The Role of Uric Acid in Renal and Cardiovascular Function in
Patients with Uncomplicated Type 1 Diabetes Mellitus

by

Yuliya Lytvyn

A thesis submitted in conformity with the requirements
for the degree of Doctor of Philosophy

Pharmacology and Toxicology
University of Toronto

© Copyright by Yuliya Lytvyn 2016



The Role of Uric Acid in Renal and Cardiovascular Function in
Patients with Uncomplicated Type 1 Diabetes Mellitus

Yuliya Lytvyn
Doctor of Philosophy

Pharmacology and Toxicology
University of Toronto

2016

ABSTRACT

Patients with type 1 diabetes (T1D) have a 30% lifetime risk of developing diabetic nephropathy
(DN) despite the use of current available therapies. It is of paramount importance to identify
agents that protect patients with T1D from the initiation and progression of DN. Unfortunately,
recent renal protection trials in patients with T1D have either failed, demonstrated harm or
reported effects that are far below expectations based on data from experimental models.
Accumulating evidence suggests that plasma uric acid (PUA) is associated with multiple key
pathways involved in the pathogenesis of diabetic complications, including metabolic,
cardiovascular and renal abnormalities. Our work is focused on elucidating the pathophysiologic
role of PUA in renal and cardiovascular function in patients with T1D. We showed that PUA
levels are surprisingly lower in adolescents and young adults with T1D compared to healthy
controls (HC) due to glycosuria, which stimulates increased PUA excretion, likely through the
GLUT9 isoform 2 transporter. Despite having lower PUA levels, adolescents and young adults
with exhibit a negative correlation between PUA and glomerular filtration rate (GFR), possibly
due to increased afferent renal arteriolar resistance and reduced renal perfusion. In the context of
previous experimental work, our observation suggests that PUA may mediate afferent renal
arteriolar disease, causing ischemia to the renal microcirculation, thereby potentiating renal
injury. Although not observed in T1D adolescents, the association of higher PUA levels with



higher blood pressure emerged in the young adults with T1D. In our final set of experiments,

lowering PUA with febuxostat (FBX) for 8 weeks had a modest blood pressure lowering effect in
young adults with T1D. FBX enhanced the renal filtration fraction response to clamped
hyperglycemia through an increase in efferent renal arteriolar resistance without impacting the
RAAS, suggesting that PUA may augment other vasoconstrictor or vasodilatory mechanisms
leading to an augmented renal hemodynamic response to hyperglycemia. Longitudinal outcome
trials are required to determine whether our physiologic findings impact renal or cardiovascular

outcomes in response to PUA lowering therapies in patients with T1D.
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1.1 Abstract

Diabetic nephropathy (DN) is a long-standing microvascular complication of diabetes mellitus
(DM), and is the leading cause of end stage renal disease in developed countries. Current
therapeutic strategies used to prevent or delay DN exert limited clinical protective effects and can
have serious adverse effects. Thus, identification of new pharmacologic agents that protect against
initiation and progression of diabetic complications is of the utmost importance. Uric acid (UA)
recently emerged as an inflammatory factor that increases oxidative stress and promotes activation
of the renin angiotensin aldosterone system. As a consequence, higher UA levels are associated
with various stages of DN onset and progression, including metabolic, cardiovascular and kidney
function abnormalities. If UA lowering drugs, such as the xanthine oxidase inhibitors, block the
mechanisms responsible for micro- and macrovascular injury in DM, then these agents could
represent a critical step toward preventing the progression of DM. This review will focus on the
evidence supporting serum UA levels as a biomarker of renal and cardiovascular risk and as a

potential additional therapeutic target in DM.



1.2 Introduction

Diabetic nephropathy (DN) is the most common microvascular complication of diabetes mellitus
(DM), which causes more than 40% of end-stage renal disease cases requiring dialysis worldwide.
Dialysis patients with DM have a high risk of coronary disease, stroke, and peripheral arterial
disease (1). Moreover, even mild chronic kidney disease (CKD) is associated with the

development of cardiovascular complications (1).

Despite what is known about the risk associated with DN, the responsible mechanisms are
complex and remain incompletely understood. Chronic hyperglycemia increases the risk of DN
through the activation of hemodynamic and metabolic pathways, including cytokines,
chemokines, growth factors, intracellular signaling cascades, and neurohormonal mechanisms
such as the renin angiotensin aldosterone system (RAAS). These changes result in increased
intraglomerular pressure, oxidative stress, inflammation and endothelial dysfunction, ultimately
leading to structural kidney abnormalities characteristic of DM (1). Many of these abnormalities
are clinically silent for many years. As a consequence, DN progresses slowly and by the time DN
presents clinically as albuminuria and loss of renal function, significant renal parenchymal
damage has already occurred. It is therefore important to identify novel biomarkers of DN risk to
better target high-risk patients with earlier therapies prior to the onset of albuminuria or renal

function decline.

The current gold-standard therapeutic strategies to decrease the risk of DN progression are
intensive glycemic control and RAAS inhibition. The first recognition of the intensive glycemic
control benefit stemmed from the Diabetes Control Complications Trial (DCCT) where intensive
glycemic control over a period of 6.5 years resulted in a 39% reduction in microalbuminuria and
a 54% reduction in macroalbuminuria frequency compared to the conventional glycemic therapy
in type 1 DM patients (2). The long-lasting benefits of intensive glycemic control were also shown
in type 2 DM patients (3). Unfortunately, the use of glycemic control is limited by side effects,
such as hypoglycemia and weight gain. Despite the 2 decades that have elapsed since the DCCT,
optimal glycemic control is difficult to achieve and a substantial proportion of DM patients fail to
reach the hemoglobin A1C target levels and progress to develop renal and cardiovascular
complications (1, 4). RAAS inhibition emerged as an additional protective treatment, but
unfortunately, angiotensin converting enzyme inhibitors (ACEi), angiotensin 1l (Ang II) receptor



4
blockers (ARBs) and direct renin inhibitors (DRI) lead to incomplete suppression of the RAAS,
resulting in persistent efferent renal arteriolar vasoconstriction, high intraglomerular pressure, and
renal hyperfiltration (5, 6). From a clinical perspective, RAAS inhibitors have also failed to
eliminate renal or cardiovascular complications (1, 7). Moreover, dual RAAS blockade is
associated with serious side effects such as the risk of renal dysfunction and hyperkalemia (1, 7).
Finally, RAAS blockade has failed as a primary prevention therapy in type 1 DM (7).
Normoalbuminuric, normotensive patients with type 1 DM therefore do not benefit clinically from
the early institution of RAAS blockade therapies. The identification of new safe pharmacologic
agents that protect against the initiation and progression of diabetic complications is therefore of

the utmost importance.

More recently, it has been demonstrated that uric acid (UA) exerts deleterious effects on blood
pressure and renal function, even when baseline UA levels are within the normal range (8). UA
activates the RAAS, increases oxidative stress and promotes inflammation (8). As a consequence,
higher UA levels are associated with metabolic abnormalities (insulin resistance, hyperglycemia),
cardiovascular disease (hypertension, endothelial dysfunction, arterial stiffness, cardiac diastolic
dysfunction) and kidney dysfunction (1, 5, 7). Experimental work has suggested that
pharmacologic lowering of UA also blocks the RAAS, suppresses inflammation and promotes
renal and cardiovascular protection (9). Thus, there is evidence that UA is involved in the
mechanisms of various stages of DN onset and progression. If UA lowering drugs such as the
xanthine oxidase (XO) inhibitors, allopurinol and febuxostat, attenuate some of the mechanisms
responsible for micro- and macrovascular injury in DM, then these agents could represent a
critical step toward preventing the progression of DM. Serum UA levels could therefore serve as
an earlier biomarker and an effective therapeutic target to supplement the current hemoglobin

Alc, cholesterol and blood pressure targets.

1.3 UA Homeostasis

In humans, UA is a breakdown product of purine nucleotides (Figure 1.1). The exogenous pool
of UA varies with dietary intake, including purine rich products, fructose and glucose. Of interest
is the suggested association between high fructose consumption and high UA levels. Upon
ingestion, fructose gets absorbed into cells, is phosphorylated by fructokinase leading to ATP
depletion and subsequently increased AMP production, which results in increased UA levels (10).
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Human trial data linking high fructose intake to increased serum UA levels has, however, been
mixed, with some data attributing the association to the hypercaloric state rather than fructose
directly (10). Given that the increased worldwide intake of fructose in the form of high fructose
corn syrup parallels the rise in metabolic syndrome and hyperuricemia, more studies are needed
to confirm this association. The endogenous pool of UA is mainly regulated by xanthine
oxidoreductase mediated hepatic production, intestinal secretion and renal excretion (5). Since
UA is primarily excreted by the kidney, studying the role of UA in kidney disease is difficult as
the decline in the glomerular filtration rate is inevitably associated with an increase in serum UA
levels. Xanthine oxidoreductase is the main rate-limiting liver enzyme involved in UA
biosynthesis and it exists in two functional forms: (1) xanthine dehydrogenase (XDH) and (2)
XO. XDH has low reactivity with molecular oxygen, high reactivity with nicotinamide adenine
dinucleotide (NAD") and can be converted to XO, while XO is oxygen dependent and is
responsible for formation of superoxide anion radicals and hydrogen peroxide. When grouped
together, the dehydrogenase and oxidase forms catalyze the two final steps in purine metabolism
by converting hypoxanthine to xanthine and subsequently xanthine to UA (5). UA in plasma is
minimally bound to proteins and is thus easily filtered by glomeruli into the renal tubule. About
90% of filtered UA is reabsorbed by the S1 segment of the proximal convoluted tubule by
intracellular anion transporters on the basolateral membrane, such as urate transporter 1 (URATL)
and the more recently discovered glucose transporter 9 (GLUT9) (11). Secretion of UA occurs
mostly at the S2 segment of the proximal tubule by urate transporters located on the apical
membrane, such as ATP-binding cassette sub-family G member 2 (ABCG2), inorganic phosphate
transporter 1 and 4 (NPT1and NPT4) (11). Approximately 10% of filtered UA is excreted (11).

In adult humans, UA levels normally range up to 420 umol/L (Medical Council of Canada, 2010)
compared to levels that do not exceed 30-60 pumol/L in other mammals (12). Humans have higher
UA levels due to mutational silencing of the enzyme uricase. As a result, humans cannot convert
UA to soluble allantoin, which is freely excreted in the urine in other mammals. UA therefore
remains the end product of purine metabolism in humans (12). In addition, the great efficiency
with which the human kidney reabsorbs UA may contribute to the higher serum UA levels in
humans compared to other species. The evolutionary explanation for the loss of uricase and
increased UA levels in humans may relate to the ability of UA to activate the RAAS and induce

blood pressure sensitivity to salt. Such an effect may have given our ancestors an evolutionary
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advantage through enhanced blood pressure stability under conditions of dietary sodium depletion
(12).

Regardless of an evolutionary explanation, humans are clearly predisposed to the development of
hyperuricemia, which is defined by the accumulation of UA beyond its soluble point in water
(0.404 mmol/L) and develops due to defects in purine metabolism, UA overproduction,
undersecretion, or a combination of factors (13). At physiological pH, almost all UA is ionized to
urate and has a single negative charge. Due to low solubility, excessive UA can lead to
crystallization and accumulation in joints and tissues leading to arthritis and gout. Additionally,
UA increases oxidative stress, promotes inflammation and activates RAAS. Consequently, higher
UA levels are associated with metabolic, cardiovascular, and renal abnormalities, thereby
contributing to DN onset and progression (Figure 1.2).

1.4 UA and Inflammation

Hyperfiltration and hyperglycemia are important triggers for inflammatory cytokine/chemokine
production, thereby playing a critical role in the early pathogenesis of DN. Glomerular distention
and hyperfiltration promote renal inflammation in animal models, through increased shear stress
and wall tension (14). Thus, it is not surprising that urinary excretion of platelet derived growth
factor, interferon, tumour necrosis factor o (TNF-a) and monocyte chemoattractant protein-1
(MCP-1) is higher in hyperglycemia versus euglycemia (15), and in hyperfiltering type 1 DM
patients versus normofiltering type 1 DM patients and healthy controls (14). Increased cytokine
production induced by hyperfiltration or hyperglycemia may promote renal injury by activating
deleterious pro-inflammatory pathways, such as macrophage extravasation, apoptosis and fibrosis
(14) .

In animal and human studies, UA correlates with increased production of many of the same
inflammatory factors that are activated by hyperfiltration and hyperglycemia (16). Infusion of UA
into mice increases TNF-a levels (13) and activates phospholipase A> and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) (13). UA also induces inflammasome
activation in mice, which decreases insulin sensitivity and stimulates immune and inflammatory
response (16). UA effects in cell culture are mediated by the mitogen activated protein pathway,
which facilitates transforming growth factor p 1 (TGFB-1) gene expression (17). These tissue

culture and animal studies implicating UA as a pro-inflammatory factor are supported by several
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population-based studies in healthy men and women, where serum UA is positively associated
with C-reactive protein (CRP) , interleukin 6 (IL-6) and TNF-a (18). Increased UA levels are also
associated with increased expression of MCP-1 in the kidney and cyclooxygenase-2 (COX-2) in
the vasculature (17). Therefore, there is strong evidence to suggest that UA triggers pro-

inflammatory pathways similar to hyperfiltration and hyperglycemia.

From a therapeutic perspective, lowering UA levels with allopurinol in a hyperuricemic mouse
model attenuates inflammatory pathways, reduces cytokine expression and improves insulin
resistance via increased circulating adiponectin levels (19). Similarly, discontinuation of
allopurinol in patients with CKD increases urinary TGFB-1, suggesting that UA lowering

suppresses pathways that promote inflammation and fibrosis (20).

1.5 UA and Oxidative Stress

UA exerts deleterious effects in humans through enhanced production of reactive oxygen species
(ROS), which contribute to inflammation and alteration in vascular function. UA is a powerful
antioxidant in plasma that can scavenge superoxide and hydroxyl radicals (9). In contrast, UA has
more potent pro-oxidant effects in vascular tissue upon entry into the vascular smooth muscle
cells through organic acid transporters, leading to increased production of ROS, such as H20 and
8-isoprostane (9). Oxidative stress can lead to the loss of transcription factors necessary for insulin
gene expression leading to decreased insulin production and secretion (21). UA-mediated
oxidative stress can also lead to lipid peroxidation, DNA damage, oxidation and inactivation of
enzymes, and expression of inflammatory cytokines leading to the disruption of cellular

homeostasis and cellular damage (9).

In addition to UA, the XO form of xanthine oxidoreductase is a critical source of ROS production
resulting from the oxidation reaction of hypoxanthine to xanthine and xanthine to UA.
Inflammatory cytokines/chemokines and hypoxia, conditions often found in DM, induce XDH
expression in tissues and vascular endothelial cells and stimulate XDH release into the circulation
(22). Once in the circulation, XDH is rapidly converted to XO by reversible oxidation of the
sulfhydryl residue or by irreversible proteolysis (23). XO is negatively charged at physiological
pH but exhibits cationic amino acid motifs on the surface of the protein resulting in a high affinity

for negatively charged glycosaminoglycans (GAGSs) on the apical surface of vascular endothelial
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cells (23). Sequestration of XO on GAGs produces a microenvironment with amplified XO
concentration and alters kinetic properties of XO to further optimize ROS production (23). In the
process of hypoxanthine and xanthine catabolism to UA, re-oxidation of one XO molecule
generates two H20, and two O% species (23). Under normal aerobic conditions H2O; is the major
ROS produced (72% at 21% O>) and under inflammatory condition its production is even higher
(86-90% at 1-2% O2) (23). Thus, inflammatory or hypoxic conditions in DM lead to
overproduction and increased immobilization of XO resulting in amplified XO-derived ROS
formation. This deleterious oxidative stress action of XO has been reported in various renal and
cardiovascular diseases, such as heart failure, chronic obstructive pulmonary disease, pulmonary
hypertension, sickle cell disease and DM (23). One of the common pathways that may link levels
of oxidative stress due to XO to organ injury relates to increased endothelial dysfunction.

1.6 UA and Endothelial Function

The vascular endothelium senses hemodynamic force changes to maintain vascular tone and
homeostasis. One of the prominent endothelial communication lines is established though the L-
arginine-NO-cyclic guanosine monophosphate (cGMP) pathway. Endothelial nitric oxide
synthase (eNOS) converts L-arginine to L-citrulline and NO in response to receptor-dependent
agonists and physicochemical stimuli (24). NO diffuses to the adjacent smooth muscle cells and
activates soluble guanylate cyclase (sGC) resulting in increased cGMP production (24). cGMP
activates downstream kinases in the pathways that lead to uptake of intracellular Ca?* into the
sarcoplasmic reticulum with subsequent vasodilation (24).

