicated that combined Ang II+HSD treatment
in mice resulted in a slight but statistically insignificant increase in some markers

of systemic inflammation, which was not exacerbated by DEP exposure (Figure 6.3).

Significant variance was observed within groups for most markers, which was accounted

for in the statistical analysis. However, this and the low number of replicates require

cautious interpretation of these findings.

A trend towards increased plasma CCL22 (MDC) levels was observed in both
saline and DEP groups compared to controls, with mean values of 264, 369 and 45
pg/mL, respectively. DEP treatment did not significantly amplify the Ang
ITI+HSD-induced increase (p=0.7131; Figure 6.3D). Concentrations of plasma CXCL
were similar between control and saline groups (mean concentration ~120 pg/mL),
but the DEP group exhibited a two-fold higher mean concentration (258 pg/mL;
p=0.4052 and p=0.3592 compared to control and saline, respectively). Notably, most
data points from the DEP group fell within the range of the control and saline groups

(Figure 6.3A). A similar pattern was observed for IL-18 levels (Figure 6.3B).

A decrease in plasma G-CSF levels was noted in both saline- and DEP-treated
animals compared to controls (p=0.0952 and p=0.1247, respectively), with no
significant changes due to DEP exposure (Figure 6.3F). Concentrations of IL-23,
IL-12p70 and IL-18 were generally at the limit of detection (LOD=0.24 pg/mL;

Figures 6.3C, 6.3E and 6.3G).
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Figure 6.3: Effects of pulmonary DEP exposure on markers of systemic
inflammation in a mouse model of hypertension. Mice were implanted with osmotic
minipumps delivering exogenous angiotensin II (500 ng/kg/min) and fed a high-salt diet
(3% Nat) for 2.5 weeks (16-18 days) while simultaneously being administered diesel exhaust
particles (DEP, 50 pg) or saline by pulmonary instillation (it) twice weekly (total of 5 it).
Control group was fed normal diet (0.3% Na™), did not receive angiotensin II and was not
instilled. Mice were culled ~18 h after last ¢, blood collected by cardiac puncture, centrifuged
and levels of various markers of systemic inflammation measured in plasma using a multiplex
bead assay. Each dot represents an animal. Data presented as Mean + SEM (ordinary One-way
ANOVA followed by Tukey’s multiple comparisons test). KC-keratinocyte chemoattractant,
IL-interleukin, MDC-macrophage-derived chemokine, G-CSF-granulocyte colony-stimulating
factor, LOD-limit of detection.
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6.3.3 Pulmonary DEP exposure does not promote renal
morphological changes in a hypertension-induced mouse model

of kidney injury

To determine whether pulmonary DEP exposure exacerbates renal damage in
mice with pre-existing kidney injury, histological evaluation was performed on kidney
sections from mice administered Ang II and fed a high-salt diet, followed by
instillation with saline or DEP. Mice in the control group received no treatment.
H&E staining showed that Ang IT+HSD treatment for 2.5 weeks did not cause gross
abnormalities compared to control mice (Figure 6.4). DEP administration also did
not induce morphological changes. No signs of tubular or interstitial damage were

observed, such as loss of tubular cell nuclei, interstitial thickening or oedema.
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Figure 6.4: Effects of pulmonary DEP exposure on renal morphology in a mouse
model of hypertension-induced kidney injury. Mice were implanted with osmotic
minipumps delivering exogenous angiotensin II (500 ng/kg/min) and fed a high-salt diet
(3% Nat) for 2.5 weeks (16-18 days) while simultaneously being administered diesel exhaust
particles (DEP, 50 ng) or saline by pulmonary instillation (it) twice weekly (total of 5 it). A
control group was fed normal diet (0.3% Na™), did not receive angiotensin II and was not
instilled. Mice were culled ~18 h after last it. Representative light microscopy images of
haematoxylin and eosin (H&E)-stained kidney sections (5 pm) from (A) control, (B) saline
and (C) DEP mice. Scale bar 200 pm.
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6.3.4 DEP exposure may upregulate renal RAAS and OS genes in a

mouse model of hypertension-induced kidney damage

The impact of DEP on exacerbating kidney damage in mice receiving
pro-hypertensive treatment was evaluated by measuring mRNA levels of markers
related to renal injury, inflammation, fibrosis, oxidative stress and genes involved in
the RAAS (Figure 6.5). Significant variability was observed in some markers across

groups, which was accounted for in the statistical analysis.

Compared to controls, Ang II+HSD treatment lead to a significant reduction in
cortical KIM-1 levels in both the saline and DEP groups (p<0.0001 and p=0.0062,
respectively; Figure 6.5A). Medullary KIM-1 levels in the saline group were slightly
reduced compared to controls (p=0.0498). No increase in renal TNF-o mRNA was
observed following Ang II+HSD treatment, with or without DEP exposure (Figure
6.5B).

Administration of Ang IT+HSD, with or without DEP exposure, did not upregulate
renal Renin expression (Figure 6.5C). However, a significant increase in Ang II receptor
type 1A (AT14R) mRNA was observed in both hypertension-induced groups compared
to controls (p=0.0114 saline, p=0.0030 DEP). Although not statistically significant,
there was a trend towards higher cortical AT14R levels following DEP exposure (Figure

6.5D).