Oxidative stress and inflammation play a pivotal role in the pathogenesis of endothelial
dysfunction, which is an abnormality in endothelium-dependent vasomotor responses and is
implicated in the onset and progression of most vascular diseases. Endothelial dysfunction is often
characterized by decreased bioavailability of NO, which can be depleted by UA through several
proposed mechanisms: 1) blockade of L-arginine uptake (25); 2) stimulation of L-arginine
degradation by arginase (25) or by oxidative stress mediated oxidization of tetrahydrobiopterin
(BHa4), the critical co-factor of eNOS; 3) UA can deplete NO by either irreversibly reacting with
NO to form 6-aminouracil (25) or by UA-induced ROS reacting with NO to form a highly reactive
peroxynitrite intermediate (25). UA-induced NO depletion is supported by hyperuricemic rat
studies that display endothelial dysfunction and systemic and glomerular hypertension, which is

reversed by lowering UA, L-arginine supplementation or treatment with antioxidants (25).
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Similar to renal effects, hyperglycemia induces systemic vascular abnormalities including
endothelial dysfunction in humans (26-28). As a result of the effects of hyperglycemia and
neurohormonal activation, UA levels are independently associated with endothelial dysfunction
in animals and humans, thereby promoting hypertension, even when UA levels are within the
normal range (29-31). Additionally, treatment of patient with hyperuricemic with allopurinol
improves endothelial dysfunction in humans (32). Thus, UA could act as an important therapeutic
target to reduce endothelial dysfunction characteristic of DN. Potential protective effects of UA
lowering on endothelial function may be further mediated through effects on other mechanisms
that are central to the pathogenesis of DM-related complications, such as hyperglycemia and the
RAAS.

1.7 UA, Hyperglycemia and the RAAS

Fundamental to the pathogenesis of diabetic complications, is the development of inflammation,
oxidative stress and endothelial dysfunction, which are all closely linked to RAAS activation. The
RAAS plays an important role in the homeostasis of arterial pressure, tissue perfusion,
extracellular fluid volume and vascular response to injury and inflammation. Renin is an aspartyl
protease secreted by the juxtaglomerular cells in the kidney in response to low tubular sodium
content, renal perfusion pressure and sympathetic stimulation (33). In the circulation, renin
cleaves angiotensinogen from the liver to angiotensin (Ang) I, which in turn gets hydrolyzed by
angiotensin converting enzyme (ACE), leading to a bioactive Ang Il. Ang Il activates its G-
protein-coupled Ang Il type 1 receptor, leading to increased intracellular Ca?* and
vasoconstriction (reducing the vascular capacity and increasing peripheral resistance), increased
aldosterone (causing salt retention), increased oxidative stress, promotion of the inflammatory
state, increased release of antidiuretic hormone and increased thirst (causing water conservation),
increased myocardial contractility (increasing cardiac output) and increased activity of the
sympathetic nervous system. Although the RAAS is an important response system to a challenge
in intravascular volume depletion, long term Ang Il activation can cause structural remodeling of
the cardiovascular system as a compensation for prolonged volume contraction and inappropriate
activation can cause hypertension, fluid retention and inflammatory effects. For example, Ang 1l
activates NADPH oxidase, thereby promoting ROS production and inflammation (34) resulting
in a positive feedback mechanism further intensifying the RAAS activation effect. In the kidney,

RAAS mediated efferent arteriolar constriction increases intraglomerular pressure and
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hyperfiltration, which has been implicated in the initiation and progression of DN (5, 7). Ang Il
can also stimulate aldosterone release from the adrenal cortex leading to sodium retention by the
kidney. RAAS activation in DM therefore causes maladaptive hemodynamic changes, including
inflammation, proliferation, systemic vascular dysfunction, high intraglomerular pressure and

renal hyperfiltration leading to cardiovascular and renal complications (35).

Hyperglycemia is a critical determinant of diabetic complications through activation of
neurohormonal pathways such as the RAAS (36). Hyperglycemia increases Ang Il generation,
leading to above described effects on microvascular and macrovascular function (7). Previous
animal and human studies examining the pathogenesis of cardiovascular risk have therefore
targeted the interaction between hyperglycemia and RAAS activation (26, 37-39). In addition to
being activated by hyperglycemia, the RAAS is also stimulated by UA (36). UA-dependent ROS
generation promotes Ang Il type 1 receptor gene expression and increases plasma Ang Il (8, 9).
UA also activates the RAAS through increased juxtaglomerular renin production (40).
Experimental hyperuricemia in rodent models leads to an afferent renal arteriolopathy and
tubulointerstitial fibrosis through RAAS activation (41). Similar to observations in animals, UA
is positively associated with plasma renin activity in humans, even when UA levels are within the
normal range (9). The association between UA and the RAAS has been strengthened by the
observation that UA levels correlate negatively with renal blood flow responses to infusion of
Ang I1, suggesting a state of intrarenal RAAS activation associated with higher UA levels, leading
to blunted responses to exogenous Ang Il (42). These observations support work by Messerli et
al, which demonstrated a positive correlation between increasing UA levels and intrarenal RAAS
activity (43). The effect of UA on the RAAS is inhibited by UA lowering agents such as
probenecid (to block UA entry into cells), antioxidants (tempol), or RAAS inhibitors (9). The
effect of UA on the RAAS is of greater importance in the context of DM since hyperglycemia
increases UA levels in vitro and in type 2 DM patients, indicating a positive feedback interaction
between hyperglycemia, the RAAS and UA (44).

1.8 UA and Renal Function

1.8.1 UA as a Determinant of Renal Hemodynamic Function

In experimental animal models of DM and in about 50% of patients with early, uncomplicated

type 1 DM and ~50% of patients with type 2 DM under the age of 40, glomerular hyperfiltration
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is the earliest manifestation of renal microvascular dysfunction (36). Hyperfiltration has been
attributed to changes in tubuloglomerular feedback related to increased sodium glucose
cotransport-2 activity, and to neurohormonal factors including RAAS activation and the
production of ROS, which promote efferent renal arteriolar vasoconstriction, leading to a rise in
intraglomerular pressure and single nephron glomerular filtration rate (GFR) (1, 7, 45).
Hyperfiltration is associated with hyperglycemia-independent glomerular injury in animals, and
normalization of intraglomerular pressure reduces renal injury in experimental DM (7). Consistent
with animal studies, hyperfiltration is implicated in the pathogenesis of diabetic renal disease in
humans (7, 46-48). In the DM cohort, hyperfiltration is associated with an early decline in GFR
and with macrovascular abnormalities, including endothelial dysfunction (46-48). Hyperfiltration

also predicts adverse clinical outcomes such as microalbuminuria (7).

Given the UA mediated ROS production and stimulation of RAAS, it is not surprising that UA
has been linked with renal functional effects in experimental models (8, 9). Evidence from rodent
models suggests an association between high urinary UA levels and hyperfiltration with a
subsequent increase in proteinuria and renal failure along with associated glomerular sclerosis
and tubulointerstitial fibrosis (1). Similar to the mechanism of gout arthropathy, high UA levels
can lower urinary pH favoring UA crystallization and deposition in the collecting duct of the
nephron (13). UA crystals then adhere to the renal epithelial cells inducing inflammation,
reducing GFR and increasing the risk of kidney stone formation (13). As a consequence, UA
lowering reduces hemodynamic injury and inflammation in the high intraglomerular pressure
remnant kidney model of CKD (49). More recently, in an animal model of type 1 DM, UA
lowering reduced proteinuria, preserved GFR and suppressed renal expression of interleukins
(50). In murine models of type 2 DM, UA lowering reduced proteinuria and TGFp-1 induced
renal fibrosis (51). UA therefore causes neurohormonal activation and impaired autoregulation in
experimental CKD, leading to tubulointerstitial fibrosis, glomerular hypertension and proteinuria,

while UA lowering is renoprotective (40, 41).

Consistent with observations showing correlations between increasing UA levels and intrarenal
RAAS activity, epidemiologic and clinical studies have suggested that UA is an independent risk
factor for renal dysfunction in the normal population, in patients with diabetes and in those with
CKD (42, 43, 48). A 7 year follow up study of 21,475 healthy participants found that slightly
elevated UA levels (415 pmol/L to 530 umol/L) were associated with a two-fold risk of kidney
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disease and further elevated UA levels (>535 umol/L) were associated with more than 3 times the
risk of CKD (52). The association between UA levels and progression to DN was first
demonstrated in an 18 year prospective observational study by Hovind et al.in 2009 (53).
Although the association between UA and microalbuminuria was not observed in the 263 type 1
DM patients, UA levels 3 years after DM onset were predictive of persistent macroalbuminuria.
UA is associated with impaired renal function in type 1 DM patients and the general population
even when UA levels are in the normal range (1, 53, 54). Data from 355 type 1 DM participants
in the second Joslin Study on the Natural History of Microalbuminuria showed a significant
association of baseline UA (within the normal range) with early GFR loss of more than 3.3% per
year over a 6 year follow up period (55). The risk of renal function decline is low in the
normoalbuminuria stage and begins to progress in a large proportion of patients with
microalbuminuria despite having normal or elevated baseline renal function (56). Once the renal
decline process begins, it progresses linearly and rapidly until it reaches end stage renal disease
(56, 57). Thus early renal function decline (ERFD) is relevant for disease prevention. The
mechanisms involved in initiating and sustaining the ERFD are unknown, thus it is important to
further study the role of UA in the ERFD process to aid in identifying predictors and targets for

intervention to protect renal function while it is still normal or even elevated.

UA also increases the risk of developing proteinuria (58). For example, in 652 normoalbuminuric
type 1 DM patients recruited into the Coronary Artery Calcification in Type 1 Diabetes Study
(CACTI), each 60 pmol/L increment in UA from baseline increased the risk of micro- or macro-
albuminuria by 80% after a 6 year follow up period (58). In type 2 DM patients with preserved
GFR, hyperuricemia independently increases the risk of proteinuria or GFR <60 ml/min/1.73m?
by two-fold (59). Interpretation of observational studies is, however, confounded by the increase
in UA levels associated with a variety of clinical factors, such as impaired renal function or
diuretic use. Additionally, UA as a product of xanthine oxidase could act as a biomarker of
oxidative stress in these studies. Though observational associations between higher UA levels and
important renal outcomes show consistency among independent cohorts, causal inferences cannot
be made with confidence and UA can be a mere biomarker of kidney function due to reduced

renal excretion.
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1.8.2 The Effect of Pharmacologic UA Lowering on Renal Hemodynamic

Function

Evidence is emerging that lowering UA levels could be an important strategy to reduce renal
disease progression and diabetic complications. UA lowering can be achieved with XO inhibitors,
such as allopurinol and febuxostat, or with uricosuric agents. While the association between UA
and renal dysfunction or injury is compelling, only a few human trials with mixed results to date

evaluated whether pharmacologic lowering of UA provides renal protection.

In 2006, Siu et al randomized 54 hyperuricemic patients with mild to moderate CKD to receive a
12 months treatment with allopurinol or to continue their usual therapy. A significantly greater
number of patients allocated to usual treatment (46% versus 16%) reached a combined endpoint
of an increased serum creatinine of greater than 40% or dialysis (60). Although the study by Siu
et al suggests that UA lowering would benefit CKD patients, the results should be interpreted with
caution due to the extremely high serum UA levels of the enrolled patients, the unrestricted use
of antihypertensive agents and the lack of a placebo group. In a prospective study involving 113
CKD patients, Goicoechea et al showed a slower progression of renal disease in patients treated
for 2 years with allopurinol versus those continuing regular therapy (GFR change of +1.3 versus
-3.3 mL/min/1.73m? respectively), independent of age, gender, diabetes, C-reactive protein,
albuminuria, and RAAS blockade (61). This clinical trial was also limited by the lack of placebo
arm, concomitant mediations use, older age of the patient cohort, and the small proportion of
subjects with DN. Similarly, a post hoc analysis of the Febuxostat Open-Label Clinical Trial of
Urate-Lowering Efficacy and Safety Study (FOCUS) in 116 hyperuricemic patients with gout
treated with febuxostat for 5 years showed a similar inverse correlation between UA reduction
and the rate of eGFR decline, where every 1 mg/dL decrease in serum UA translated into a 1
mL/min/1.73m? improvement in GFR (62). Another post hoc analysis of interest stems from the
Reduction of Endpoints in Non-Insulin-Dependent Diabetes Mellitus With the Angiotensin 11
Antagonist Losartan (RENAAL) trial (63). The renoprotective effect of Losartan, an
antihypertensive ARB, was attenuated from 22% to 17% when adjusted for serum UA levels
suggesting that about one fifth of Losartan’s protective effect could be attributed to the serum UA
lowering. The renal endpoints in the analysis were defined as a doubling of serum creatinine or
end-stage renal disease. Lowering UA with allopurinol in DN patients was also shown to reduce

proteinuria by 42% after just 4 months of treatment (64), but the study was limited by the short
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follow up period, a sample size of 40 patients and the use concomitant medications. Finally,
withdrawal of allopurinol after treatment for 12 months in 50 CKD patients resulted in an increase
in UA levels, a significant acceleration in the rate of kidney function loss and a significant increase
in urinary TGF-B excretion (20). A recent meta-analysis evaluated the evidence of the benefits
and risks of UA lowering with allopurinol on renal outcomes. The 8 evaluated clinical studies had
substantial heterogeneity in baseline kidney function data and follow up duration. Five out of the
8 evaluated trials did not show a change in GFR and 3 trials showed an attenuated creatinine rise
with allopurinol treatment (65). From the limited data available from UA lowering studies in
humans, UA lowering may slow GFR decline and reduces proteinuria. Despite the promising
results of these studies, more adequately powered, placebo-controlled studies need to be
conducted to determine if lowering plasma UA indeed protects the kidney from injury in patients
with DN or if UA is a mere biomarker of reduced kidney function. Given that traditional RAAS
blockade provides only partial protection from the development of renal disease, it is of utmost
importance to determine if UA lowering therapy can block pathogenic mechanisms promoting
DN. The effect of UA lowering on renal protection in type 1 DM is being examined as part of the
NIH funded Protecting Early Renal Function Loss or “PERL” study (NCT02017171)(66).

1.9 UA and Cardiovascular Function

1.9.1 UA as a Determinant of Cardiovascular Function

In addition to effects on renal function, UA is associated with changes in cardiovascular function.
Studies suggest that UA could have a role in initiating the development of hypertension, which
shifts to a salt sensitive kidney dependent hypertensive state over time (67). Acute elevation of
UA in murine models by uricase inhibition result in a prompt rise in blood pressure, which can be
chronically maintained to induce vascular damage and glomerular changes such as thickening and
vasoconstriction of the afferent arteriole, reduction in blood flow, tubulointerstitial injury and
inflammation (40, 41). The correlation between UA and blood pressure is also supported by
human studies, where UA is independently associated with systemic hypertension, including
primary hypertension in children, and higher UA levels in children increase the subsequent risk
of developing hypertension in early adulthood (16). UA levels also correlate with blood pressure
in 90% of hypertensive pediatric cases (16) and predict the development of hypertension in

observational studies involving adults (16). Hyperuricemia is observed in 25-40% of untreated
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hypertensive subjects and 75% of malignant hypertensive subjects (68). The association of UA
with blood pressure decreases in the elderly and is diminished in patients above 90 years old (69).
Interestingly, a recent study by Bjornstad et al. found that over a 6 year follow-up period a positive
relationship was observed between UA and systolic blood pressure in non-diabetic individuals,
but a negative association was observed in type 1 DM patients (70). A possible explanation is the
decline in UA levels due to glycosuria induced proximal tubular dysfunction and uricosuria,
which is also supported by higher UA levels in patients with better diabetes control (70). Thus,
despite high intracellular levels of UA, patient with poor glycemic control could have reduced
UA levels, thereby altering the expected association between serum UA and blood pressure.
Accumulating evidence suggests that increased serum UA levels may be associated with intimal
medial thickness, endothelial dysfunction and vascular stiffness (35), which all play an important
role in the pathogenesis of hypertension, cardiovascular disease and CKD (1, 7). Hyperuricemia
has also been associated with other cardiovascular events related to hypertension, such as a non-
dipping circadian blood pressure pattern (16), stroke, incidence of heart failure and mortality (16).
It is important to note, however, that since UA is associated with both increased cardiovascular
risk and the insulin resistance syndrome, insulin resistance may act as a confounder, and at least

in part account for the relationship between UA and a higher cardiovascular risk profile (71).