A significant increase in cortical endothelial nitric oxide synthase (eNOS) and
SOD3 mRNA levels was observed in both Ang II+HSD-treated groups when compared
to untreated controls (Figures 6.5E and 6.5F). While the Ang II+HSD-induced rise in
eNOS was not amplified by DEP exposure, there was a trend towards higher renal SOD&
levels in the DEP group compared to saline. Neither Ang IT+HSD alone nor combined
with DEP exposure altered COL1A1 mRNA expression in renal tissue (Figure 6.5G).
Raw cycle threshold (Ct) values for each gene and treatment group are presented in

Table 6.2.
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Figure 6.5: Effects of pulmonary DEP exposure on transcript levels of biomarkers of
kidney injury and inflammation in a hypertension-induced mouse model of kidney
injury. Mice were implanted with osmotic minipumps delivering exogenous angiotensin II (500
ng/kg/min) and fed a high-salt diet (3% Na™) for 2.5 weeks (16-18 days) while simultaneously
being administered diesel exhaust particles (DEP, 50 pg) or saline by pulmonary instillation (it)
twice weekly (total of 5 it). A control group was fed normal diet (0.3% Na™), did not receive
angiotensin II and was not instilled. Mice were culled ~18 h after last ¢, kidneys collected
and renal mRNA levels of (A) kidney injury molecule-1 (KIM-1), (B) tomour necrosis factor-
alpha (TNF-a), (C) Renin, (D) angiotensin II receptor type 1A (AT14R), (E) endothelial
nitric oxide synthase (eNOS), (F) superoxide dismutase 3 (SOD3) and (G) collagen type
I alpha 1 (COL1A1) were measured by RT-qPCR (each dot indicates an animal). Results
are normalised to the housekeeping (HK) gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and data presented as Mean + SEM. Comparisons between treatment groups within
the same kidney region are indicated by *, whereas comparisons between kidney regions within
the same treatment group are indicated by *; */Tp <0.05, **/T+p <0.01, ¥**/T++p <0.001,
FHREE [T <0.0001 (Two-way ANOVA with a mixed-effects model fitted on log-transformed
data followed by Tukey’s multiple comparisons test).
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Control Saline DEP

Cortex 17.52 + 0.34 17.93 + 0.05 18.04 + 0.12
GAPDH

Medulla 18.60 + 0.18 18.19 + 0.11 18.31 + 0.08

Cortex 27.63 + 0.51 30.12 + 0.17 29.50 + 0.44
KIM-1

Medulla 26.92 + 0.36 27.42 + 0.30 27.57 + 0.30

Cortex 32.66 + 0.39 32.77 £ 0.18 32.60 + 0.33
TNF-«

Medulla 32.34 + 0.33 32.37 £ 0.22 32.53 £ 0.23

Cortex 24.86 + 0.13 25.94 + 0.31 25.82 + 0.59
Renin

Medulla 26.26 + 0.20 26.74 + 0.17 26.62 + 0.24

Cortex 24.65 + 0.22 24.36 + 0.07 24.26 + 0.09
AT14R

Medulla 25.23 + 0.21 24.95 + 0.11 24.97 + 0.07

Cortex 28.50 + 0.22 27.90 + 0.09 27.96 + 0.21
eNOS

Medulla 28.22 + 0.20 27.63 + 0.08 27.56 + 0.22

Cortex 20.42 + 0.15 20.14 + 0.04 20.12 + 0.15
SOD3

Medulla 20.49 + 0.16 20.00 + 0.10 20.00 + 0.13

Cortex 28.39 + 0.21 28.76 + 0.11 28.61 + 0.20
COL1A1

Medulla 27.34 + 0.19 27.58 + 0.19 27.20 £ 0.73

Table 6.2: Raw Ct values of renal transcript levels following DEP exposure in
a hypertension-induced mouse model of kidney injury. Mice were implanted with
osmotic minipumps delivering exogenous angiotensin IT (500 ng/kg/min) and fed a high-salt diet
(3% Nat) for 2.5 weeks (16-18 days) while simultaneously being administered diesel exhaust
particles (DEP, 50 pg) or saline by pulmonary instillation (it) twice weekly (total of 5 4t). A
control group was fed normal diet (0.3% Na™), did not receive angiotensin II and was not
instilled. Mice were culled ~18 h after last it, kidneys collected and renal mRNA levels of
kidney injury molecule-1 (KIM-1), tomour necrosis factor-alpha (TNF-a), Renin, angiotensin
IT receptor type 1A (AT14R), endothelial nitric oxide synthase (eNOS), superoxide dismutase
3 (SOD3) and collagen type I alpha 1 (COL1A1) were measured by RT-qPCR (glyceraldehyde
3-phosphate dehydrogenase (GAPDH) served as housekeeping gene). Raw cycle threshold (Ct)
values are presented for each treatment group as Mean + SEM.
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6.4 Discussion

6.4.1 Aortic aneurysms in mice induced by Ang II+HSD treatment

This study employed a hypertension-induced model of kidney injury. The
experimental design involved inducing hypertension in mice via osmotic minipumps
delivering Ang II combined with a high-salt diet. The mice were then randomly
assigned to two groups and instilled with either saline or DEP. The Ang II dose was
selected based on previous studies in the group, as we hypothesised it would be
sufficient to induce renal injury without obscuring any DEP-induced exacerbation of

renal damage [242].

Due to the sudden deaths of mice, the study was prematurely terminated after 2.5

5% instillation. Consequently, the last 5

weeks and mice were culled ~18 h after the
animals in the study, unable to be put on the protocol, served as untreated controls.
Among the 15 mice that started the protocol, 4 (27%) were found dead: 3 from the
DEP group (on days 7, 8 and 10) and 1 from the saline group (on day 11). Post-mortem
examinations indicated that deaths were caused by thrombosis in the cardiac area or
thoracic/abdominal haemorrhages. The surgical procedure of minipump implantation
was ruled out as a cause, as there were no thrombi around the surgical site and the
sutures were intact. In another study conducted by a colleague, administration of the
same Ang IT dose to WT mice resulted in 2 deaths at a similar time point (days 7-8,

death rate 8%), with the remaining 23 mice successfully completing the experimental

protocol (personal communication).