In patients with DM, the deleterious effect of UA on cardiovascular function may be further
worsened by the hypertensive effect of hyperglycemia (26, 27, 72). Similar to renal effects,
hyperglycemia induces systemic vascular abnormalities including endothelial dysfunction in
humans (26-28). As a result of the effects of hyperglycemia and neurohormonal activation, UA
levels are independently associated with endothelial dysfunction in animals and humans, thereby
promoting hypertension, even when UA levels are within the normal range (29-31). The
independent association between UA and blood pressure, including the rate of incident
hypertension, has been reported in a variety of study cohorts, including a subset of the
Framingham Heart Study (30, 73). In 1993, Rathman et al reported a positive correlation between
serum UA levels and CAD in women with type 1 and type 2 DM (17). More recently, baseline
serum UA levels were shown to be predictive of coronary calcification in patients with type 1 DM
(17). The correlation between UA and cardiovascular function has been attributed to the same
mechanisms leading to renal dysfunction, including activation of RAAS and ROS pathways, NOS
inhibition and autonomic dysfunction (9, 25, 40).
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1.9.2 The Effect of Pharmacologic UA Lowering on Cardiovascular Function

As expected based on compelling associations between UA and macrovascular dysfunction, and
increased blood pressure, recent interest has focused on vascular and antihypertensive impact of
pharmacological UA lowering. Flow-mediated dilation (FMD) and forearm blood flow (FBF)
responses to acetylcholine (ACh) and L-NMMA infusions are common techniques used to assess
endothelium-dependent NO induced vasodilation. In type 2 DM adults with and without CKD,
UA lowering improves endothelial function (74, 75). A recent meta-analysis showed that
treatment with allopurinol increases FMD by 2.5%, FBF responses to ACh infusion increases by
68.8% and a significant decrease in plasma oxidative stress markers (76). It is noteworthy that
intravenous uricase (short-term UA lowering) has no effect on FBF response to ACh and L-
NMMA (77). More importantly, allopurinol reduces systolic blood pressure by approximately 6
mmHg in pediatric cohorts, thereby normalizing blood pressure in two-thirds of treated patients
(16, 73). Similar to results from pediatric studies, UA lowering reduces systolic blood pressure
by 4-10 mmHg in adult patients with normal renal function (78). A recent randomized, double-
blind placebo-controlled clinical study resulted in a 10 mmHg systolic and 9 mmHg diastolic
blood pressure reductions respectively when pre-hypertensive obese adolescents were treated with
either allopurinol or probenecid (uricosuric drug) (17). Thus, the blood pressure lowering effect
is likely due to the UA lowering and not due to direct effects on XO inhibition. The effects of
medications such as allopurinol on endothelial function and blood pressure occur after 4-12 weeks
of treatment and have been attributed in part to UA lowering-independent effects, including
reduced ROS production and RAAS suppression (75). A post hoc analysis from The Losartan
Intervention For Endpoint Reduction in Hypertension trial revealed that an increase in serum UA
over 4.8 years was attenuated by losartan treatment, which accounted for 29% of the
cardiovascular treatment effect with the primary outcomes defined as a cardiovascular death, fatal
or nonfatal myocardial infarction, fatal or nonfatal stroke (79). Similar to the renal studies, these
cardiovascular trials contain limitations of power and the lack of placebo groups. Despite these
significant effects on blood pressure, further work is now required to determine if blood pressure

declines with UA lowering therapies translate into improved clinical outcomes.
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1.10 Conclusion

Current data strongly suggests that UA is related to the development of hypertension and
nephropathy in patients with DM. Furthermore, pharmacological lowering of UA is associated
with renal and vascular protective effects in animals. In humans, lowering UA exerts anti-
proteinuric and antihypertensive effects, and may prevent renal function loss and provide vascular
protection. Nevertheless, large prospective randomized, controlled trials are required to determine

causation between UA lowering and long term clinical outcomes.
1.11 Scope and Hypotheses of Thesis

As discussed in previous sections, accumulating evidence in patients with hypertension and DM
with CKD strongly suggests that UA plays an important role in the pathogenesis of micro- and
macro-vascular complications of DM, while pharmacologic lowering of UA in these cohorts leads
to cardiovascular and renal protection. However, very limited information is available around the
physiologic role of uric acid in earlier stages of DM, such as in normotensive, normoalbuminuric
patients with type 1 DM (T1D). Furthermore, no studies to date examined whether lowering
plasma UA (PUA) in patients with uncomplicated T1D would lead to renal and vascular
protection. Given the limited clinical protective effects of current therapeutic strategies used to
prevent or delay DN, it is of utmost important to examine PUA as a risk biomarker and as a
potential therapeutic target in uncomplicated T1D. The major objective of this thesis is to examine
the role of baseline PUA in renal and cardiovascular function and to determine the effects of

pharmacologic lowering of PUA in young patients with uncomplicated T1D.
1.11.1 Preview and Hypotheses of Chapter 2

The first study of this thesis was designed to examine (1) the baseline levels of PUA and (2) the
relationship between PUA and renal and cardiovascular parameters in the earliest subclinical
stages - adolescents with T1D. Specifically, the aim of this exploratory analysis was to study the
association between PUA and estimated glomerular filtration rate (eGFR), urinary albumin to
creatinine ratio (ACR), blood pressure, endothelial function and arterial stiffness in T1D
adolescents compared to a well matched group of healthy controls (HC) from the Adolescent Type
1 Diabetes Cardio-Renal Intervention Trial (AdDIT). Based on previous evidence in DM patients

with CKD, we hypothesized that even within the normal range PUA levels will be higher in T1D
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adolescence compared to HC and higher PUA will be associated with lower GFR, ACR and
endothelial function and increased blood pressure and arterial stiffness. The results of this study
would allow us to determine whether PUA is associated with cardiovascular and renal
pathophysiology at a very early T1D stage.

1.11.2 Preview and Hypotheses of Chapter 3

In chapter 3 we extended our findings to a later, but still uncomplicated cohort of patients with
T1D- young adults. Our aims were to examine (1) the baseline levels of PUA, (2) the relationship
between PUA and hemodynamic parameters and (3) the effect of clamped hyperglycemia and
glycosuria, mediated by inhibition of the sodium glucose cotransporter-2 (SGLT2), on baseline
PUA levels in this cohort. We hypothesized that even within the normal range PUA levels will be
higher in young T1D adults compared to HC and that higher PUA levels will be associated with
higher blood pressure and lower renal function, measured by GFR and effective renal plasma flow
(ERPF). Furthermore, we hypothesized that the acute hyperglycemic stimulus, which promotes

negative hemodynamic effects, will further increase baseline PUA levels.
1.11.3 Preview and Hypotheses of Chapter 4

The study described in chapter 4 stemmed from the findings in chapter 3 and aimed to elucidate
whether the observed association between PUA and renal hemodynamic function in young adults
with T1D is driven by effects at the afferent or the efferent renal arterioles. Estimates of afferent
and efferent arteriolar resistance and glomerular hydrostatic pressure were indirectly calculated
using Gomez equations. Based on previous experimental data, we hypothesized that even within
the normal range higher PUA would be associated with higher resistance at the afferent arteriole,
but not the efferent arteriole, in young T1D adults while such associations would not be observed
in HC.

1.11.4 Preview and Hypotheses of Chapter 5

Our observations in chapters 2-4 did not determine whether PUA is a cause or a consequence of
reduced renal and cardiovascular function. Thus, for the final experimental chapter of this thesis
we conducted a hypothesis generating, physiological study intended to determine the impact of
PUA lowering on renal and vascular function in young uncomplicated T1D adults. The main aims

of this study were to investigate if PUA lowering with febuxostat (FBX) treatment for 8 weeks
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modifies (1) the effect of hyperglycemia and infused angiotensin Il on renal hemodynamic
function, (2) systemic blood pressure and (3) arterial stiffness during clamped euglycemia and
hyperglycemia in young uncomplicated T1D adults compared to HC. It was hypothesized that
PUA lowering will ameliorate early hemodynamic abnormalities characteristic of T1D, including

renal hyperfiltration, systemic hypertensive responses to hyperglycemia and arterial stiffness.
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2.1 Abstract

Objective: The relationship between plasma uric acid (PUA) and renal and cardiovascular
parameters in adolescents with T1D is not well understood. Our aims in this exploratory analysis
were to study the association between PUA and estimated glomerular filtration rate (eGFR),
urinary albumin to creatinine ratio (ACR), blood pressure, endothelial function and arterial

stiffness in T1D adolescents. These associations were also studied in healthy controls (HC).

Methods: We studied 188 T1D recruited to the Adolescent Type 1 Diabetes Cardio-Renal
Intervention Trial (AdDIT) and 65 HC. Baseline PUA, eGFRcystatin c, ACR, blood pressure, flow

mediated dilation (FMD) and carotid-femoral pulse wave velocity (PWV) were measured.

Results: PUA was lower in T1D vs. HC (242455 vs. 306+74umol/L, p<0.0001). Higher PUA
was inversely associated with eGFR in T1D (r=-0.48, p<0.0001) even after correcting for baseline
clinical demographic characteristics. PUA was not associated with ACR in T1D after adjustment
for potential confounders such as eGFR. For cardiovascular parameters, PUA levels did not
associate with SBP, FMD or PWV in T1D or HC.

Conclusions: Even within the physiological range, PUA levels were significantly lower in T1D
adolescent patients compared to HC. There was an inverse relationship between PUA and eGFR
in T1D, likely reflecting an increase in clearance. There were no associations observed with ACR,
blood pressure, arterial stiffness or endothelial function. Thus, in contrast with adults, in

adolescents with T1D PUA may not yet be associated with cardiorenal abnormalities.
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2.2 Introduction

Recent evidence from animal and human models suggests that plasma uric acid (PUA) levels are
associated with multiple key pathways implicated in the pathogenesis of T1D complications, such
as metabolic abnormalities (insulin resistance and hyperglycemia), cardiovascular disease
(hypertension, endothelial dysfunction, arterial stiffness and cardiac diastolic dysfunction) and
kidney dysfunction (80). In healthy adult men and women, PUA is positively associated with
activation of pro-inflammatory pathways and activation of the renin angiotensin aldosterone
system (RAAS) (80). Perhaps as a consequence of PUA-mediated inflammation and RAAS
activation, PUA levels - even within the normal range - are independently associated with
endothelial dysfunction, arterial stiffness, impaired renal function and albuminuria in adults with
T1D and in the general adult population (80). Consequently, the potential renal and vascular
protective effects of PUA lowering are being investigated in a T1D population with
microalbuminuria in the Protecting Early Renal Function Loss (PERL) Study (NCT02017171)
(66).

In adolescents, elevated PUA levels have also been linked with metabolic syndrome (81, 82),
obesity, cardiovascular risk (83), inflammation (84), pediatric hypertension and the subsequent
development of hypertension in adulthood (80). Similar to observations by others, we also
recently showed that PUA levels are lower in otherwise healthy adult T1D patients between 18
and 35 years of age compared to healthy controls (85). This may be due to a decrease in uric acid
reabsorption mediated by high concentrations of glucose in the tubular lumen (85). Despite lower
PUA levels in adults with T1D, PUA negatively correlates with eGFR and effective renal plasma
flow (85, 86). The association between higher PUA with lower GFR and effective renal plasma
flow may be on the basis of PUA-mediated renal vasoconstriction (85, 86). PUA levels have not
yet been characterized in an even earlier, subclinical disease population, such as in adolescent
patients with T1D. Establishing the relationship between PUA and early markers of renal and
cardiovascular risk in T1D patients is important to potentially identify predictors of future

complications and to target new interventions aimed at improving long-term prognosis.

Accordingly, the goal of this exploratory analysis was to assess the relationship between PUA and
important physiologic parameters in patients with early T1D (87). The associations between PUA,
eGFR, flow mediated dilation (FMD — measure of endothelial function) and vascular stiffness

measures were assessed in T1D and compared to healthy control (HC) adolescents. Based on the
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above observations in adults, we hypothesized that the T1D adolescent cohort would exhibit lower
PUA overall, and that higher PUA, even within the normal range, would be associated with higher
blood pressure, lower eGFR, higher urinary albumin excretion, impaired FMD and increased

arterial stiffness measures in the adolescent T1D cohort, but not in HC.
2.3 Research Design and Methods

2.3.1 Subject Inclusion Criteria and Study Population

All studies were approved by the Hospital for Sick Children Research Ethics Board (Toronto, ON,
Canada). All study participants provided assent and parents signed the informed consent
documents. This analysis was conducted using the blood and urine samples collected from 188
T1D from the AdDIT trial (87) and 65 HC. We included: 11 to 16 years old adolescents, who
achieved a minimum of Tanner stage 2 for puberty and were not taking medication that could
interfere with the RAAS. The albumin:creatinine ratio (ACR) measures were obtained by taking
two sets of three consecutive early-morning urine samples on two separate visits and the average
ACR calculated and adjusted on a log ACR scale using age, diabetes duration, sex and the
coefficients from the Oxford Regional Prospective Study (ORPS) linear regression model (87-
89). In the AdDIT trial, the T1D participants were divided into the following ACR tertiles: (1) 64
patients in low ACR tertile (<0.8mg/mmol), (2) 74 patients in the middle ACR tertile (0.8-1.2
mg/mmol), and (3) 50 patients in the high ACR tertile (>1.2mg/mmol). The tertile boundaries
were determined based on preliminary data from the ORPS cohort which predicted the risk for

development of microalbuminuria(88).
2.3.2 Renal Assessments

All urine and blood samples were obtained during the screening phase of the study. eGFR was
calculated using the Larsson’s formula eGFR = 77.24 x Cys C1262 \where cystatin C was
measured by laser immunonephelometry (Dade Behring) (90, 91). As in our previous work, T1D
adolescent participants were also subdivided into a normofiltration and a hyperfiltration group,
where hyperfiltration was defined as eGFR >135 mL/min/1.73m? (14, 46, 92, 93).
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2.3.3 Vascular Assessments, Sample Collection and Analytical Methods

Arterial stiffness was measured using a SphygmoCor device (SphygmoCor, AtCor Medical
Systems Inc., Sydney, Australia). A high-fidelity micromanometer was used to record right radial,
carotid and femoral artery pulse pressure waveforms. The corresponding central aortic pressure
waveform was generated using a validated transfer function. Mean arterial pressure (MAP) and
heart rate (HR) was determined by the analysis software. The distance between the carotid-
femoral pulse points was measured and pulse time delay was calculated to obtain pulse wave
velocity (PWV).

Endothelial function of the brachial artery was determined by flow mediated dilation (FMD). A
pneumatic cuff was placed distal of the antecubital fossa. Reactive hyperemia was stimulated by
a 5 minute inflation of the cuff followed by deflation. A high resolution B-mode ultrasound was
used to capture longitudinal ECG-gated end-distolic images of the brachial artery pre- and post-
cuff inflation. Diameter was determined using an automated edge-detection algorithm and blood
flow was measured from the velocity-time integral of the Doppler signal. FMD was defined as

the maximal percentage change in vessel diameter after reactive hyperemia.

Plasma samples were used to measure PUA on the Architect c8000 Clinical Chemistry System
using the manufacturer’s reagents (Abbott Diagnostics, Abbott Park, Illinois, USA).

2.3.4 Statistical Analysis

Continuous data are presented as mean * standard deviation (SD). To assess for between-group
differences analysis of covariance (ANCOVA) was used. Pearson correlation analyses were used
to assess the relationship between renal parameters, urinary/plasma markers and PUA levels.
Regression analysis was used to assess the impact of covariates on continuous outcomes. Based
on known factors that influence PUA levels, potentially relevant clinical characteristics that were
included as the covariates in regression analysis were systolic blood pressure (SBP), gender,
HbAlc, BMI, age, T1D duration, and plasma HDL cholesterol. p<0.01 was considered
statistically significant to account for multiple comparison. All statistical analyses were performed

using SAS v9.1.3 and GraphPad Prism software (version 5.0).
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2.4 Results

2.4.1 Baseline Demographic Characteristics and PUA Levels

The adolescent participants were normotensive and normoalbuminuric. Baseline parameters, such
as gender distribution, age, blood pressure, eGFR and ACR were similar between HC and T1D
adolescents (Table 2.1). T1D patients had a higher BMI compared to HC. Out of the 188 T1D
patients, 133 exhibited normofiltration (71%) and 55 hyperfiltration (29%). HbAlc, plasma
glucose and plasma HDL cholesterol were higher in T1D compared to HC. PUA was lower in
T1D adolescents than in HC (Figure 2.1, 242455 vs. 306x74umol/L, p<0.0001). In the T1D
cohort, insulin doses did not correlate with PUA levels, and also did not correlate with clinical
parameters including SBP, eGFR or log ACR.

No significant differences were observed in PUA levels between tertiles of spot check blood
glucose levels or tertiles of HbAlc in our T1D adolescent cohort (Table 2.2, Figures 2.2 A and
B).

2.4.2 Association between PUA and Renal Function

Higher PUA correlated with lower eGFR in the HC and T1D cohorts (Figure 2.3: r= -0.39,
p=0.001 for HC and r=-0.48 and p<0.0001 in T1D). Using Fisher’s z-transformation technique,
these correlations did not differ between the two cohorts (p=0.4). Within patients with T1D, PUA
levels were significantly higher in normofiltration subjects compared to those with hyperfiltration
(Figure 2.2 C, p<0.0001). The association between PUA and eGFR remained significant after
correcting for SBP z-score, gender, HbAlc, BMI z-score, age, T1D duration and blood HDL
cholesterol in the regression analysis of patients with T1D (= -0.78, p<0.0001). This observation
was also present in T1D adolescents when patients with hyperfiltration were removed from the
analysis (p=-1.08, p=0.003). In contrast, in HC, after controlling for SBP z-score, gender,
HbAlc, BMI z-score, age and blood HDL cholesterol, the association between PUA and eGFR
was not significant (p = -1.29, p>0.01). These relationships remained the same when plasma

glucose rather than HbAlc was used in the regression model.

In the T1D cohort, higher PUA levels correlated with lower ACR (r = -0.20, p=0.005 using log-

transformed ACR) an association that was no longer significant after adjusting for eGFR, gender,
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Table 2.1. HC and T1D subject characteristics at baseline (mean + standard deviation).

Parameter HC (n=65) T1iD
(n=188)
Baseline demographic
parameters
Males 28 (43%) 93 (49%)
Age (years) 14.0+2.0 14.4+1.7
Diabetes duration (years) - 7.2+3.2
Body mass index (z-score) 0.11+1.15 0.65+0.91*
Baseline biochemistry
Hemoglobin Alc - % 5.4+0.2 8.5+1.3*
(mmol/mol) (35.3£2.7) (69.3+13.8)
Plasma uric acid (umol/L) 306+74 242+55*
Plasma Glucose (mmol/L) 4.7£0.7 9.7+4.3*
Cholesterol (mmol/L) 4.2+0.8 4.3+0.9
HDL Cholesterol (mmol/L) 1.5+0.3 1.6+0.4*
LDL Cholesterol (mmol/L) 2.4+0.7 2.3+0.7
Triglyceride (mmol/L) 0.9+0.4 0.8+0.4
Renal function assessments
eGFR (mL/min) 121+22 127+29
ACR 1.1+1.6 1.0£1.5
Vascular function
assessments
HR (beats per minute) 67+10 67+8
SBP (mmHg) 11148 11349
DBP (mmHg) 62+7 63+6
SBP (z-score) 0.06+0.72 0.19+0.80
DBP (z-score) -0.18+0.58 -0.16+0.61
FMD (%) 7.6+3.3 6.5+3.1
Carotid Femoral PWV (m/s) 5.2+0.8 5.2+0.7

Insulin Therapy

Insulin Pump Users (%)
Insulin Injection Users (%)
Insulin Dose (Units/kg)

116 (62%)
72 (38%)
1.00£0.29

Values are mean + standard deviation. n, number of participants. *p<0.05 vs. HC; HC: healthy

controls; T1D: patients with type 1 diabetes; HR: heart rate; SBP: systolic blood pressure; DBP:

diastolic blood pressure; eGFR: glomerular filtration rate, PWV: Pulse Wave Velocity.
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Figure 2.1: Plasma uric acid (PUA) levels in healthy controls (HC, n=65) and patients with
type 1 diabetes (T1D, n=188).
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Table 2.2. HC and T1D subject characteristics at baseline (mean + standard deviation). T1D
data is divided into tertiles: low ACR tertile (<0.8mg/mmol, n=64), middle ACR tertile (0.8-
1.2mg/mmol, n=74) and high ACR tertile (>1.2mg/mmol, n=50).

Parameter

Baseline demographic parameters

Males

Age (years)

Diabetes duration (years)
Body mass index (z-score)

Baseline biochemistry

Hemoglobin Alc - % (mmol/mol)

Plasma uric acid (umol/L)
Plasma Glucose (mmol/L)
Cholesterol (mmol/L)
HDL Cholesterol (mmol/L)
LDL Cholesterol (mmol/L)
Triglyceride (mmol/L)

Renal function assessments
GFR (mL/min)
ACR

Vascular function assessments
HR (beats per minute)

SBP (mmHg)

DBP (mmHg)

SBP (z-score)

DBP (z-score)

FMD (%)

Carotid Femoral PWV (m/s)

Insulin Therapy

Insulin Pump Users (%)
Insulin Injection Users (%)
Insulin Dose (Units/kg)

HC (n=65)

28 (43%)
14.0+2.0

0.11+1.15

5.4+0.2

(35.32.7)
306+74
4.7+0.7
4.240.8
1.5+0.3
2.4+0.7
0.9+0.4

121422
1.1+1.6

67+10
11148
62+7
0.06+0.72
-0.18+0.58
7.6£3.3
5.2+0.8

T1D (n=188)

Lower Tertile Middle Tertile Higher Tertile
(n=64) (n=74) (n=50)
26 (41%) 43 (58%) 24 (48%)
14.6x1.6 13.9+1.77 14.8+1.6*%
8.1+3.4 6.9+3.0F 6.6+2.97
0.78+0.89* 0.63+0.96* 0.53+0.85*
8.3+1.2* 8.5+1.3* 8.6+1.3*
(67.7£12.9) (69.8+14.3) (70.8+14.1)
243+50 247+58 234+56
8.6+3.5* 10.5+4.8*F 9.8+4.3*
4.4+0.8 4.3%£1.0 4.3+0.8
1.7+0.4* 1.6+0.3* 1.740.3*
2.3+0.7 2.3+0.8 2.2+0.6
0.8+£0.4 0.9+0.4 0.9+0.3

124428 121+23 14133* 11
0.67+0.72 0.93+1.31 1.5+2.311
6749 6549 6549
11349 113411 11449
6246 62+7 62+7
0.21+0.73 0.19+0.89 0.17£0.75
-0.20£0.55 -0.13+0.68 -0.16+0.57
7.0£3.4 6.2+3.0* 6.1+2.9*
5.2+0.8 5.3+0.7 5.2+0.7
42 (66%) 46 (62%) 32 (64%)
22 (34%) 28 (38%) 18 (36%)
1.00+0.28 0.97+0.31 1.03£0.24

Values are mean =+ standard deviation. n, number of participants. *p<0.05 vs. HC; 1p<0.05 vs. T1D Lower

Tertile; $p<0.05 vs. T1D Middle Tertile. HC: healthy controls; T1D: type 1 diabetic patients; HR: heart

rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; GFR: glomerular filtration rate, PWV:

Pulse Wave Velocity.
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Figure 2.2: Plasma uric acid (PUA) levels in patients with type 1 diabetes (T1D, n=188)
divided into tertiles according to (A) plasma glucose and (B) HbAL1C. Figure (C) represents
PUA levels in HC (n=65) compared to T1D patients with normofiltration (T1D-N, n=133)
and hyperfiltration (T1D-H, n=55). Figure (D) represents PUA levels in healthy controls
(HC, n=65) and T1D in the low ACR tertile (<0.8mg/mmol, n=64), middle ACR tertile (0.8-
1.2mg/mmol, n=74) and high ACR tertile (>1.2mg/mmol, n=50).
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Figure 2.3: The relationship between eGFR, log transformation of albumin to creatinine

ratio and plasma uric acid (PUA) in HC (panel A and B, n=65) and patients with type 1

diabetes (panel C and D, T1D; n=188).
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Pearson correlation analysis was used to obtain r and its associated p value. The B coefficient with

the associated p value were obtained from the regression analysis. In the HC PUA and eGFR

regression analysis, the covariates were SBP z-score, gender, HbA1C, BMI z-score, age and

plasma HDL cholesterol. In the T1D PUA and eGFR regression analysis, the covariates were SBP

z-score, gender, HbAlc, BMI z-score, age, diabetes duration and plasma HDL cholesterol. In the

HC PUA and log ACR regression analysis, the covariates were eGFR, gender, HbAlc, BMI z-

score, age and plasma HDL cholesterol. In the T1D PUA and log ACR regression analysis, the

covariates were eGFR, gender, HbA1C, BMI z-score, age, diabetes duration and plasma HDL

cholesterol.
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HbAlc, BMI z-score, age, T1D duration and blood HDL cholesterol and correcting for multiple
comparisons (B =-25.0, p>0.01). When plasma glucose rather than HbAlc was used in the model,
the association did not change and was still not significant (p=-20.4, p>0.01). The association
between PUA and log ACR in HC participants was not observed (r = -0.17, p>0.01). PUA levels
were lower in each of the ACR tertile groups compared to HC. There were no differences in PUA

levels observed between the 3 T1D ACR tertile groups studied in the cohort (Figure 2.2 D).

2.4.3 The Association between PUA and Vascular Function

PUA did not correlate with SBP z-score in HC (Figure 2.4, r=-0.06, p>0.01) or T1D (r=0.04,
p>0.01). As shown in Figure 2.4, there was also no association observed after correcting for
clinical covariates in HC (B=1.7, p>0.01) or T1D (B=3.8, p>0.01). PUA did not correlate with
PWYV, DBP z-score or FMD in either group (Figure 2.4).

2.5 Discussion

Although T1D complications are rarely evident during childhood, pathogenic processes leading
to end organ injury begin soon after diagnosis and may accelerate during puberty (94, 95). It is
therefore important to study potential preclinical mechanisms leading to early disease
pathogenesis to facilitate the identification of high-risk patients and thereby implement early
therapeutic prevention strategies. PUA levels are consistently associated with renal and
cardiovascular complications in adults with T1D, and predict incident albuminuria, rapid eGFR
decline, diabetic retinopathy and coronary artery calcification (96, 97). The influence of PUA
levels on renal and cardiovascular function has not yet been carefully characterized in adolescent

patients with uncomplicated T1D prior to the onset of clinical complications.

In the current cohort, significantly higher PUA levels were observed in adolescent HC compared
to T1D, which is consistent with previous observations in young adults and in adolescents (85,
86, 98). Increased urinary glucose excretion is thought to be the key mechanism responsible for
PUA lowering in patients with diabetes due to a stimulatory effect of urinary glucose on the GLUT
9 isoform 2 transporter on the apical membrane of the proximal tubule, which increases UA
excretion in in vitro studies (99). Importantly, we have previously demonstrated that impairing
proximal tubule glucose reabsorption increases fractional excretion of UA in adults with T1D

(85). Interestingly, and in contrast with our previous observations in young adults with T1D,



34

Figure 2.4: The relationship between plasma uric acid (PUA) and systolic blood pressure
(SBP — A and B), flow mediated dilation (FMD - C and D), pulse wave velocity (PWV = E
and F) in healthy controls (HC — A, C, E, n=65) and patients with type 1 diabetes (T1D - B,
D, F, n=188).
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Pearson correlation analysis was used to obtain r and its associated p value. The B coefficient with
the associated p value were obtained from the regression analysis. In the HC PUA, SBP z-score
and PWYV regression analysis, the covariates were gender, HbA1C, BMI, age and plasma HDL
cholesterol. In the T1D PUA, SBP z-score and PWYV regression analysis, the covariates were
gender, HbAlc, BMI, age, diabetes duration and plasma HDL cholesterol. In the HC PUA and
FMD regression analysis, the covariates were gender, SBP, HbAlc, BMI, age and plasma HDL
cholesterol. In the T1D PUA and FMD regression analysis, the covariates were gender, SBP,

HbAL1C, BMI, age, diabetes duration and plasma HDL cholesterol.
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neither HbAlc nor plasma glucose levels significantly influenced PUA in our T1D adolescent
cohort. It is thus possible that glycosuria does not modify PUA excretion in adolescents with T1D
by the same mechanisms as in adults, and that a longer T1D duration is required for higher glucose
levels to influence PUA. It will therefore be important to confirm our observation in a larger

cohort of adolescents over a longer period of time.

Previous longitudinal studies have shown a relationship between PUA and renal function decline.
For example, the second Joslin Study on the Natural History of Microalbuminuria showed a
significant correlation between baseline PUA levels with early eGFR loss over a 6-year time
period in older patients with T1D (55). Even in normoalbuminuric patients with T1D, Krolewski
et al reported that mildly elevated PUA is an independent predictor of early eGFR loss (100). We
also recently showed that higher PUA levels within the normal range are associated with lower
GFR and effective renal plasma flow and higher renal vascular resistance in an adult T1D cohort
without any complications (85, 86). Consistent with the previous body of work in adults, the
association between higher PUA and lower eGFR was present in our even earlier, adolescent
cohort of otherwise healthy T1D patients. This association persisted even after correcting for SBP
z-score, gender, HbAlc, BMI z-score, age, T1D duration and blood HDL cholesterol. Although
we were not able to elucidate the mechanisms, this association is most likely on the basis of
increased renal clearance, leading to lower PUA levels. However, the persistent association
between higher PUA and lower eGFR in T1D adolescents with normofiltration suggests that
hyperfiltration might not be the only factor driving this association. Thus, higher PUA may be
linked with lower eGFR through renal vasoconstriction resulting in ischemia (41, 86), but this

seems unlikley in a pediatric cohort.

Microalbuminuria is a risk factor for progressive renal function decline (57) and is one of the first
clinical markers of nephropathy in adolescents with T1D (89, 101). Post hoc analyses of the
Coronary Artery Calcification in Type 1 Diabetes study (CACTI) reported that over a 6 year
follow up period, each 60 pmol/L increase in PUA from baseline elevated the risk of micro- or
macro-albuminuria by 80% in 652 normoalbuminuric patients (58). Similarly, Hovind et al.
reported that baseline PUA levels predict the development of macroalbuminuria over 18 years of
follow up in patients with T1D (53). In our cohort, in the univariate analysis, higher PUA was
modestly associated with lower ACR. However, this interaction was no longer significant after
adjustment for clinical characteristics, suggesting the predominant role of other pathways,
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including the interaction between PUA and eGFR, that mediate changes in albumin excretion.
Furthermore, there was no difference in baseline PUA levels in the low-, middle-, and high-risk
within normal range ACR tertiles in the T1D adolescent patients. Overall, our data suggests that

baseline PUA levels in this cohort are not associated with ACR, at this early stage of T1D.

Accumulating evidence in patients with hypertension, atherosclerosis, type 2 diabetes, and also in
HCs, suggests that increased PUA levels, even within the normal range, may be associated with
endothelial dysfunction and vascular stiffness (80), thereby promoting cardiovascular disease. A
National Health and Nutrition Examination Survey (1999-2006) found that PUA of >327 umol/L
in 6,036 adolescents carrried a 2-fold risk of developing hypertension (102). We also recently
reported an association between higher PUA and higher blood pressure within the normal range
in young adults with uncomplicated T1D (70, 85). In our cohort of adolescents with
uncomplicated T1D or in HC, PUA did not correlate with SBP z-score, PWV or FMD (a measure
of endothelial function) after correcting for age, gender, HbAlc, BMI z-score, T1D duration and
HDL. It is therefore possible that the relationship between PUA and blood pressure could be
altered over time according to duration of the disease or age in patients with T1D (85).

Our study has limitations. Although CysC based eGFR measurements may better identify acute
changes in kidney function comapred to the most widely used serum cretainine method (103),
cystatin C still tends to underestimate GFR in the higher range compared to the gold standard
inulin clearance based GFR measurement technique (104). Additionally, the patient study cohort
consisted of a carefully selected group with no complications in a subset of patients from the
AdDIT trial. Thus, our data may only be relevant to adolescent patients with uncomplicated T1D
and cannot necessarily be extended to other conditions. Data on urinary glucose levels was not
available and thus the association between PUA and glycosuria could not be studied. Dietary
consumption of UA-rich foods, such as purine-containing products, was also not recorded and
thus could not be taken into account in the analysis. We also recognize that this analysis included
a subset of participants in the AdDIT Observation Cohort. As such, our observations should be
considered exploratory in nature, and ultimately require confirmation using a larger sample size
of patients. Finally, future analyses should examine if PUA levels are influenced by puberty stage

— an interaction that was not examined in this cohort.

In conclusion, even within the physiological range, PUA levels were significantly lower in T1D
adolescent patients compared to HC. There was an inverse relationship between PUA and eGFR
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in T1D and no associations were observed with blood pressure, arterial stiffness or endothelial
function. Thus, in contrast with adults, in adolescents with T1D PUA may not yet be associated

with cardiorenal abnormalities, highlighting the need to determine if the effect of PUA on renal

risk is modified over time.
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3.1 Abstract

Objective: Plasma uric acid (PUA) is associated with metabolic, cardiovascular and renal
abnormalities in patients with type 2 diabetes, but is less well understood in type 1 diabetes (T1D).
Our aim was to compare PUA levels and fractional UA excretion (FEua) in patients with T1D vs.

healthy controls (HC) during euglycemia and hyperglycemia.

Methods: PUA, FEua, blood pressure (BP), glomerular filtration rate (GFR-inulin) and effective
renal plasma flow (ERPF — paraaminohippurate) were evaluated in patients with T1D (n=66)
during clamped euglycemia (glucose 4-6 mmol/L) and hyperglycemia (9-11 mmol/L), and in HC
(n=41) during euglycemia. To separate the effects of hyperglycemia vs. increased glycosuria,
parameters were evaluated during clamped euglycemia in a subset of T1D patients before and
after SGLT2 inhibition for 8 weeks.

Results: PUA was lower in T1D vs. HC (228+62 pmol/L vs. 305+75 pmol/L, p<0.0001). In T1D,
hyperglycemia further decreased PUA (228+62 pmol/L to 199+65 pmol/L, p<0.0001), which was
accompanied by an increase in FEua (7.3+£3.8 to 11.6£6.7, p<0.0001). In T1D, PUA levels
correlated positively with SBP (p=0.029) and negatively with ERPF (p=0.031) and GFR
(p=0.028). After induction of glycosuria with SGLT2 inhibition while maintaining clamped
euglycemia, PUA decreased (p<0.0001) and FEua increased (p<0.0001).

Conclusions: PUA is lower in T1D vs. HC, and positively correlates with SBP and negatively
with GFR and ERPF in T1D. Glycosuria rather than hyperglycemia increases uricosuria in T1D.
Future studies examining the effect of UA lowering therapies should account for the impact of

ambient glycemia, which causes an important uricosuric effect.
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3.2 Introduction

Humans have higher uric acid (UA) levels in comparison to other mammals due to mutational
silencing of the enzyme uricase, which results in UA remaining the end product of purine
metabolism (80). Additionally, about 90% of filtered UA is reabsorbed by the S1 segment of the
proximal convoluted tubule, in a process regulated by intracellular anion transporters on the
basolateral membrane, such as urate transporter 1 (URAT1) and the more recently discovered
glucose transporter 9 (GLUT9) (80). The lack of uricase, combined with the high reabsorptive

capacity in the kidney, predisposes humans to the development of hyperuricemia.

UA has recently emerged as an inflammatory factor that increases oxidative stress and promotes
activation of the renin angiotensin aldosterone system (RAAS) (80). From a clinical perspective,
higher UA levels are associated with metabolic abnormalities (insulin resistance, hyperglycemia),
cardiovascular disease (hypertension, endothelial dysfunction, arterial stiffness, cardiac diastolic
dysfunction) and kidney injury (1, 80) and thus could be involved in the onset and progression of
diabetic nephropathy, a common microvascular complication of diabetes mellitus (DM). Plasma
UA (PUA) levels could therefore serve as a biomarker and an effective therapeutic target to
supplement current clinical targets such as hemoglobin Alc (HbAlc), cholesterol and blood

pressure.