While DEP has not previously been used in this Ang II4+HSD model, our group has
not observed adverse or pro-thrombotic effects with similar DEP exposure protocols in
WT and ApoE”~ knockout atherosclerotic mice [157, 243]. Additionally, other groups
have studied prolonged DEP exposure in drug-induced kidney injury models without
reporting adverse effects. Examination at the end of the study revealed aneurysms
in ~60% of the mice, evenly distributed between both treatment groups, suggesting

that these adverse effects are likely due to Ang II (Supplementary Figure S.1 shows a

165



representative image of vessel bulging observed at tissue collection).

The impact of air pollution on aortic aneurysm formation has previously been
studied in mice. Jun et al. investigated the effect of PMs 5 on the development of
abdominal aortic aneurysm (AAA) in ApoE”/" mice treated with Ang II. Mice were
infused with Ang IT (1,000 ng/kg/min) or saline for 4 weeks using osmotic minipumps
(Ang II treatment was combined with a high-fat diet) [244]. During this period, mice
were administered PMas (10 pg) or saline intranasally twice weekly.  Results
demonstrated that while saline infusion did not induce AAA formation in either
group, Ang II infusion significantly increased AAA incidence in both saline- (58%)
and PMs 5-treated (94%) mice. Notably, 31% of mice in the Ang II4+PMy 5 group
suffered aortic rupture, with deaths occurring every 3—4 days between weeks 1 and 3,
whereas only 5% of mice in the Ang II+4saline group died (1 mouse on day 9). The
authors suggest that PMs 5 exposure significantly increases the incidence of Ang
[T-induced AAA by promoting cellular senescence, with a significant increase in the

expression of senescence markers observed at the 3 week time point [244].

In a recent study, Ming et al. investigated the impact of DEP on thoracic aortic
aneurysm (TAA) progression in a S-aminopropionitrile (BAPN)-induced mouse model
[245]. Three-week-old male C57BL/6J mice, either healthy or treated with BAPN, were
administered DEP (10 pg, SRM 2975) or phosphate-buffered saline (PBS) for 2, 4 or 6
weeks. After 6 weeks, there were no significant differences in thoracic aorta diameter or
the incidence of TAA and aortic dissection (AD) between the DEP and control groups.
However, in BAPN-treated mice, DEP significantly increased AD incidence (40% vs
17%) and the thoracic aorta diameter. These effects were not observed at the 2- and
4-week time points. Additionally, mortality due to aortic rupture increased from 20%
in the BAPN group to 38% in the BAPN+DEP group. The authors concluded that
DEP exacerbated TAA and AD progression, potentially through enhanced apoptosis

via the ERK1/2 MAPK signalling pathway [245].

These studies collectively indicate that prolonged particulate exposure (4-6

weeks) may exacerbate aortic aneurysm formation. Consistent with the present
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experiment, both studies reported increased mortality in particle-treated mice due to
aortic ruptures. However, in the current study, although 75% of deaths occurred in
the DEP group, the small sample size and the equal distribution of aneurysms
between saline- and DEP-treated mice at the time of tissue collection prevent drawing

definitive conclusions about DEP’s role in increasing aneurysm rupture risk.

6.4.2 The role of DEP in lung inflammation in a hypertension model

of kidney injury

In the current study, BALF TCC was measured as an indicator of pulmonary
inflammation following DEP exposure in mice treated with exogenous Ang II and fed
a high-salt diet. Our data indicated a trend towards increased BALF TCC in Ang
II4+HSD mice compared to untreated controls, with DEP exposure appearing to further

elevate BALF TCC. However, these differences were not statistically significant.

Ang II is implicated in respiratory diseases, including the pathogenesis of acute
respiratory distress syndrome and its milder form-acute lung injury. Animal studies
have shown that exogenous Ang II administration can induce lung injury, manifested by
pulmonary oedema and alveolar filling, due to inhibition of alveolar fluid clearance [246].
Additionally, Ang II is associated with lung fibrosis. Studies in rodents suggest that
angiotensin-converting enzyme 2 (ACE2) may have a protective role against Ang II-
induced lung injury by converting Ang II to Ang 1-7. ACE2-deficient mice experience
greater lung injury compared to WT mice, while recombinant ACE2 and Ang 1-7

treatment mitigate lung injury [247].

The pulmonary inflammatory potential of DEP is well documented in the literature
and in the studies discussed in Chapter 4 and Chapter 5 of this thesis. The lack of
significant increases in TCC following Ang II administration or DEP exposure in this
study could be attributed to the small sample sizes (4, 5 and 2 mice in control, saline
and DEP group, respectively). To obtain conclusive results, the experiment should be

repeated with larger sample sizes.
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6.4.3 Impact of Ang II+HSD on markers of inflammation, oxidative

stress and renal injury in a mouse model of hypertension

In the current study, macrophage inflammatory markers were measured in
plasma and renal tissue in a mouse model of hypertension. Our results indicated that
Ang IT+HSD treatment did not alter levels of circulating cytokines or renal TNF-«
expression, which contradicts existing literature on the immune system’s role in

hypertension.

Myeloid cells, including macrophages and monocytes, are increasingly recognised
as key players in the onset of hypertension [248]. Ang II-induced hypertension and
subsequent organ damage are associated with increased proliferation and
differentiation of hematopoietic stem cells into pro-inflammatory monocytes within
the bone marrow [249]. In hypertension, activation of AT1R results in significant
monocyte infiltration into the kidneys, where they further differentiate into
macrophages [250]. Owing to the challenges associated with investigating organ
macrophage infiltration in hypertensive individuals, majority of human studies
concentrate on peripheral blood monocytes instead.  Circulating monocytes in
hypertensive patients show increased secretion of pro-inflammatory cytokines, such as
IL-18 and TGF-g [251, 252]. Animal studies have shown that Ang II-induced
hypertension raises BP, increases macrophage infiltration in renal tissue and induces
fibrosis [253, 254]. Macrophages are critical in mediating BP elevation, OS and renal
damage, as evidenced by significant reductions in these effects following macrophage
depletion (prior to renal damage) or deficiencies in macrophage colony-stimulating
factor (M-CSF)-important in macrophage differentiation, or CC chemokine receptor 2

(CCR2)-essential for macrophage recruitment [253, 255-257].