Evidence from rodent models suggests an association between high UA levels and markers of
high intraglomerular pressure such as hyperfiltration, and with subsequent increases in
proteinuria, glomerular sclerosis and tubulointerstitial fibrosis, leading to chronic kidney disease
(1). More recently, in an animal model of type 1 DM (T1D), UA lowering reduced proteinuria,
preserved GFR and suppressed renal expression of inflammatory interleukins (50). In patients
with T1D, UA is associated with impaired renal function, even when UA levels are in the normal
range (1, 54). For example, in 355 T1D participants from the second Joslin Study on the Natural
History of Microalbuminuria, baseline UA (within the normal range) showed a significant
association with early GFR loss of more than 3.3% per year over a 6-year follow-up period (55).
UA also increases the risk of developing proteinuria in T1D patients (58). For example, in 652
normoalbuminuric type 1 DM patients recruited into the Coronary Artery Calcification in Type 1
Diabetes Study (CACTI), each 60 pmol/L increment in UA from baseline increased the risk of
micro- or macro-albuminuria by 80% after a 6-year follow-up period (58). Though observational
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associations between higher UA levels and renal outcomes show consistency among independent

cohorts (80), UA levels are not clearly defined in the T1D populations.

Accordingly, the first goal of this study was to compare PUA levels in healthy control patients
(HC) with patients with T1D. It was hypothesized that even within the normal range, PUA levels
would be higher in the T1D cohort and that higher PUA levels will be associated with deleterious
hemodynamic profiles such as higher blood pressure and changes in renal hemodynamic function.
The second goal was to examine the relationship between clamped hyperglycemia, hemodynamic
parameters and PUA levels to determine if this acute physiological stimulus, which promotes

deleterious hemodynamic effects such as increased blood pressure, influences PUA levels.

3.3 Research Design and Methods

3.3.1 Subject Inclusion Criteria and Study Preparation

Forty-one HC and 66 T1D patients underwent detailed physiological examinations. In brief,
inclusion criteria were: 18-40 years of age, blood pressure <140/90, normoalbuminuria on a 24-
hour urine collection, diabetes duration >1 year, no history of renal or cardiovascular
complications and no intake of concomitant medications that would alter blood pressure or
cardiovascular outcomes. Study visits were performed after a controlled diet for 7 days consisting
of >150 mmol/day sodium and <1.5 g/kg/day protein. The sodium-replete diet was used to avoid
circulating volume contraction, RAAS activation and between-subject heterogeneity. Pre-study
protein intake was modest to avoid the hyperfiltration effect of high protein diets (105). All the
studies were approved by the University Health Network Research Ethics Board and all subjects

gave written informed consent.

3.3.2 Experimental Procedures

Patients with T1D were studied on 2 consecutive days during euglycemia and hyperglycemia.
Euglycemic (4-6 mmol/L) and hyperglycemic (9-11 mmol/L) conditions in T1D were maintained
using a modified glucose clamp technique as previously described (106). Blood glucose levels
were stable for at least 2 hours prior to the measurement of the study end points and were
maintained 3 to 5 hours for the rest of the study day. HC were studied during normoglycemic
conditions at the Renal Physiology Laboratory at the Toronto General Hospital. Glomerular
filtration rate (GFR) and effective renal plasma flow (ERPF) were estimated using inulin and

paraaminohippurate (PAH) steady state infusion clearance techniques (107), respectively, using
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previously described methods (108). The results of the 2 clearance periods were averaged.
Brachial artery blood pressure measurements were obtained at 30-minute intervals throughout the
study days (Critikon, Tampa, Florida, USA).

In a post-hoc analysis undertaken to understand the relative effects of hyperglycemia vs. increased
glycosuria, the effect of sodium glucose co-transporter 2 (SGLT2) inhibition on PUA and urinary
UA was examined using frozen, archived samples. The aim of this analysis was to induce
glycosuria while maintaining euglycemia to determine whether effects on PUA were due to
increased urinary UA excretion. For this analysis, we analyzed urine and plasma samples (n=40)
obtained during baseline clamped euglycemic conditions and at follow-up after treatment with
empagliflozin 25mg QD for 8 weeks in the Adjunctive-To-Insulin and Renal MechAnistic pilot
trial of empagliflozin in T1D (ATIRMA trial, ClinicalTrials.gov NCT01392560). The primary

and secondary outcomes from this trial have been published (108).

3.3.3 Sample Collection and Analytical Methods

After clamped euglycemia was achieved for at least 2 hours, blood was collected for
measurements of inulin, PAH, sodium, PUA and RAAS mediators (angiotensinogen, plasma
renin activity [PRA], aldosterone and angiotensin Il) and urine samples were collected for UA,

sodium, glucose and creatinine measurements.

The blood samples were immediately centrifuged at 3000 rpm at 4°C for 10 minutes. Plasma was
extracted, placed on ice and stored at -70°C. Inulin and PAH were measured in serum by
colorimetric assays using anthrone and N- (1-naphthyl) ethylene-diamine respectively (109). All
hemodynamic measurements were adjusted for body surface area. Filtration fraction (FF)
represented the ratio of GFR to ERPF. Renal blood flow (RBF) was derived as ERPF / (1-
hematocrit). Renal vascular resistance (RVR) was derived by dividing mean arterial pressure
(MAP) by the RBF.

Plasma and urine samples were measured for UA, sodium, creatinine, glucose and urea on the
Architect ¢8000 Clinical Chemistry System using the manufacturer’s reagents (Abbott
Diagnostics, Abbott Park, Illinois, USA). In addition, UA excretion was expressed as fractional
excretion (FEua), derived using (UuaxPcr)/(UcrxPua)*100 where Uua, Pcr, Ucr and Pua are
urinary UA, plasma creatinine, urinary creatinine and plasma UA concentrations respectively.

Similarly, sodium excretion was expressed as fractional excretion (FEna), derived using
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(UnaXPcr)/(UcrxPna)x100 where Una and Pna are urinary sodium and plasma sodium

concentrations, respectively.

Aldosterone was measured using a Coat-A-Count radioimmunoassay system. PRA was measured
using a radioimmunoassay kit (Diasorin, Stillwater, Minnesota, USA). HbAlc was measured by
high-performance liquid chromatography with the Variant 1l system (Bio-Rad Laboratories,
Hercules, California, USA).

3.3.4 Statistical Analysis

Data are presented as mean + standard deviation (SD). To assess for between-group differences,
analysis of variance with post-hoc Tukey’s test was used. To compare within-group differences
(responses to hyperglycemia or SGLT2 inhibition) a paired student’s t-test was used. Linear
regression analysis was used to determine correlations between responses and PUA levels.
Statistical significance was defined as p<0.05. All statistical analyses were performed using SAS
v9.1.3 and GraphPad Prism software (version 6.0).

3.4 Results

3.4.1 Baseline Characteristics

Baseline parameters were similar between HC and T1D patients (Table 3.1). Participants were

young, normotensive, normoalbuminuric and the two groups were similar in age and BMI.

During euglycemia, heart rate was significantly higher, but still within the normal range, in the
T1D versus HC and no significant differences in SBP or DBP were observed. During
hyperglycemic conditions, SBP significantly increased and HR decreased compared to
euglycemia in the T1D group. As expected, T1D participants had significantly lower levels of
circulating RAAS mediators compared to HC (aldosterone, PRA and angiotensin I1) (110). During

hyperglycemia, aldosterone and PRA levels further decreased.

As expected, T1D subjects exhibited higher GFR, ERPF, RBF and lower RVR compared to HC
(p<0.0001 for all comparisons). Out of the 66 T1D patients, 29 exhibited normofiltration (44%)
and 37 hyperfiltration (56%), where hyperfiltration was defined as GFR >135 mL/min/1.73m?. In
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Table 3.1. Baseline subject characteristics and UA, sodium, glucose handling in HC and

patients with T1D during euglycemia and hyperglycemia (mean * standard deviation).

Parameter

Baseline parameters

Males
Age (years)

Diabetes duration (years)

Weight (kg)
Height (m)

Body mass index (kg/m?)
Hemoglobin Alc - mmol/mol (%)

24 hour urine sodium (mmol/day)
24 hour protein intake (g/kg/day)

Sodium, glucose, uric acid handling
Plasma uric acid (umol/L)
Urine uric acid/creatinine ratio

FEua (%)
FEna (%)

Urine glucose/creatinine ratio

Systemic hemodynamic function
HR (beats per minute)

SBP (mmHg)
DBP (mmHg)

Renal hemodynamic function
ERPF (mL/min/1.73m?)
GFR (mL/min/1.73m?)

Filtration fraction

RBF (mL/min/1.73m?)
RVR (mmHg/L/min)

Circulating neurohormones
Aldosterone (ng/dL)

PRA (ng/mL/h)

Angiotensinogen (ng/mL)

Angiotensin Il

HC (n=41)

19 (43%)
28.4+7.1
70.4+11.8
1.74+0.09
23.3+3.0
34.8+3.6 (5.320.3)

177461
1.1+0.3

305+75
248170
6.1+4.1
0.84+0.60
0.02+0.03

60+9
112+12
67+8

653+157
116+12
0.19+0.04
1063+259
0.081+0.020

245+254
1.34+1.14
1264+1000
11.6+8.4

T1D (n=66)
Euglycemia Hyperglycemia

35 (53%)
25.06.0
17.046.6
73.9¢13.7
1.730.09
24.843.9

66.7+16.1 (8.2+1.5)*

169+85
1.0+0.3

228+62*
257+121
7.3+3.8
0.87+0.56
1.4+3.2*

74£13*
11510
6616

824+276*
147+40*
0.19+0.06
1310+434*
0.069+0.021*

45+31*
0.53+0.43*
10924722
3.1+3.5*

19965+
339+161 +
11.6+6.7 1
1.63+0.89+
9.8+10.4 1

724114
117+11¢
66+8

853+253
159439+
0.19+0.05
1305+419

0.055+0.016F

31+10
0.35+0.27+
1076+742
2.242.2

24 hour protein intake: estimated by the formula (Jurine urea X 0.18] + 14) / weight in kg. Values

are mean + standard deviation. *p<0.05 for HC vs. T1D. tp<0.05 when comparing parameters of

T1D between hyperglycemia and euglycemia states. FEua: fractional excretion of UA; FEna:

fractional excretion of sodium; HR: heart rate; SBP: systolic blood pressure; DBP: diastolic blood

pressure; ERPF: effective renal plasma flow; GFR: glomerular filtration rate; RBF: renal blood
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flow; RVR: renal vascular resistance; PRA: plasma renin activity; HC: healthy controls; T1D:

type 1 diabetic patients.
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response to clamped hyperglycemia, GFR tended to increase in T1D (147+40 to 159+39
mL/min/1.73m?, p=0.064) and RVR decreased (0.069+0.021 to 0.055+0.016 mmHg/L/min,
p<0.0001). No significant changes to ERPF, FF or RBF were observed in response to

hyperglycemic conditions.
3.4.2 Sodium, Glucose and UA Handling at Baseline

During clamped euglycemic conditions, PUA levels were lower in the T1D group vs. HC (228+62
vs 30575 pmol/L, p<0.0001) (Table 3.1, Figure 3.1). PUA negatively correlated with FEua in
T1D patients (r=-0.60, p<0.0001). Ugiucose €Xcretion levels were also greater in T1D vs. HC during
clamped euglycemia, but there was no significant difference in urine uric acid/creatinine ratio,
FEna or FEua between HC and T1D.

Compared to levels during clamped euglycemia, PUA decreased further in response to clamped
hyperglycemia (228+62 pmol/L to 199+65 pmol/L, p<0.0001) (Table 3.1, Figure 3.1). The
decline in PUA levels in T1D patients during hyperglycemia was accompanied by significant
increases in urine UA levels (257+121 to 3394161 umol/L, p=0.0007) and FEua (7.3+3.8 to
11.6+6.7, p<0.0001). PUA was negatively correlated with FEua during clamped hyperglycemia
(r=-0.50, p<0.0001). The increase in UA excretion during hyperglycemia was accompanied by
significant increases in Ugiycose (1.4£3.2 to 9.8+10.4 mmol/L, p<0.0001) and FEna (0.87£0.56 to
1.63+0.89,p<0.001).

3.4.3 UA Correlations with Hemodynamic Parameters

PUA levels were positively correlated with SBP in T1D (r=0.27, p=0.029) under euglycemic
conditions, but not during hyperglycemia (Figure 3.2). During euglycemia, PUA levels negatively
correlated with ERPF (r=-0.27, p=0.031), and FEua positively correlated with ERPF (r=0.30,
p=0.017) in T1D patients. During hyperglycemia, PUA negatively correlated with GFR in T1D
(r=-0.27, p=0.028).

3.4.4 Sodium, Glucose and Uric Acid Handling Upon Empagliflozin SGLT2
Inhibition

SGLT2 inhibitors are a new class of agents for the treatment of T2D that block proximal renal

tubular glucose reabsorption, leading to increased glucose excretion. Therapeutically, this
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Figure 3.1. PUA (A), FEua (B) and urine glucose/creatinine (C) levels in HC (n=41), and T1D (n=66) during euglycemic (EU) and
hyperglycemic (HYP) conditions.
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Figure 3.2. Linear regression analysis of PUA with SBP in T1D during euglycemia (A), with ERPF in T1D during euglycemia (B), with
GFR in T1D during hyperglycemia (C).
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translates into important plasma glucose lowering effects (111). Trials with SGLT2 inhibitors in
patients with T2D have reported consistent and clinically relevant decreases in PUA levels (112,
113); however the mechanisms responsible were never clearly elucidated. Accordingly, to better
understand whether PUA lowering with hyperglycemia is due to systemic effects leading to
decreased production or renal effects causing increased uricosuria, plasma and urine UA levels
were measured before and after SGTL2 inhibition while maintaining clamped euglycemia in 40
T1D patients.

During clamped euglycemic conditions, after empagliflozin treatment, the anticipated increase in
Uglucose/creatinine (1.3£3.2 t0 42.94+17.8, p<0.0001) was accompanied by a decline in PUA (225+65
to 191+62 mmol/L, p<0.0001) and increases in Uuascreatinine (290£110 to 327+103 mmol/mmol,
p=0.0075) and FEua (8.2+3.6 to 11.1+5.1, p<0.0001) (Figure 3.3).

3.5 Discussion

Observational associations between higher UA levels and metabolic abnormalities, cardiovascular
disease and kidney dysfunction show consistency among independent healthy and disease state
cohorts, in both animals and humans (114). The potential renal protective effects of UA lowering
in T1D patients are being studied as part of the NIH funded Protecting Early Renal Function Loss
or “PERL” study (NCT02017171) (66), highlighting the promising future role for UA-based
therapies in T1D. However UA levels during euglycemia compared to hyperglycemia have not
been clearly defined in otherwise healthy T1D patients. Our first goal was to compare PUA levels
in HC with levels in patients with T1D. Our second goal was to determine if acute clamped
hyperglycemia, which promotes deleterious hemodynamic effects such as increased blood

pressure, influences PUA levels.

Due to the strong association between PUA levels and cardiovascular and renal abnormalities,
especially in the context of diabetes, it was initially hypothesized that T1D patients would have
higher PUA levels compared to HC. Our first major observation, however, was that T1D patients
had lower PUA levels under euglycemic conditions compared to HC, in conjunction with
increased urinary glucose that did not correlate with the degree of UA excretion. Hyperglycemia
in T1D patients was associated with a significant increase in urinary sodium, glucose and UA

excretion and thus a further PUA decrease, highlighting an important physiological link between
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Figure 3.3. PUA (A), FEua (B) and urine glucose/creatinine (C) levels in T1D (n=40) during euglycemic conditions at baseline and after
treatment with the SGLT2 inhibitor empagliflozin (EMPA).
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renal handling of UA, glucose and sodium (111). Furthermore, the negative correlation between
PUA and FEua during euglycemia and hyperglycemia suggests that PUA decreased as a result of
increased renal excretion. The lack of elevated UA excretion in T1D compared to HC under
euglycemic conditions may suggest that T1D patients produce less UA in plasma or consume less
UA-containing products, although the similar protein intake based on urine urea excretion in these
groups suggests that differences in intake of UA-containing foods were not relevant to our
findings.

Our observations support several studies showing an increase in UA excretion in response to
intravenous D-glucose infusion (115, 116). More recently, an association was found between
lower PUA and poor glycemic control (117-119). Previous studies have shown that insulin levels
are positively correlated with PUA and insulin administration decreases UA excretion (120).
However, it is not known whether this is a direct effect of insulin or the result of insulin-mediated
normalization of glycemia, leading to reduced glycosuria. Worsening glycemic control resulting
in hyperglycemia and glycosuria has been correlated with a decrease in PUA (118, 121). Thus, it
IS perhaps not surprising that epidemiological studies have shown a decreased risk of UA-related
conditions, such as gout, in diabetic compared to non-diabetic individuals — especially in the
context of T1D (122). The mechanisms behind the glucose-mediated PUA lowering effects have
been explained by osmotic diuresis caused by increased plasma glucose levels (115), proximal
tubule alterations (119) or the effect of glucose on renal UA handling (115, 121).