High-salt intake also promotes a pro-inflammatory macrophage phenotype.
Studies in humans have shown that short-term increases in dietary salt intake elevate
circulating pro-inflammatory monocytes [258]. In witro studies on human
monocyte-derived macrophages and mouse bone marrow-derived macrophages have

demonstrated that increasing the NaCl content in the culture medium significantly
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upregulates pro-inflammatory gene expression and downregulates anti-inflammatory

gene expression [259].

In this study, renal inflammation was assessed by measuring TNF-o mRNA
levels, which remained unchanged following Ang II treatment. These results differ
from Guyonnet et al., who reported a 3-fold increase in TNF-o mRNA in mice
treated with Ang II+HSD compared to controls [242]. The discrepancy may be
attributed to the longer infusion duration (6 weeks vs 2.5 weeks in our study) and the

higher dose (1,000 ng/kg/min vs 500 ng/kg/min in our study).

In our model, a 2-week Ang II4+HSD treatment did not increase renal Renin
expression, consistent with the inhibitory effect of high Ang II levels on Renin release
[260]. This aligns with previous studies in rats, where chronic Ang II infusion (6
weeks, 200 ng/kg/min) had no impact on intra-renal Renin expression [261].
However, another study reported a significant reduction in Renin levels following a
7-day Ang II infusion compared to the vehicle group. Similarly, rats on a high-salt
diet (7.5% NaCl, 7 days) exhibited lower Renin levels than those on a normal-salt diet
(0.3% NaCl), with the highest levels observed in low-salt conditions (0.07% NaCl)
[262]. In the current study, AT14R levels were significantly elevated in the Ang
I[I4+HSD group. Studies in rats have shown a slight but insignificant elevation in renal
AT14R expression after short term (7 days, 200 ng/kg/min) and chronic (6 weeks,
200 ng/kg/min) Ang II treatment [261, 262] or no change in receptor expression (13
days, 80 ng/min) [263]. Interestingly, however, feeding rats high-salt diet alone has
been shown to significantly increase renal AT14R expression [262]. Given the role of
AT1AR in mediating Ang II-induced macrophage recruitment to the kidney, I began
optimising an IHC protocol for the macrophage marker F4/80 in renal sections which
was not completed due to time constraints. Completing the THC staining and
measuring additional inflammatory markers, such as IL-6 and TGF-3, which have
been shown to be elevated following Ang II infusion [242, 261], could provide crucial

insights into the kidney’s inflammatory response in this model.

The kidney’s high metabolic activity makes it particularly vulnerable to OS-a
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critical pathway for organ damage in Ang Il-induced hypertension. Our findings
indicate that Ang II+HSD treatment significantly increases renal eNOS mRNA
levels. Tojo et al. demonstrated that in rats, concomitant high-salt (HS) diet (6%
NaCl) and Ang II infusion (6 days, 200 ng/kg/min) resulted in greater cortical eNOS
expression compared to the HS diet alone, as shown by immunohistochemistry.
Although eNOS protein levels were also elevated, the increase did not reach statistical
significance [264]. Another study found no changes in renal eNOS mRNA levels
following a 28-day Ang II infusion (1,000 ng/kg/min) compared to saline-infused
controls (minipumps implanted on day 10 after unilateral nephrectomy) [265]. NO is
a key signalling molecule in BP regulation and cardiovascular function. In the
vasculature, eNOS synthesises NO from L-arginine. However, increased vascular OS,
as seen in hypertension, can lead to eNOS uncoupling, causing it to produce Oy

instead of NO. This shift generates free radicals and exacerbates OS.

Superoxide dismutases (SOD) are a family of antioxidant enzymes which convert
Oy into HoOy and Os. Mammals have three SOD isoforms: intracellular SODI1,
mitochondrial SOD2 and extracellular SOD3. Rodent studies have highlighted the
protective role of SOD3 in renal disease and our study demonstrated that Ang
IT+HSD treatment results in significant increase in SOD3 mRNA levels. Schneider et
al. demonstrated that SOD3 deletion increased OS and kidney injury following
ischaemia /reperfusion injury [266]. Guo et al. found that while SOD3”/" rats were
phenotypically identical to WT rats up to 8 weeks of age, they developed severe
CKD, characterised by interstitial fibrosis, tubular dilatation, hypertension and renal

failure by 21 weeks [267].

Our findings suggest that Ang I[I4+HSD treatment may induce eNOS uncoupling,
leading to increased O~ production and a subsequent rise in SODS3 expression as a
compensatory mechanism to reduce OS. Since eNOS-derived NO is rapidly converted
to nitrite (NOg2") and nitrate (NO3"), a nitrite/nitrate assay could determine if eNOS
uncoupling is a mechanism for OS in our model. Reduced levels of these metabolites

would suggest eNOS uncoupling.

170



In rodent models, Ang II infusion is known to cause renal fibrosis and excessive
extracellular matrix (ECM) deposition. However, in our Ang II+HSD model,
examination of H&E-stained renal tissue sections revealed no gross abnormalities in
kidney morphology. Furthermore, the expression levels of COL1A1, which encodes
the a-1 subunit of type I collagen (Col I), were comparable across treatment groups

and untreated controls.

A previous study by Casare et al. demonstrated that compared to controls, Wistar
rats treated with Ang II (200 ng/kg/min) for 6 weeks exhibited gross morphological
changes in the kidney, including perivascular and tubulointerstitial fibrosis, along with
elevated Col III transcript levels [261]. Similarly, Ang II treatment in mice significantly
increased renal Col I and Col IV mRNA levels and intensified Col IV THC staining in
kidney sections [268]. The discrepancy between these findings and our results may be
attributed to differences in the length of infusion (4 weeks vs 2.5 weeks in our study)
and/or the Ang IT dose (1 mg/kg/day, equivalent to 694 ng/kg/min, vs 500 ng/kg/min

in our study).

6.4.4 The role of DEP in exacerbating systemic and renal effects

following Ang IT+HSD treatment

Comparing exposure studies is challenging due to differences in animal models of
renal damage and variations in pollutant source, exposure duration, frequency and dose

and rodent type and strain.

In our study, 2.5 weeks of pulmonary DEP exposure did not elevate markers of
inflammation or OS in the circulation and kidney. Given the length and frequency of
exposure, these findings align with data from other groups. In a rat CP model of AKI,
a single DEP instillation slightly increased plasma IL-6 levels but did not alter other
inflammation or OS markers, including plasma CRP and TAC [151, 152]. Conversely, in
an AD model of CKD, prolonged DEP exposure over 4 weeks significantly raised renal
TNF-a protein levels, increased ROS production, induced DNA damage and reduced

renal catalase levels [153, 154].
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Measurement of KIM-1 mRNA indicated that DEP did not induce proximal
tubular injury in our hypertension model, differing from findings in CP models of
kidney disease. In a rat AKI model, a single DEP exposure did not exacerbate
CP-induced changes in renal injury markers, such as renal GSH, urinary NAG,
plasma NGAL and serum urea and creatinine [151, 152]. DEP only aggravated
CP-induced changes when the dose was doubled to 1 mg/kg [152]. However, more

frequent DEP exposure (instillation every 27d

day for 8 days) significantly increased
plasma urea, renal NGAL and urinary albumin and GGT compared to CP treatment
alone [153]. Furthermore, in our hypertension model, DEP exposure did not result in
significant renal structural abnormalities or changes in collagen mRNA levels. This
contrasts with findings in an AD model of CKD, where DEP instillation every 27

day for 4 weeks lead to notable renal damage, characterised by necrosis, tubular

dilation and cast formation [155].

These results suggest that prolonged exposure and/or higher DEP doses are
required to exacerbate renal damage in these models. Future studies could involve
infusing mice with a lower Ang II dose over a longer period (6 weeks) to enhance
survival and allow for an extended DEP exposure protocol to be employed. Our data
indicated that DEP did not induce tubular injury in this hypertension model,
however, future experiments should evaluate markers of glomerular and/or

tubulointerstitial damage.

6.4.5 Chapter summary

This study explored the potential of DEP to exacerbate renal damage in a mouse

model of hypertension. In summary, the main findings of this chapter are:

e Ang II infusion, combined with a high-salt diet for 2.5 weeks, lead to aortic

rupture in mice, likely as a result of aortic aneurysm.

e BALF TCC was slightly elevated in the hypertension model, with pulmonary

DEP exposure showing a non-significant trend towards further increase.
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Ang IT+HSD treatment significantly increased oxidative stress markers in the
kidney without inducing systemic or renal inflammation and DEP exposure did

not exacerbate these effects significantly.

Ang II+HSD treatment had no effect on Renin mRNA levels, but notably
increased ATI14R transcripts, with concomitant DEP exposure showing a

non-significant trend towards further increase.

Following Ang ITI4+HSD treatment, KIM-1 mRNA levels were markedly reduced,

irrespective of DEP exposure.

No morphological abnormalities or changes in COL1A1 mRNA expression were
observed in renal tissues from the hypertension mouse model, regardless of DEP

exposure.
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Chapter 7

Discussion

174



7.1 Summary of findings

The central hypothesis of this thesis is that inhaled diesel exhaust particles can
cross the alveolar-capillary barrier, enter the bloodstream and reach distant organs,
including the kidneys, where they accumulate, leading to direct impairment of renal
function and the induction of renal vascular dysfunction. Additionally, I hypothesised
that DEP-induced renal effects will be exacerbated in a mouse model of hypertension-

induced renal injury.

Currently, it is not possible to track diesel exhaust particles in the body,
therefore, gold nanoparticles were used as a model. To test these hypotheses, mice
were first exposed to synthetically produced gold nanoparticles of varying sizes and
their biodistribution was tracked through the circulation, kidneys and urine using the
highly sensitive inductively coupled plasma mass spectrometry (ICP-MS) technique.
Subsequently, standardised diesel particles were used to assess their effects on renal
function in healthy mice under both acute and chronic exposure conditions. The
impact of translocated DEP on vascular function was initially investigated by in wvitro
exposure of isolated renal arteries from healthy mice to DEP, followed by analysis of
renal vascular function of renal arteries isolated from mice chronically exposed to
DEP. Finally, a chronic angiotensin II infusion combined with a high-salt diet was
used to model hypertension-induced renal injury and evaluate whether DEP exposure

exacerbates renal impairment in this context.

The key findings of this thesis are:

e Inhaled nanoparticles translocated to the circulation in a size-dependent manner,

with particles <7 nm accumulating in the kidneys.

e In healthy mice both acute and chronic DEP exposure induced pulmonary

inflammation with significant inflammatory cell infiltration to the lungs.

e« DEP had no substantial effects on markers of systemic inflammation either in

healthy mice, or in our hypertension model.
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e In healthy mice, DEP exposure did not cause gross abnormalities in renal tissue or

affect the expression of kidney markers associated with inflammation and injury.

e DEP exposure impaired NO-dependent vasodilation in renal arteries in vitro and
chronic DEP exposure in healthy mice suggested a potential hypersensitivity to

endothelium-dependent vasodilation ex vivo.

o Angiotensin II infusion and a high-salt diet significantly increased expression of
oxidative stress markers and RAAS components in the kidney. Although not
statistically significant, DEP exposure showed a trend toward increased
expression of some of these markers without affecting markers of renal injury or

leading to gross morphological abnormalities.