Our second aim was to determine whether PUA lowering with hyperglycemia in T1D was due to
systemic hyperglycemia causing decreased UA production or renal glycosuria causing increased
UA excretion. SGLT2 inhibition with empagliflozin under clamped euglycemic conditions was
used to increase urinary glucose excretion to determine if glycosuria during euglycemia results in
a persistent decrease in PUA through increased renal UA excretion. Previous trials with SGLT2
inhibitors in patients with T2D have reported consistent and clinically relevant decreases in PUA
levels, however urine UA excretion was not measured and the mechanisms responsible have not,
to our knowledge, been clearly elucidated (112, 113). Our post-hoc analysis demonstrated a
decline in PUA during euglycemia with glycosuria induced with SGLT2 inhibition, an effect that
was accompanied by an increase in UA excretion. Consistent with our observations, in a recent
study using healthy controls, SGLT2 inhibition with luseogliflozin resulted in a positive
correlation between urine UA and urine glucose excretion (99). The results of the present study
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provide the first evidence in the T1D population suggesting that hyperglycemia-mediated
uricosuria is likely due to renal glycosuria rather than a direct effect of systemic hyperglycemia.
PUA lowering effects reported with SGLT2 inhibition may be of clinical relevance, since this
may in part explain the potential protective renal and cardiovascular physiological profile that has

been linked with this emerging drug class (111).

The molecular mechanisms responsible for the uricosuric effect of glucose are not clear. PUA
levels depend on the exogenous pool which varies with dietary intake, while the endogenous pool
is mainly regulated by hepatic production, intestinal secretion and renal excretion (114).
Approximately 70% of UA is excreted into urine, but is easily filtered into the renal tubule and
about 90% of filtered UA is reabsorbed by the S1 segment of the proximal convoluted tubule
(114). Approximately 10% of filtered UA is excreted (114). Accordingly, our HC showed a FEua
of 6.1+4.1% and T1D during euglycemia 7.3+£3.8%. UA reabsorption occurs by intracellular anion
transporters on the basolateral membrane — mainly by URATL1 and a more recently discovered
GLUT9 isoform 2 (123, 124), and on the apical membrane OAT4 and OAT10 (125, 126).
Recently, transport experiments in Xenopus oocytes showed that none of the transporters involved
in UA reabsorption were influenced by luseogliflozin (99). GLUT9 isoform 2 is a facilitative
glucose transporter mostly expressed in the kidney and the liver, located on the apical membrane
(124). GLUT?9 isoform 2 secretes UA in exchange for glucose at 10mM (123). Additionally,
GLUTO9 isoform 2 is expressed in the collecting ducts where it plays a role in the reabsorption of
UA (127). Plasma glucose is mostly filtered in the glomerulus and is concentrated in the proximal
tubule. It is possible that during euglycemia the concentration needed for GLUT9 stimulation is
not reached in the proximal tubule and the lower PUA in T1D during euglycemia vs. HC could
occur by mechanisms other than glycosuria- mediated uricosuria. Based on these findings, the
results of our study could be explained as follows: glycosuria during SGLT2 inhibition stimulates
excretion of UA by GLUT9 isoform 2 on the apical membrane of the proximal tubule and possibly
inhibits reabsorption of UA in the collecting ducts (Figure 3.4). Our conclusion may reflect recent
in vitro data showing that stimulation of Xenopus oocytes expressing GLUT9 isoform 2 with
10mM D-glucose resulted in UA efflux and stimulation of the oocytes with 100mM D-glucose -
thought to be the concentration in the collecting ducts - inhibited the uptake of UA (99). Finally,
increased glycosuria and uricosuria could, in the appropriate context, suggest the presence of more
generalized, “Fanconi-like” proximal tubular dysfunction. Since SGLT2 inhibition causes minor

but statistically significant increases, rather than decreases, in serum potassium, phosphate and
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Figure 3.4. Proposed hypothesis for glycosuria mediated hyperuricemia in T1D patients, supported by findings in this study and by
Chino et al.(99).

SGLT2i

Na*

Glucose UA

SGLT2i: Sodium glucose transporter 2 inhibitor; GLUT9: Glucose transporter 9; URAT1: Urate Transporter 1; UA: Uric Acid.
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bicarbonate, a proximal tubulopathy with this class of agents is very unlikely and has not been
reported (128).

To examine the functional role of PUA in this otherwise healthy cohort of T1D patients, we
correlated PUA with blood pressure and renal hemodynamic function. We found a significant
positive correlation between PUA and SBP, negative correlations between PUA and ERPF and
PUA and GFR in T1D. In contrast, PUA did not correlate with any of these measures in HC.
These observations in T1D patients are consistent with the vasoconstrictive phenotype, as
suggested by observational studies. For example, the independent association between PUA and
blood pressure has been reported in various cohorts, including a subset of the Framingham Heart
Study (30, 73). The deleterious effect of PUA on cardiovascular function may be worsened by
the hypertensive effect of hyperglycemia in T1D patients (26, 27, 72). Hyperglycemia induces
systemic vascular abnormalities such as endothelial dysfunction in humans (26, 27). As a result
of the effects of hyperglycemia and neurohormonal activation of the renin angiotensin aldosterone
system, UA levels are independently associated with endothelial dysfunction, thereby promoting
hypertension, even when UA levels are within the normal range (29, 30). Therefore, lower PUA
levels in T1D patients, especially under hyperglycemic conditions, do not necessarily indicate that
T1D patients are protected from the deleterious effects of UA. The effects of PUA may be
exacerbated by hyperglycemia in T1D patients, leading to exaggerated deleterious hemodynamic
consequences despite lower absolute PUA levels. From a clinical perspective, small trials have
already started to show that lowering UA exerts anti-proteinuric and antihypertensive effects and
could prevent renal functional loss and vascular injury (61, 62, 64, 73, 78, 114). Thus, despite the
lower UA levels in T1D versus HC, which are further lowered during hyperglycemia, studying
UA lowering agents in T1D patients could be a critical step towards preventing progression of

diabetes-related complications.

Our study has limitations. First, the study cohort consisted of a carefully selected group of patients
with uncomplicated disease, limiting the generalizability of the data to populations outside of
T1D, or to patients with existing complications. Additionally, although the similar urine urea
excretion and thus protein intake suggest that differences in dietary intake of high UA-containing
foods were unlikely, consumption of UA was not recorded. Fructose is another exogenous source
of UA, which was not recorded in this study, and should be considered in future analyses. Finally,

while we propose a possible explanation for glycosuria-mediated uricosuria, we could not
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determine the mechanistic basis at the molecular level. Future studies are needed in order to

confirm our hypothesis.

In conclusion, glycosuria, rather than the direct effect of hyperglycemia, is responsible for
increased uricosuria in T1D patients, and may be mediated by glucose-mediated activation of
GLUT9 isoform 2 on the apical membrane of the proximal tubule. Since PUA lowering may lead
to renal and vascular protective effects, our data suggests that PUA lowering by SGLT2 inhibition
via increased uricosuria may be clinically important. Finally, future studies examining the effect
of UA lowering therapies should account for the impact of ambient glucose levels, which cause a

clinically relevant uricosuric and consequent PUA lowering effect.
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4.1 Abstract

Aims: Increased plasma uric acid (PUA) levels are associated with impaired renal function in
patients with type 1 diabetes (T1D), but the mechanisms are not well understood. Our aim was to
evaluate whether higher PUA levels are associated with increased afferent arteriolar resistance in
T1D vs. healthy controls (HC), thereby influencing renal function.

Methods: PUA, glomerular filtration rate (GFR - inulin) and effective renal plasma flow (ERPF
- paraaminohippurate) were measured in 70 otherwise healthy T1D patients and 60 HC. Gomez’s
equations were used to estimate afferent (Ra) and efferent (Re) arteriolar resistances, glomerular
hydrostatic pressure (PsLo) and filtration pressure (APg). The relationships between PUA and
glomerular hemodynamic parameters were evaluated by univariable linear regression correlation

coefficients.

Results: In T1D, higher PUA correlated with lower PgLo (p=0.002) and APr (p=0.0007), with
higher Ra (p=0.001), but not with Re (p=0.55). These associations were accompanied by
correlations between higher PUA with lower GFR (p=0.0007), ERPF (p=0.008), RBF (p=0.047)
and higher RVR (p=0.021). There were no significant correlations between PUA and renal
hemodynamic parameters in the HC.

Conclusions: The association between higher PUA with lower GFR and lower ERPF in T1D
patients is driven by alterations in the estimated Ra. PUA-mediated Ra may be caused by
increased tone or thickening of the afferent renal arteriole, which could potentiate renal injury by

causing ischemia to the renal microcirculation.
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4.2 Introduction

Uric acid (UA) is an inflammatory factor that mediates production of reactive oxygen species and
stimulates the renin angiotensin aldosterone system (RAAS). Evidence from animal models
suggests a positive correlation between UA levels and hyperfiltration with a subsequent increase
in proteinuria and risk of renal failure (80), while lowering of UA reduces proteinuria, preserves
GFR and suppresses expression of renal inflammatory interleukins (80). In patients with diabetes
mellitus (DM), hyperfiltration is associated with an early decline in GFR and with macrovascular
abnormalities (47). Subsequently, UA was found to be associated with impaired renal function in
type 1 DM (T1D) and in healthy controls (HC) even when UA levels are in the normal range (80).
For example, the 355 T1D participants in the second Joslin Study on the Natural History of
Microalbuminuria showed a significant association between high UA levels within the normal
range and early GFR loss over a 6-year follow up period (55). Additionally, a post hoc analysis
of 116 hyperuricemic gout patients treated with febuxostat for 5 years in the Febuxostat Open-
Label Clinical Trial of Urate-Lowering Efficacy and Safety (FOCUS) Study showed an inverse
correlation between UA reduction and the rate of eGFR decline (62). The promising renal
protective effect of UA lowering on 3-year change in GFR in the T1D population is currently
being investigated in the Protecting Early Renal Function Loss (PERL) Study (NCT02017171)
(66).

The mechanisms responsible for the association between UA and renal dysfunction are not well
understood. Animal models suggest that hyperuricemia could cause preglomerular (afferent)
arteriolar injury, characterized by hyalinosis and wall thickening (41, 129). In a histological
analysis of human renal biopsy specimens, similar observed hyalinotic changes to the afferent
arteriole may disrupt glomerular hemodynamic autoregulation, leading to ischemia and renal
injury (130). Furthermore, micropuncture studies in hyperuricemic animals have shown that
medial thickening of the afferent arteriole correlates with serum UA and glomerular capillary
pressure (131). These animal models concluded that UA-mediated afferent arteriolar injury leads
to disruption of renal haemodynamic function, resulting in ischemia. Despite what is known in

preclinical studies, such an association has not yet been identified in humans.

Due to the inability to differentiate between afferent and efferent arteriolar resistances in humans,
observational associations between UA and renal haemodynamic function have relied primarily

on assessments of glomerular filtration rate (GFR). In order to better understand the
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pathophysiological mechanisms responsible for the association between UA and renal disease in
humans, a more detailed description of in vivo afferent and efferent arteriolar function is required.
In 1951, Gomez et al derived equations for indirect measurements of afferent (Ra) and efferent
(Re) arteriolar resistances, filtration pressure (Pr) and glomerular hydrostatic pressure (PcLo)
(132). Recently, these equations were used successfully in various conditions (133-135) as well
as by our group to characterize the renal hemodynamic profile in patients with T1D (92) and in
response to SGLT2 inhibition (136).

The goal of this analysis was to assess the correlation of plasma UA levels (PUA) with glomerular
haemodynamic parameters estimated using Gomez’s equations (Ra, Rg, Pr and PgLo) in patients
with uncomplicated T1D and a similar group of normal healthy controls. Based on existing data
in animal models of diabetes, we hypothesized that PUA would be positively associated with Ra,
but not Re in T1D patients.

4.3 Research Design and Methods

4.3.1 Subject Inclusion Criteria and Study Preparation

All the studies were approved by the University Health Network Research Ethics Board and all
subjects gave written informed consent. Sixty HC and 70 T1D patients were included in this
physiological analysis using archived blood samples obtained as part of previous physiological
studies based on the following criteria (6, 45, 93, 137): 18-40 years of age, blood pressure <140/90
mmHg, normoalbuminuria based on a 24-hour urine collection, GFR>60mL/min/1.73?m diabetes
duration >1 year, no history of renal or cardiovascular complications and no intake of concomitant
medications that would alter blood pressure or cardiovascular outcomes. All participants followed
a 7-day diet prior to the study visit: sodium >150 mmol/day and protein <1.5 g/kg/day as
previously described (92).

4.3.2 Experimental Procedures

HC were studied during normoglycemia and patients with T1D were studied during euglycemia
(4-6 mmol/L) maintained using a modified glucose clamp technique (107) at the Renal Physiology
Laboratory at the Toronto General Hospital. Glomerular filtration rate (GFR) and effective renal

plasma flow (ERPF) were estimated using inulin and paraaminohippurate (PAH) steady state
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infusion clearance techniques (107), respectively, using previously described methods. The
results of the 2 clearance periods were averaged. Brachial artery blood pressure measurements
were obtained at 30-minute intervals throughout the study days (Critikon, Tampa, Florida, USA).
After clamped euglycemia was achieved for at least 2 hours, blood was collected for
measurements of inulin, PAH, PUA and aldosterone and was processed as previously described

(85). The following parameters were calculated:

GFR
ERPF

Filtration fraction (FF) =

ERPF
1-Hematocrit

MAP

Renal vascular resistance (RVR) = —oF

Renal blood flow (RBF) =

4.3.3 Gomez’s Equations for Intraglomerular Hemodynamic Analysis

Indirect intraglomerular hemodynamic parameters were estimated using equations estimated by
Gomez based on data from animal studies (132). These equations were successfully used in a
similar manner to evaluate patients with conditions such as hypertension, endocrine disorders and
T1D (133-136). Assumptions imposed by Gomez’s equations were the following: i) intrarenal
vascular resistances are divided into afferent, post-glomerular and efferent; ii) hydrostatic
pressures within the renal tubules, venules, Bowman’s space and interstitium (Pgow) are in
equilibrium of 10 mmHg; iii) glomerulus is in filtration disequilibrium; iv) the gross filtration
coefficient (Krg) is 0.0867 ml/s per mmHg given a normal kidney physiology (GFR = 130 ml/min,
oncotic pressure nig is 25 mmHg and PeLo= 60 mmHg, given Winton’s indirect estimates in dogs
that glomerular pressure is roughly two-thirds of the MAP (132)). Previous micropuncture studies
in Munich-Wistar rats suggest different PcLo values in diabetic and control conditions. Thus, to
replicate potential differences in HC vs. T1D patients, Gomez’s equations were also used to
calculate a second set of intraglomerular hemodynamic parameters assuming PcLo values of 47.5
mmHg (Kre = 0.1733 ml/s per mmHg) for HC and 56.4 mmHg (Kre = 0.1012 ml/s per mmHg)
for T1D participants(138).

MAP (mmHg), ERPF (ml/s), GFR (mL/s) and total protein (g/dL) were used to calculate Re
(dynessececm™) and Ra (dyneesececm™), PcLo (MMHg), AP (mmHg) and nc (mmHg):
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The filtration pressure across glomerular capillaries (APk):
APr = GFR / Kre

The glomerular oncotic pressure (ng) from the plasma protein mean concentration (Cm) within

the capillaries:
Cwm = TP/FFxIn(1/1-FF)
6 =5X (Cv—2)

Glomerular hydrostatic pressure (PcLo):
PcLo= APr + Pgow + mG

Ra and Re were estimated using principles of Ohm’s law, where 1328 is the conversion factor to

dynessececm™ (132):

Ra = [(MAP-PgL0)/RBF] x 1328

Re = [GFR/(Kre x (RBF-GFR)] x 1328
4.3.4 Statistical analysis

Data are presented as mean + standard deviation (SD). To assess for between-group differences,
analysis of variance with post-hoc Tukey’s test was used. Linear regression analysis was used to
determine correlations between renal haemodynamic responses and PUA levels. Statistical
significance was defined as p<0.05. All statistical analyses were performed using SAS v9.1.3 and

GraphPad Prism software (version 5.0).
4.4 Results

4.4.1 Baseline Characteristics

Participants were young, normotensive and normoalbuminuric. Baseline parameters, such as age,
BMI and gender distribution were similar between HC and T1D patients (Table 4.1). While there
were no significant differences in DBP and SBP, there was a significantly higher heart rate in
T1D patients although still within the normal range. Out of the 70 T1D patients, 44 exhibited
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Table 4.1. Baseline subject characteristics and intraglomerular hemodynamic parameters

in HC and patients with uncomplicated T1D during euglycemia (mean * standard

deviation).
Parameter HC (n=60) T1D (n=70)
Baseline parameters
Males 28 (47%) 35 (50%)
Age (years) 26.1+5.5 25.2+5.6
Diabetes duration (years) - 16.7+6.6
Weight (kg) 70.7+12.6 75.3+12.4
Height (m) 1.73+0.10 1.74+0.09
Body mass index (kg/m?) 23.5£3.1 24.9+3.3
Hemoglobin Alc - mmol/mol (%) 31.2+10.8 (5.2+0.3) 65.5£17.6 (8.1£1.6)*
24 hour urine sodium (mmol/day) 158+90 142487
24 hour protein intake (g/kg/day) 1.0+0.3 1.0+0.3
Systemic hemodynamic function
Heart Rate (HR, beats per minute) 61+9 70£12*
Systolic Blood Pressure (SBP, mmHg) 109+9 114+10*
Diastolic Blood Pressure (DBP, mmHg) 6516 6616
Renal hemodynamic function
Effective Renal Plasma Flow (ERPF, mL/min/1.73m?) 662+118 756+264*
Glomerular Filtration Rate (GFR, mL/min/1.73m?) 117+14 130+29*
Filtration fraction 0.18+0.03 0.18+0.04
Renal Blood Flow (RBF, mL/min/1.73m?) 1053197 1207+418*
Renal Vascular Resistance (RVR, mmHg/L/min) 0.078+0.017 0.074+£0.023
Plasma Analysis
Aldosterone (ng/dL) 2741258 38+38*
Plasma uric acid (umol/L) 312172 232+61*
Intraglomerular hemodynamic parameters
Filtration pressure (APr, mmHQ) 22.4+2.6 25.1+5.5*
Glomerular hydrostatic pressure (PcLo, mmHg) 59.74£3.3 58.946.1
Oncotic pressure (ng, MmHQ) 27.2+2.2 23.8+2.6*
Afferent arteriolar resistance (Ra, dynessececm™) 15774695 17234877
Efferent arteriolar resistance (Rg, dyneesececm™®) 20671588 19714469

24 hour protein intake: estimated by the formula ([urine urea X 0.18] + 14) / weight in kg. Values

are mean * standard deviation. *p<0.05 for HC vs. T1D. HC: healthy controls; T1D: type 1

diabetic patients.
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normofiltration (63%) and 26 hyperfiltration (37%), where hyperfiltration was defined as GFR
>135 mL/min/1.73m2,

Consistent with previous observations, T1D participants had significantly lower levels of
circulating aldosterone (p<0.0001), compared to HC (85). As expected, T1D subjects had higher
GFR and RBF compared to HC (p=0.0008 and p=0.026 respectively). PUA levels were
significantly lower in the T1D group vs. HC (232+61 vs. 312+72 pmol/L, p<0.0001), which is
consistent with our previous findings (85).