7.2 Nanoparticle translocation as a mechanism for DEP

effects

The first experiment in this thesis aimed to investigate particle translocation as
a mechanism underlying the extrapulmonary effects of DEP exposure. Combustion-
derived particles typically consist of a carbon core with surface-bound toxic compounds,
including transition metals and organic chemicals, such as quinones and polycyclic
aromatic hydrocarbons [97, 126]. Although previous studies have shown that inhaled
DEP can harm biological tissues, including the kidneys, they have not conclusively
demonstrated direct DEP translocation to extrapulmonary organs. This limitation is
likely due to the carbon-based structure of the particles which are difficult to quantify
and visualise from biological carbon and the extremely low concentrations reaching

secondary target organs (estimated at <1-2% [171, 175]).

To address this challenge, various radiolabelled particles have been developed to
simulate diesel exhaust particles and study their translocation. For instance,
translocation of radiolabelled polystyrene ultrafine particles to the circulation and

organs was observed in rats following instillation, with significantly greater
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translocation in rats pre-treated with lipopolysaccharide, suggesting that lung
inflammation increases alveolar permeability, facilitating particle movement into the
circulation [269].  In humans, radiolabelled carbon particles (technetium-99m
(99mTc)-labelled, primary particle size 5-10 nm) were used to demonstrate particle
translocation to the blood as early as 1 min after exposure, and to the bladder and
liver within 5 min [96]. However, a subsequent study using the same radiolabelled
particles did not replicate these findings in healthy volunteers and suggested that the
observed radioactivity in the previous study may have been due to the dissociation of

the radiolabels from the particles before entering the circulation [270].

To directly measure particle translocation and concentration in the blood, urine
and kidneys, we employed gold nanoparticles and used ICP-MS for quantification. This
approach successfully demonstrated the accumulation of ultrafine particles in renal
tissues following chronic exposure. As discussed in Chapter 3, future research could
further investigate nanoparticle translocation by Raman spectroscopy to determine
whether nanoparticles preferentially deposit in specific renal regions and whether such
deposition is size-dependent. This would have a number of advantages including: (1)
Raman can be used for quantification of the levels of gold, not in real concentration
terms, but in a semi-quantitative manner between groups. This would provide a back-
up measure to the ICP-MS, (2) Raman can be used to generate a visual map of gold
localisation across tissue sections (albeit without the structural resolution of electron
microscopy), and (3) Raman detects the vibration of molecules in non-ion form, as
opposed to ICP-MS, which does not distinguish between soluble and insoluble gold,
therefore, using Raman will serve as confirmation that the gold detected was in a

particulate form.

Recent research has increasingly focused on the potential application of gold
nanoparticles in the diagnosis and treatment of kidney disease. Intravenous
administration of renal clearable, near infrared-emitting glutathione-coated gold
nanoparticles, followed by fluorescent imaging, has been successfully tested as a

non-invasive method for detecting kidney dysfunction in a mouse model of unilateral
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obstructive nephropathy [271]. Additionally, the potential of intra-arterial injection of
gold nanoparticles conjugated with an anti-collagen-I antibody, followed by computed
tomography, has been explored as a non-invasive alternative to renal biopsy for
assessing renal fibrosis in a mouse model of unilateral renal artery stenosis [272].
Furthermore, studies are investigating the use of gold nanoparticles as drug delivery

agents to achieve more targeted therapeutic interventions in the kidneys [273-276].

7.3 DEP exposure model

In experimental research, various methodologies are employed to expose humans
and animals to particulate matter. In human studies, inhalation is the preferred
method as it closely mimics real-world exposure, often utilising specialised exposure
chambers for controlled environments [116, 118, 277, 278|. Similarly, inhalation is
considered the most physiological approach for animal studies and is employed
particularly in studies using PM collected from urban environments [148, 215].
However, this method presents challenges, especially in rodents, which are obligate
nose breathers with intricate nasal passages. These anatomical features, including
nasal hairs and cilia, significantly filter inhaled particles before they reach the lungs
[126, 279]. Additionally, whole-body exposure chambers pose a risk of particles
adhering to the animal’s fur, further complicating accurate dose calculations [279].
Moreover, the use of specialised equipment required for this technique is not always
feasible and prolonged confinement of mice in inhalation tubes for several hours each
day may raise ethical concerns due to potential stress and discomfort experienced by
the animals. As an alternative, instillation methods are widely used for pulmonary
exposure to particulate matter (in the absence of gas). Intratracheal and
oropharyngeal aspiration instillation (the latter being utilised for DEP exposure in
this thesis) are two commonly employed techniques. These almost identical methods
are highly effective in delivering and dispersing particles uniformly across the alveoli

and have been shown to produce similar deposition and clearance profiles [280-282].

As detailed in Section 1.2.3, ultrafine particles in air pollution are recognised as the
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most harmful to human health, with diesel engine exhaust being a significant source of
these nanoparticles. DEPs are therefore likely to play a major role in the health risks
associated with exposure to particulate matter in urban environments. For all DEP
exposure studies conducted, a standard reference material (SRM 2975) was used [283].
This material, derived from a diesel engine of an industrial forklift, is commonly used in
research, enabling direct comparisons across the literature in the field. Additionally, its
capacity to generate superoxides is well documented [123, 284]. Due to the challenges
and limitations of chronic exposure protocols, very high DEP doses are often employed
in animal studies. In this thesis, a 50 ng dose was used in most experiments, which is
a common dose used in similar research. The 24 h instilled dose used here is estimated
to be 30-40 times higher than the equivalent alveolar deposition from a 24 h inhalation

of 100 pg/m? in humans (adjusted for mice using the MPPD model) [156, 157, 285].

7.4 Inflammatory response to DEP exposure in the lungs

and circulation

In accordance with our hypothesis of particles translocating from the lungs,
through the circulation and ultimately sequestering in the kidney, in every experiment
the effects of DEP was investigated in each of these sites. Both acute and chronic
DEP exposures resulted in pulmonary inflammation, evidenced by increased TCC in
BALF and significant immune cell infiltration in the lungs. When employing the
acute exposure protocol, lung inflammation was observed only at 18 h post
instillation. However, at 16 h and in our hypertension model, a trend towards
increased BALF TCC was observed in the DEP group, however, as previously
discussed, the low sample size prevents definitive conclusions from being drawn (16 h
saline group n=3, Ang II4+HSD DEP group n=2). The presence of diesel particles in
BALF after lung washout further confirmed particles were effectively deposited in the
lungs, rather than being misdirected to the oesophagus. Given that examining
pulmonary inflammation was not the primary focus of this thesis, cytokine release in

BALF was not measured, as this has already been well documented by others
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[156, 189]. Additionally, previous studies have shown that saline instillation does not
induce pulmonary or systemic inflammation when compared to untreated controls,

eliminating the need for a non-instilled control group in our experiments [156].

When investigating the systemic effects of DEP exposure in rodents, most studies
focus on measuring three markers-IL-6, TNF-o and CRP-with inconsistent results,
highlighting the need for a broader panel of markers. To address this, we employed a
multiplex bead assay, which combines sandwich ELISA with flow cytometry, enabling
the simultaneous measurement of multiple macrophage markers using a smaller blood
volume than traditional ELISA (assay details in Section 2.4.2).  Our results
demonstrated that DEP significantly elevated plasma levels of IL-18 and CCL22
(MDC) at 6 h post-instillation, but this inflammatory response was largely resolved
by 16 h. Prolonged exposure did not significantly alter plasma inflammatory markers
in either healthy mice, or our hypertension model. Notably, 18 h after DEP exposure
a slight decrease in plasma levels of IL-6 (following a single instillation), CCL22
(MDC), CXCL (KC) and G-CSF (after chronic exposure) was observed. Interestingly,
a recent study also found that in wvitro exposure of normal human bronchoepithelial
cells to SRM 2585 (a model of settled indoor dust) significantly reduced IL-15 and to
a lesser degree IL-6 production compared to the negative control [286]. In our
analysis, cytokines with an R? value <0.9 were excluded from analysis as values below
this threshold indicated a poor fit of the standard curve to the data, suggesting that
the relationship between the known concentrations and the corresponding readings is
not sufficiently reliable, potentially leading to inaccurate quantification of cytokine
concentrations in the samples. Additionally, as samples were run in technical singles,
further optimisation is needed and future studies should employ triplicate

measurements to enhance reliability.

7.5 The impact of DEP on renal vascular function

To assess the effects of DEP exposure on vascular function, two experiments were

conducted. The first was a proof-of-concept study designed to mimic particle
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translocation to the circulation. Our findings revealed that in wvitro application of
DEP directly to renal arteries isolated from healthy mice impaired their response to
ACh and SNP, as indicated by a rightward shift in the dose-response curves (see
Chapter 3). In the second study, vascular reactivity was evaluated in renal arteries
isolated from healthy mice after 4 weeks of pulmonary DEP exposure. Interestingly,
while prolonged DEP exposure did not affect SNP-induced vasorelaxation, a leftward

shift was observed in the ACh dose-response curve (see Chapter 5).

The discrepancy between these studies reflects differences between acute direct
exposure and chronic pulmonary exposure. In the in vitro model, arteries were exposed
to a high concentration of DEP in an isolated system, where particles could directly
scavenge NO via particle-derived superoxide. This may result in an acute impairment
of NO-mediated vasodilation, indicated by the rightward shift in the dose-response
curve. The short exposure duration limits the adaptive endothelial responses that

could counteract the effects of oxidative stress, resulting in a vasodilatory dysfunction.

In contrast, arteries isolated from mice subjected to chronic pulmonary DEP
exposure displayed a hypersensitised vasodilatory response, evidenced by the leftward
shift in the ACh dose-response curve. This suggests that chronic exposure may induce
compensatory adaptations rather than immediate functional impairment. Over time,
persistent low-grade exposure to DEP may trigger endothelial adaptations, such as
upregulation of endothelial nitric oxide synthase (eNOS), increased antioxidant
defences or heightened receptor sensitivity to ACh. Additionally, systemic
inflammation arising from pulmonary DEP exposure could contribute to endothelial
dysfunction and vascular remodelling. Circulating inflammatory mediators, such as
cytokines and ROS, may modulate vascular tone, promoting a state of enhanced

endothelial sensitivity rather than impairment.

Another key difference is the route of exposure. While in vitro DEP treatment
directly impacts the vasculature, pulmonary exposure to DEP in vivo induces a broader
systemic response, involving the immune system, inflammatory signalling pathways and

neurohumoral regulation. This chronic inflammatory environment could contribute
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to the observed hypersensitivity by altering endothelial function through both direct

(receptor upregulation) and indirect (circulating mediators) mechanisms.

Collectively, these findings highlight the importance of exposure dynamics in
determining vascular outcomes. Acute, direct exposure leads to oxidative
stress-driven NO depletion and impaired vasodilation, whereas chronic exposure
allows for compensatory adaptations that result in heightened endothelial
responsiveness.  Further studies are required to elucidate the precise molecular

pathways underlying these effects (see Chapter 5).

7.6 DEP and the kidney in health and disease

The data presented in this thesis demonstrated that DEP, under both acute and
chronic exposure conditions, did not cause significant morphological changes in the
kidneys. In healthy mice, these findings suggest that the exposure duration and/or
frequency may have been insufficient to elicit detectable alterations in renal tissue, or
that the healthy mice were not susceptible to such changes. Similarly, in the
hypertension model, renal structure remained unaffected, regardless of DEP exposure.
Although vascular effects were evident in this model, the early termination of the
study limited the investigation of the full impact of Ang II4+HSD alone and the

potential exacerbating effects of DEP.