4.4.2 Intraglomerular Hemodynamic Parameters

There was a significantly higher filtration pressure observed in T1D vs. HC population
(p=0.0008), the oncotic pressure was significantly lower in T1D patients (p<0.0001), and no
significant difference was observed in afferent and efferent resistances between HC and T1D
patients (p=0.14 and p=0.67 respectively). When the intraglomerular hemodynamic parameters
were re-calculated using PsLo values consistent with the micropuncture values obtained in animal
models of 47.5 mmHg for HC and 56.4 mmHg for T1D participants, Ra was lower in T1D
compared to HC (p=0.008) and Re, APr and PgLo were higher (p<0.0001 for each comparison,
Figure 4.1).

4.4.3 PUA Correlations with Renal Hemodynamic Parameters

As was previously reported by our group, PUA levels were negatively correlated with GFR (r=-
0.38, p=0.002), ERPF (r=-0.33, p=0.009), RBF (r=-0.25, p=0.05) and positively with RVR
(r=0.28, p=0.029) in T1D patients (Figure 4.2) (85). PUA was negatively correlated with filtration
pressure (r=-0.40, p=0.0007) and glomerular hydrostatic pressure (r=-0.36, p=0.002), positively
correlated with afferent resistance (r=0.38, p=0.001), but not with efferent resistance (r=-0.07,
p=0.55) in the T1D population (Figure 4.3). There were no significant correlations observed
between PUA and any of the measured renal hemodynamic parameters in the HC population. The
direction and statistical significance of all observed correlations were similar when Ra, Re, APr
and PsLo were estimated using the PeLo assumption of 47.5 mmHg in HC and 56.4 mmHg in T1D

(data not shown).



Figure 4.1. Ra (A), Re (B), APr (C) and PcLo (D) in HC and T1D calculated by Gomez’s
equations (assumption: PcLo of 47.5 mmHg in HC and 56.4 mmHg in T1D).
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Figure 4.2. Linear regression analysis of PUA with GFR (A), ERPF (B), RBF (C) and RVR
(D) in HC and with GFR (E), ERPF (F), RBF (G) and RVR (H) inT1D participants.
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Figure 4.3. Linear regression analysis of PUA with Ra (A), Re (B), APr (C) and PcLo (D) in

HC and with Ra (E), Re (F), APr (G) and PcLo (H) inT1D participants.
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correlations were also observed when Ra, Re, APF and PgLo were calculated using Gomez’s

equations assuming PcLo of 47.5 mmHg in HC and 56.4 mmHg in T1D.
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45 Discussion

Patients with microalbuminuria are at high risk of progressing to renal function decline leading to
end stage renal disease (57). The mechanisms that initiate and sustain this early renal function
decline are unknown, but are potentially important for the identification of therapies that will
preserve renal function. Given that higher PUA levels are consistently associated with renal
dysfunction in human and animal models, it is important to further study the mechanisms linking
PUA with early renal function decline to identify predictors and targets for intervention. In
preclinical studies, hyperuricemic rats exhibited increased afferent resistance and a reduction in
single-nephron GFR, which was prevented with allopurinol treatment (131). To date, human
observational studies that have associated PUA and renal function have relied primarily on
isolated direct and indirect measures of GFR, without further characterization of other renal
measures such as renal blood flow or vascular resistance. Detailed mechanistic insights into PUA-
mediated changes in segmental renal arteriolar resistances have therefore remained unknown.
Therefore, our goal was to clarify whether PUA influences mathematically calculated pre-
glomerular or post-glomerular arteriolar resistances in patients with uncomplicated T1D, thereby
gaining a better understanding of the relationship between PUA and early manifestations of
diabetic nephropathy including decline in GFR. We assessed the correlation between PUA and
glomerular hemodynamic parameters (filtration pressure, glomerular hydrostatic pressure,
afferent and efferent arteriolar resistances) in an otherwise healthy T1D population compared to
a similar group of HC participants.

Consistent with our previous observations (85), we found a significant negative correlation
between PUA and ERPF, GFR, RBF and a positive correlation with RVR in this otherwise healthy
T1D cohort. These correlations were absent in the HC group. Although these observations suggest
early hemodynamic changes prior to onset of early renal complications in the T1D patients, it was
only with the use of the Gomez’s equations that we were able to gain additional insight into
differences in afferent vs. efferent arteriolar resistance. In support of our hypothesis based on
preclinical data was the novel observation that PUA-associated hemodynamic alterations may
occur due to increased afferent arteriolar resistance. In addition to interactions with Ra, PUA was
negatively correlated with filtration pressure and glomerular hydrostatic pressure, but did not
correlate with the efferent resistance in the T1D population. These correlations were absent in the

HC group. Our finding suggests that PUA may influence afferent arteriolar resistance, which
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results in decreased filtration pressure and glomerular hydrostatic pressure — an effect that is
potentiated in the presence of diabetes. To our knowledge, this observation has not been
previously made in humans. We recognize that although we have hypothesized that UA is
responsible for mediating renal vasoconstriction, neurohormonal activation of angiotensin Il and
norepinephrine can lead to both vasoconstriction and decreased UA excretion in healthy humans
(139). Therefore, a “cause and effect” interaction between UA and Ra has not yet been
established. To better define this physiological relationship, future mechanistic studies should
consider repeating these measurements in subjects with hyperuricemia before and after lowering

serum UA.

The mechanisms responsible for UA-mediated renal injury are complex and range from excessive
UA crystallization and intrarenal obstruction, to effects on activating neurohormonal and pro-
inflammatory pathways (80). However, as observed in multiple recent studies as well as our
current observations, even lower PUA levels within the normal range are associated with changes
in renal function (85, 100). For example, Krolewski et al. recently reported that mildly elevated
PUA is an independent predictor of early GFR loss, even in normoalbuminuric patients with T1D,
such that each 0.5 mg/dl (29.7 pumol/L) was associated with an odds-ratio of 1.86 for early GFR
decline (100).

Although we are unable to determine the molecular mechanisms and signaling pathways
responsible for UA mediated afferent renal arteriole vasoconstriction in patients with T1D from
this clinical study, some insights may be obtained through previous observations in human and
animal studies. For example, oxonic acid-induced hyperuricemia in rats leads to the development
of thickening of the afferent arteriole with proliferation of smooth muscle cells and macrophage
infiltration, causing impaired renal function (41, 129). A positive correlation between PUA and
arteriolar wall thickening and hyalinosis was also observed in renal biopsy samples of 167 chronic
kidney disease patients (140). The presence of renal arteriolar hyalinosis was reported as a
potential marker for impaired renal hemodynamic autoregulation promoting an increased risk of
focal segmental glomerulosclerosis or glomerular ischemia (130). The authors suggested that
alterations in afferent arteriolar morphology and function may have been on the basis of altered
neurohormonal bioactivity. For example, in the hyperuricemic rat model, the hypertrophic
vascular remodelling coincided with increased expression of juxtaglomerular renin and

cyclooxygenase-2 in the afferent arterioles as well as a decrease in nitric oxide synthase-1 in the
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macula densa (16). PUA levels and the degree of smooth muscle cell proliferation correlated with
cyclooxygenase-2 levels (16) and upon further in vitro investigation, incubation of cultured
smooth muscle cells with UA resulted in cyclooxygenase-2 production and smooth muscle cell
proliferation (16). UA also inhibits nitric oxide release from endothelial cells resulting in
vasoconstriction (80) while preservation of endothelial NO levels was shown to partially protect

the kidney from ischemic renal injury (141).

Changes in cyclooxygenase-2 and nitric oxide bioactivity may also be compounded by UA-
mediated RAAS activation (42) and suppressed nitric oxide bioavailability causing increased
sodium reabsorption at the proximal tubule, thereby altering the tubuloglomerular feedback
mechanism leading to hyperfiltration and potentially more structural damage to the afferent
arteriole (142). Consequently, micropuncture studies in hyperuricemic rat models have
demonstrated that the renal arteriolopathy induced by hyperuricemia correlates with increased
glomerular capillary pressure, which may further promote renal injury (131). We did not observe
a similar positive correlation between UA and PgLo in our data, possibly due to the uncomplicated
nature of the study cohort or due to UA levels being within the normal range. The afferent arteriole
remodelling can result in an obliterative arteriopathy, thereby potentiating renal injury by causing
ischemia to the postglomerular circulation (143), including the S3 proximal tubule and the
medullary thick ascending limb (144). Ischemic tubules recruit inflammatory cells, which may
stimulate oxidant release and further augment renal injury (145). The observed PUA-mediated
increase in afferent arteriolar resistance in T1D participants may be caused by either increased
tone or thickening of the afferent glomerular arteries. Thus, UA could potentiate renal injury by
causing ischemia, thereby contributing to early function decline, even in the absence of

albuminuria.

As a final comment, we recognize that the Gomez’s equations do not make a priori distinctions
for the physiological assumptions used to calculate renal hemodynamic parameters in HC vs.
T1D. In contrast, classic micropuncture studies in murine models have reported different values
for factors used to calculate segmental resistances by the Gomez’s equations. We therefore
performed a second set of analyses using PcLo values from these previous micropuncture studies
in Munich-Wistar rats in an effort to mirror differences in non-diabetic and diabetic conditions.
With this approach, differences in the intraglomerular hemodynamic profile of T1D patients vs.

HC more closely resembled the profiles observed in diabetic vs. control rats (138). Varying this
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PeLo assumption in the Gomez’s equations may therefore more accurately reflect early renal
hemodynamic abnormalities in patients with T1D vs. HC. Future work is required to determine
whether Gomez’s PcLo assumptions should be altered to more accurately reflect the
intraglomerular hemodynamic profile in humans in various disease states, including differences

that may exist at various levels of GFR in the impaired, normal and hyperfiltration ranges.

Our study has limitations. The study cohort consisted of a carefully selected group of HC and
patients with uncomplicated T1D, limiting the generalizability of the data to other populations.
For example, since patients with hypertension and reduced GFR were not included in this analysis,
we were not able to study the association between PUA and glomerular hypertension, which could
be a consequence of long term renal arteriolopathy and chronic systemic hypertension.
Additionally, while we have hypothesized that presence of T1D potentiates the interaction
between PUA and renal hemodynamic function, we recognize that the absence of the association
between PUA and renal hemodynamic function in HC could be due to the smaller GFR range and
higher PUA values when compared to the T1D cohort. Although our observations were made
using some data from several previously conducted studies, measurement bias was decreased by
including all participants that were studied under identical procedures, laboratory environment,
and study staff. Though UA consumption in the form of purines and fructose was not recorded,
we observed a similar urinary urea excretion and thus protein intake. This finding suggests that
differences in dietary intake of high UA-containing foods were unlikely to explain the findings.
Next, we recognize that the Gomez’s equations that were used to calculate intraglomerular
haemodynamic parameters are indirect estimates. Although these equations are based on a few
physiological assumptions, they have been carefully studied and were successfully used in various
healthy and disease populations over the last sixty years, and do appear to reflect dynamic changes
in renal hemodynamic function (92). Finally, while we propose that PUA mediates early renal
hemodynamic changes via decreased resistance at the afferent arteriole, we could not determine
the mechanistic basis at the molecular level. None of the studies examining the asociation between
PUA and renal hemodynamic function can exclude the possibility that the association between
higher PUA and lower GFR and ERPF is based on increased renal clearance leading to lower
PUA levels. The cause and effect relationship could be established in future work from the
currently ongoing Protecting Early Renal Function Loss (PERL) Study (NCT02017171)
examining the potential renal and vascular protective effects of PUA lowering in a T1D
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population with microalbuminuria (66). Future studies are needed to elucidate the mechanisms

of our findings.

In conclusion, the inverse relationship between PUA with GFR and ERPF in otherwise healthy
T1D patients may be on the basis of increased afferent renal arteriole resistance, which could
contribute to early renal function decline. The PUA-mediated increase in afferent arteriolar
resistance may be caused either by increased tone, or by altered arterial structure characterized by
thickening of the afferent arteriole, leading to renal ischemia. UA lowering therapies in patients
with diabetes may lead to renal protection by modifying the relationship between PUA and the
renal microcirculation, thereby avoiding renal ischemia and the associated decline in renal

function — an effect that is being studied in ongoing renal protection trials.



Chapter 5: Renal and Vascular Effects of Uric Acid Lowering in
Patients with Uncomplicated Type 1 Diabetes Mellitus

Yuliya Lytvyn'2, Ronnie Har?, Amy Locke!, Vesta Lai*, Derek Fong!, Andrew Advani®, Bruce
A. Perkins*, David Z. I. Cherney!

!Department of Medicine, Division of Nephrology, Toronto General Hospital, University of
Toronto, Toronto, Ontario, Canada

2 Department of Pharmacology and Toxicology, University of Toronto, Toronto, Ontario,
Canada

3 Keenan Research Centre for Biomedical Science, St. Michael’s Hospital, Toronto, Ontario,
Canada

4 Department of Medicine, Division of Endocrinology and Metabolism, Mount Sinai Hospital,
University of Toronto, Toronto, Ontario, Canada

Manuscript in preparation.

72



73

5.1 Abstract

Objective: Even within the normal range, higher plasma uric acid (PUA) levels are associated
with lower GFR and higher blood pressure (BP) in young adults with type 1 diabetes (T1D). Our
aim was to determine the impact of PUA lowering on renal and vascular function in patients with

uncomplicated T1D.

Methods: T1D patients (n=49) and healthy controls (HC, n=24) were recruited into this
mechanistic study. T1D patients were studied under euglycemic and hyperglycemic conditions at
baseline and after treatment with the xanthine oxidase inhibitor febuxostat (FBX) for 8 weeks.
HCs were studied under euglycemic conditions. PUA, GFR (inulin), effective renal plasma flow
(ERPF, paraaminohippurate) and BP were measured pre- and post-FBX and in response to a
graded angiotensin Il infusion to assess the intrarenal renin angiotensin aldosterone system
(RAAS). Arterial stiffness was measured pre- and post-FBX. Gomez’s equations were used to
estimate afferent (Ra) and efferent (Re) arteriolar resistances and glomerular hydrostatic pressure
(PeLo).

Results: FBX decreased PUA in HC (303+71umol/L to 131+55umol/L, p<0.0001) and T1D
(240£62pumol/L to 124+53umol/L, p<0.0001). FBX decreased systolic BP in T1D patients
(112410 to 10949, p=0.049), but not in HC. FBX treatment augmented the filtration fraction
response to hyperglycemia in T1D patients, which was accompanied by larger increases in Re and
PeLo. Other renal parameters, arterial stiffness measurements, plasma RAAS hormones and

hemodynamic responses to angiotensin 11 were not affected by FBX in T1D or HC.

Conclusions: In summary, FBX treatment for 8 weeks had a modest BP lowering effect in
patients with uncomplicated T1D. PUA lowering enhanced the filtration fraction response to
clamped hyperglycemia through an increase in Rg, but without impacting the RAAS, suggesting
that PUA may augment the vasoconstrictor or vasodilatory mechanisms which mediate the renal
response to hyperglycemia at the efferent arteriole. Longitudinal outcome trials are required to
determine whether our physiologic findings can be applied to chronic PUA lowering effects on

renal and cardiovascular outcomes in T1D patients.
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5.2 Introduction

Accumulating evidence suggests that PUA is associated with multiple key pathways involved in
the pathogenesis of diabetic complications, such as metabolic abnormalities (hyperglycemia and
insulin resistance), cardiovascular disease (hypertension, arterial stiffness, endothelial
dysfunction) and kidney injury (80). Interestingly, extracellular PUA levels are lower in young
adults and adolescence with type 1 diabetes (T1D) compared to well matched healthy controls
(HC) (85, 86, 98), likely due to a stimulatory effect of increased urinary glucose on the GLUT 9
isoform 2 transporter on the apical membrane of the proximal tubule, which increases PUA
excretion (99). Thus, PUA-mediated target organ injury in T1D could instead be related to
intracellular uric acid effects, increased urinary PUA excretion and tubular cell exposure (146),
increased sequestration of PUA along the vascular endothelium, or possibly PUA-mediated
inflammation and activation of the renin angiotensin aldosterone system (RAAS) (80).
Consequently, within the normal range PUA is associated with impaired renal function (1, 54),
early GFR loss (55) and increased risk of developing proteinuria in T1D patients, (58). Even in
young T1D adults and adolescents without complications, higher PUA levels within the normal
range are associated with lower GFR (85, 147, 148). This association may be driven by PUA-
mediated increases in resistance at the afferent renal arteriole, which could potentiate renal injury
by causing ischemia to the renal microcirculation (147). Additionally, accumulating evidence
suggests that PUA levels are independently associated with intimal medial thickness, endothelial
dysfunction and vascular stiffness (35), promoting the development of hypertension,
cardiovascular disease and chronic kidney disease (CKD) (1, 7, 29-31). Although not observed
in adolescents with T1D (148), the association of higher within the normal range PUA levels with
higher blood pressure emerges in young adults with uncomplicated T1D (85). Such consistently
established relationships between PUA and early renal and cardiovascular risk factors in young
T1D patients suggest that lowering PUA may be an important strategy to reduce renal and vascular

disease progression and prevent diabetes-related complications.