To investigate more subtle renal changes, KIM-1 mRNA levels were measured,
as it is a sensitive early marker of renal injury. Significant upregulation of KIM-1
has been well-documented across various kidney injury models, including ischaemia-
reperfusion injury (IRI) and CP-induced AKI, and hypertension models, such as the
two-kidney one-clip and Ang II infusion models [198, 242, 287-290]. For instance,
IRI in WT mice lead to a 1,200-fold increase in urinary KIM-1 1 day post-surgery
and a 100-fold increase in renal transcripts 23 days post-IRI, while 6 weeks of Ang II
infusion resulted in a 1,500-fold increase in renal KIM-1 mRNA levels [242, 288]. In
contrast, in this study, renal KIM-1 transcripts were unchanged at 6 h and 16 h after

acute DEP exposure but were significantly reduced at 18 h compared to controls. Four
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weeks of DEP exposure had no effect on KIM-1 levels in either the kidney or urine.
Notably, in the hypertension model, KIM-1 expression was downregulated compared to
controls, independent of DEP exposure. Since KIM-1 is usually expressed at very low
levels in healthy kidneys, this downregulation is unexpected and may indicate adaptive
or compensatory mechanisms that reduce KIM-1 expression as a protective response
to sustained stress, potentially involving anti-apoptotic pathways. Further research,

including time-course studies, is necessary to elucidate the underlying mechanisms.

Inflammation and OS are key contributors to the pathogenesis of various diseases
and are believed to play a central role in the adverse effects associated with DEP
exposure. TNF-o, a critical mediator of renal inflammatory responses following
injury, is predominantly produced by macrophages, with additional contributions
from mesangial and tubular epithelial cells [291, 292]. Elevated levels of TNF-« in
both renal tissue and serum have been documented in human CKD and in animal
models of renal injury, including IRI, CP-induced nephrotoxicity and unilateral
ureteral obstruction with severity of renal injury positively correlating with serum
cytokine levels [2902-294]. TNF-« also plays a role in renal injury associated with Ang
II-induced hypertension [295, 296]. Genetic and pharmacological inhibition of TNF-«
have been shown to ameliorate kidney injury in models of renal damage, such as IRI
and diabetic nephropathy, where inflammation is a critical part of the pathogenesis
[297-299]. In our studies, however, DEP exposure did not significantly alter TNF-«
expression in either healthy mice or in the hypertension model. Nonetheless, a modest
trend towards increased SOD3 and ATI4R mRNA levels was observed in
DEP-exposed mice subjected to Ang II and a high-salt diet. These findings suggest a
potential role for DEP in exacerbating OS and RAAS activation in the context of

hypertension, which warrants further investigation in future studies.

7.7 Broader implications

The findings of this thesis have significant implications for public health and

policy, especially in light of the widespread exposure to air pollution and the rapid
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growth of nanoparticle technology. The number of vehicles on the road has increased
dramatically over the past several decades, with licensed vehicles in the UK rising
from 4 million in 1950 to over 34 million in 2010. This surge has lead to the
implementation of regulations to control exposure levels. PM levels are typically
measured by the mass of particles per unit volume of air, reflecting their total weight.
Although regulatory measures have reduced exposure to large particle mass, there has
been a shift in exposure toward a higher number of traffic-derived UFPs. In urban
areas, UFPs constitute the predominant form of particulate exposure by particle

number.

Several factors underscore the critical need to study the health impacts of air
pollution exposure. Air pollution is a widespread issue that affects people in all
demographics-age, gender, socioeconomic status and health condition. It is estimated
that approximately 90% of the global population lives in areas where air pollution
levels exceed recommended limits. These levels continue to rise worldwide, with
particularly rapid increases in developing countries. Importantly, no level of exposure
can be considered ’safe’-even low levels of air pollution can be harmful, particularly

with prolonged exposure.

This study demonstrates that inhaled nanoparticles can translocate into the
bloodstream and accumulate in organs such as the kidneys. Furthermore, exposure to
DEP, which is rich in nanoparticles, was found to impair renal vascular function in
healthy mice. These findings underscore the need for stricter regulations specifically
addressing UFPs in the environment. Current air quality standards focus mainly on
larger particulate matter (PMgs and PMjg), but this research suggests that UFPs
pose a distinct risk due to their ability to enter the systemic circulation and
accumulate in sensitive organs. Policymakers should consider revising air quality
standards to include limits on UFPs concentrations. Furthermore, these studies
highlight the importance of raising public awareness about the health risks associated

with air pollution exposure.

184



7.8

Future studies

Particle localisation in renal tissue:
Conduct Raman spectroscopy and TEM analysis on renal sections from mice
administered gold nanoparticles to determine if size of translocated particles

influences their localisation within specific kidney regions.

Immune cell infiltration:
Optimise IHC staining to evaluate immune cell infiltration in the kidneys following
chronic DEP exposure in both healthy mice and the Ang II+HSD hypertension

model.

Expand injury marker panel:
Broaden the range of injury markers assessed in these studies to include additional

biomarkers, such as NAG and NGAL.

Chronic DEP exposure in a mouse model of hypertension:
Investigate the effects of chronic DEP exposure in a hypertension model by
reducing the Ang IT dose and extending exposure duration to 6 weeks. This may

require optimisation to ensure mouse survival throughout the protocol.

Mechanisms for vascular hypersensitivity following DEP exposure:

Further explore the mechanisms underlying DEP-induced hypersensitivity to
endothelium-dependent vasodilation under chronic exposure conditions. Extend
this study to assess renal vascular function in response to chronic DEP exposure

in both healthy mice and those administered Ang II4+HSD.
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Figure S.1: Representative image of mouse arterial aneurysm following Ang
II+HSD treatment. Mice were implanted with an osmotic minipump delivering exogenous
Ang IT (500 ng/kg/min) combined with a high-salt diet (3% Na) for 2.5 weeks (16-18 days). At
tissue collection aortic aneurysms (yellow arrow) were observed in mice from both saline and
DEP treatment groups.
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