From the limited data available from PUA lowering studies in T1D patients with CKD, gout and
type 2 diabetes, PUA lowering may slow GFR decline, reduce proteinuria and suppress expression
of renal inflammatory interleukins (60-64, 80). Conversely, withdrawal of PUA lowering therapy
leads to a significant acceleration in the rate of kidney function loss and an increase in urinary

excretion of inflammatory markers (20). PUA lowering was also shown to improve endothelial
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function (74-77) and lower blood pressure in adult and pediatric cohorts with normal renal
function (73, 149-152). Currently, the promising effects of PUA lowering on renal protection in
T1D patients with albuminuria and above normal PUA is being examined as part of the NIH
funded Protecting Early Renal Function Loss or “PERL” study (NCT02017171) (66). Given that
traditional RAAS blockade provides only partial protection from the development of T1D
complications and the compelling association between PUA and renal and vascular dysfunction,
it is of the utmost importance to evaluate the potentially protective renal and vascular effects of

pharmacologic PUA lowering in young T1D adults without any complications.

Accordingly, the goals of this hypothesis generating, physiological study were to determine if
PUA lowering modifies (1) the effect of hyperglycemia and infused angiotensin Il on renal
hemodynamic function, (2) systemic blood pressure and (3) arterial stiffness during clamped
euglycemia and hyperglycemia in young uncomplicated T1D adults. It was hypothesized that
PUA lowering will ameliorate early hemodynamic abnormalities characteristic of T1D, including

renal hyperfiltration, systemic hypertensive responses to hyperglycemia and arterial stiffness.

5.3 Research Design and Methods

5.3.1 Subject Inclusion Criteria and Study Preparation

The flow chart of participants is shown in figure 5.1. Twenty-four HC and 49 T1D patients
completed this open-label, proof of principle, 8-week febuxostat treatment study
(ClinicalTrials.gov identifier NCT02344602). T1D study participants included 42 patients with
normofiltration (T1D-N, GFR <135 mL/min/1.73m?) and 7 patients with hyperfiltration (T1D-H,
GFR >135 mL/min/1.73m?). Detailed inclusions criteria were as follows: (1) male and female
participants 18-40 years old; (2) normoalbuminuria on a 24 hour urine collection; (3) normal
values for body mass index (18-35 kg/m?); (4) normal renal and liver function; (5) normal
electrocardiogram; (6) clinic blood pressure <140/90 mmHg; (7) T1D duration >5 years; (8) able
to take medications every day and (9) normal PUA levels. Exclusion criteria were as follows: (1)
history of cardiac or lung disease (except for treated asthma) or hypothyroidism; (2) history of
stroke or peripheral vascular disease; (3) history of proliferative retinopathy; (4) regular
medications aside from thyroid or asthma medications if needed; (5) pregnancy or breastfeeding
(women would have to be using two forms of reliable contraception to be eligible for the study);
(6) alcohol or tobacco within 72 hours prior to the study; (7) PUA > 450 umol/L; (8) hypertension,



Figure 5.1. Flow diagram for study participants.
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or on BP-lowering medicine; (9) coronary heart disease; (10) eGFR<60 mL/min; (11) active
cancer (except non-melanoma skin cancer); (12) taking medication for hyperuricemia; (13) gout,
anemia, cirrhosis, active/chronic hepatitis; (14) known allergy to either allopurinol or probenecid
and (15) current use of agents that influence renal function or that interfere with purine
metabolism such as didanosine, azothioprine, methotrexate, ketoprofen, ketorolac,
mycophenolate. The study was approved by the University Health Network Research Ethics

Board (Toronto, Canada) and all subjects gave written informed consent.

5.3.2 Experimental Design

The experimental design is shown in Figure 5.2. T1D patients were studied at baseline (1
euglycemic and 1 hyperglycemic day) and after 8 weeks of febuxostat (1 euglycemic and 1
hyperglycemic day). During clamped euglycemic study days, blood glucose was maintained
between 4-6 mmol/L, and during clamped hyperglycemic study days, blood glucose was
maintained between 9-11 mmol/L (Figure 5.3). Studies were performed after 7 days on a
controlled diet consisting of >150 mmol/day sodium and <1.5 g/kg/day protein. The sodium-
replete diet was used to avoid circulating volume contraction, RAAS activation, between-subject
heterogeneity and in an attempt to keep study conditions similar to typical North American dietary
patterns. Pre-study protein intake was modest to avoid the hyperfiltration effect of high protein
diets (105). Compliance was ascertained by measurement of 24-hour urine sodium and urea
excretion on the seventh day prior to the studies. HC subjects were studied during normal
euglycemic conditions and were compared with the T1D group under clamped euglycemic
conditions, before and after PUA lowering. All study participants were instructed to avoid
caffeine- containing products and to have the same light breakfast on the morning of each study

Visit.

Subjects were then treated with 80mg daily febuxostat (FBX) for 8 weeks and the same tests were
performed during clamped euglycemia and hyperglycemia. Blood was drawn at the study
midpoint to monitor renal function, electrolytes, PUA levels and blood pressure was measured.

HC subjects were similarly studied during normoglycemic conditions only.



Figure 5.2. Study outline.
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Figure 5.3. Capillary blood glucose levels during the euglycemic and hyperglycemic clamp studies at baseline and after FBX treatment

in T1D patients (mean = SD). Glucose levels were recorded every 10 minutes during the clamp.
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5.3.3 Assessment of Renal Hemodynamic Function

Subjects presented to the Renal Physiology Laboratory on Day 1 for the baseline euglycemic and
consequently hyperglycemic studies on Day 2. After clamped euglycemia was achieved for 5
hours, blood samples were collected for inulin and PAH blank and for baseline circulating RAAS
mediators (plasma renin concentration and aldosterone) (137). Oscillometric brachial artery blood
pressure measurements were obtained in a reclining position at 30-minute intervals throughout
the study (Critikon, Tampa, Florida, USA). Blood pressure measurements were obtained in
duplicated, and an average was taken for each time point. Subjects remained supine at all times.
Baseline renal hemodynamic function (GFR and ERPF) was measured using inulin and PAH
clearance according to the plasma disappearance technique (37-39, 46-48, 52, 72, 107, 153-159).
The mean of the final 2 clearance periods represented baseline GFR and ERPF, expressed per 1.73
2

m-.

The following parameters were calculated:

GFR
ERPF

Filtration fraction (FF) =

ERPF
1-Hematocrit
MAP

Renal vascular resistance (RVR) = 57

Renal blood flow (RBF) =

Indirect intraglomerular hemodynamic parameters were estimated using formulae estimated by
Gomez based on data from animal studies (132). These equations were successfully used in a
similar manner to evaluate patients with conditions such as hypertension, endocrine disorders and
T1D (92, 133-136, 147). Assumptions imposed by Gomez’s equations were the following: i)
intrarenal vascular resistances are divided into afferent, post-glomerular and efferent; ii)
hydrostatic pressures within the renal tubules, venules, Bowman’s space and interstitium (Pgow)
are in equilibrium of 10 mmHg; iii) glomerulus is in filtration disequilibrium; iv) the gross
filtration coefficient (Krg) is 0.1733 ml/s per mmHg (PcLo = 47.5 mmH) for HC and Krg = 0.1012
ml/s per mmHg (PcLo = 56.4 mmHg) for T1D to reflect the different PcLo values in diabetic and
control conditions observed in previous micropuncture studies in Munich-Wistar rats (138). MAP
(mmHg), ERPF (ml/s), GFR (mL/s) and total protein (g/dL) were used to calculate Re
(dynessececm™) and Ra (dynessececm™), PcLo (MMHg), APr (MmHg) and n (mmHg).
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The filtration pressure across glomerular capillaries (APk):
APr = GFR / Kre

The glomerular oncotic pressure (ng) from the plasma protein mean concentration (Cm) within

the capillaries:
Cwm = TP/FFxIn(1/1-FF)
6 =5X (Cv—2)

Glomerular hydrostatic pressure (PcLo):
PcLo= APr + Pgow + mG

Ra and Re were estimated using principles of Ohm’s law, where 1328 is the conversion factor to

dyneesececm™ (132):
Ra = [(MAP-PgLo)/RBF] x 1328
Re = [GFR/(Kre x (RBF-GFR)] x 1328

5.3.4 Assessment of Angiotensin Il Infusion Response

After baseline clearance periods were complete, Ang Il (Clinalpha, Laufelfingen, Switzerland)
was administered at incremental doses of 1 ng/kg/min and 3 ng/kg/min, each over 30 minutes,
followed by a 30-minute recovery phase (38, 72). Blood was collected during each Ang Il infusion
period for HCT, inulin and PAH. Oscillometric brachial artery blood pressure measurements were
obtained in a reclining position every 5 minutes during each Ang Il infusion (Critikon, Tampa,
Florida, USA). Blood pressure measurements were obtained in duplicated, and an average was
taken for each time point. A further collection of blood was obtained at the end of the Ang Il infusion
and after a 30-minute recovery period. Renal hemodynamic parameters were assessed at the end
of each Ang Il infusion period and at recovery. On Day 2 subjects were similarly studied under
hyperglycemic conditions, but did not undergo the Ang Il infusion.
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5.3.5 Vascular Assessments

Vascular assessments were performed on each of the 4 study days after ambient glycemia has
been stabilized and before renal hemodynamic function testing. In brief, arterial compliance was
measured non-invasively using a Sphygmocor device (SphygmoCor, AtCor Medical Systems
Inc., Sydney, Australia). Right carotid artery waveforms were recorded with a high-fidelity
micromanometer (SPC-301, Millar Instruments) and using the validated transfer function,
corresponding central aortic pressure waveform data was generated. MAP and heart rate were
determined using the integral software. Augmentation index, an estimate of arterial stiffness was
calculated as the difference between the second systolic peak and inflection point, expressed as a
percentage of the central pulse pressure corrected to a heart rate of 75 beats per minute. The aortic

pulse wave velocity was measured using the same device.

5.3.6 Statistical Analyses

The primary endpoint of this study was change from baseline in GFR after an 8 week FBX treatment
under stable euglycemic and hyperglycemic conditions. Our previous data have shown that the
standard deviation of the AGFR in response to RAAS modulation is approximately 19 ml/min/1.73
m? (5, 72, 160). To detect a 10 ml/min/1.73m? between-group difference in the GFR response to
PUA lowering, for a two-sided test with p=0.01 (to correct for multiple comparisons) and with Z, =
2.58 the sample size equals 24 in each group (T1D-H and T1D-N). We therefore studied 48 T1D
patients, so that the analysis could be performed on the basis of filtration status during clamped
euglycemia (24 hyperfiltering, 24 normofiltering subjects) (5). We could not distinguish T1D-H
from T1D-N patients until the inulin clearances were reported and although our previous work
has shown that approximately 50% of young patients with T1D exhibit inulin-based
hyperfiltration, we only observed 7 T1D-H patients and 42 T1D-N in our recruited cohort.

The difference between renal hemodynamic parameters at euglycemic clamp and hyperglycemic
clamp was used to analyze the hyperglycemic response pre- and post- FBX treatment. The
difference between renal hemodynamic parameters at baseline euglycemic clamp and 30 minutes
after the 1 and 3ng/kg/min Ang Il infusions were used to analyze the Ang Il response pre- and

post- FBX treatment.

One T1D-H patient was excluded from the analysis examining the effect of FBX on renal

hemodynamic function during the euglycemic clamp only due to issues with the blood sample
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collected for the inulin and PAH measurements. For similar reasons, 1 T1D-N patient was
excluded from the analysis of Ang Il infusion responses pre- and post- FBX. One T1D-N patient
was excluded from the analysis of radial AIX during hyperglycemia due to an inability to obtain
measurements pre- and post- FBX treatment. PUA levels did not decrease significantly in
response to FBX treatment in 3 T1D patients, however these patients were included in the

analysis.

Data are presented as mean = standard deviation (SD). Within-group differences and responses to
FBX treatment were analyzed using paired t-tests. To assess for between-group differences,
analysis of variance with post-hoc Tukey’s test was used. Linear regression analysis was used to
determine correlations between renal haemodynamic responses and PUA levels. Statistical
significance was defined as p<0.05. All statistical analyses were performed using SAS v9.1.3 and

GraphPad Prism software (version 5.0).

5.4 Results

5.4.1 Baseline Characteristics

The study population comprised of 49 T1D (42 T1D-N, 7 T1D-H) and 28 HC participants (Table
5.1). All T1D patients had T1D duration of >5 years with a mean of 14.3+7.2 years. Overall,
baseline characteristics were similar between T1D and HC groups, whereas 24 hour protein intake
tended to be lower and hemoglobin Alc was higher in the T1D group. Sex distribution, age, BMI,
HDL cholesterol, LDL cholesterol, triglycerides, 24 hour urine sodium and estradiol and

progesterone levels (females only) did not differ between HC and T1D groups.

5.4.2 Effect of Febuxostat on PUA Levels

As expected, T1D patients at baseline under euglycemic conditions had lower PUA levels
compared to HC (240+62umol/L vs 303+71umol/L respectively, p=0.0002), and were further
lowered in T1D patients during hyperglycemic conditions (240+62umol/L vs 221+61 pmol/L,
p<0.0001). An 8 week treatment with FBX significantly decreased PUA levels by approximately
a half in each group: HC (303+71pmol/L to 131+55umol/L, p<0.0001), T1D during euglycemic
(240£62pumol/L  to  124+53umol/L, p<0.0001) and hyperglycemic (221+61umol/L to
108+42pmol/L, p<0.0001) conditions (Table 5.2).
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Table 5.1. Baseline Demographic Characteristics of Healthy Controls (HC) and Patients

with Type 1 Diabetes (T1D).

Parameter HC (n=24) T1D (n=49)
Males 12 (50%) 25 (51%)
Age (years) 25.5+4.5 26.3+5.4
Diabetes duration (years) - 14.3+7.2
Body mass index (kg/m?) 23.613.4 25.1+3.4
Cholesterol 4.2+0.8 4.6+0.8
HDL Cholesterol 1.5+£0.5 1.5+0.4
LDL Cholesterol 2.4+0.7 2.6£0.7
Triglyceride 1.0£0.7 1.1+0.7
Hemoglobin Alc — mmol/mol (%) 31.7+ 2.4 (5.0£0.2%) 62.3+14.8 (7.8+1.3%)*
24 hour urine sodium (mmol/day) 155465 150476
24 hour protein intake (g/kg/day) 1.1+0.3 1.0+0.3*
Estradiol (females only) 2261169 2174250
Progesterone (females only) 3.314.2 3.1+£7.5

24 hour protein intake: estimated by the formula ([urine urea X 0.18] + 14) / weight in kg. n,

number of participants. *p<0.05 vs. HC; HC: healthy controls; T1D: type 1 diabetic patients.
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Table 5.2. Diet Parameters and Plasma Marker Response to FBX Treatment in Healthy Controls (HC) and Patients with Type 1

Diabetes (T1D) Studied Under Euglycemic and Hyperglycemic Clamp Conditions.

HC (n=24) T1D (n=49)
Euglycemia Hyperglycemia

Parameter Baseline  Febuxostat p-value Baseline Febuxostat p-value Baseline Febuxostat p-value
Diet parameters
Hemoglobin Alc - 5.05+£0.22 4.97+0.23  0.0167 62.3+14.8 62.4+13.9 0.8831 - - -
mmol/mol (%) (7.8£1.3%) (7.9£1.3%)
24 hour urine sodium 155465 152+74 0.7968 150+76 132483 0.1126 - - -
(mmol/day)
24 hour protein intake 1.1+0.3 1.1+0.3 0.2726 1.0+0.3 1.0£0.4 0.8264 - - -
(g9/kg/day)
Plasma Analysis
Aldosterone (ng/dL) 291+164 283+260 0.8852 76156 67+39 0.1265  60+54 60+47 0.9976
Renin (ng/L) 1444104  12.1+85 0.3343 10.3+22.9 10.1+16.5 0.9376 6.8+15.6 5.1+5.8 0.4028
PUA (umol/L) 303+71 131455 <0.0001 240£62 124+53 <0.0001 221+61 108+42 <0.0001
Estradiol 226+169 2851220 0.1997 2174249 2451260 0.6742 - - -
(females only)
Progesterone 3.314.2 4.3145.9 0.5248 3.1£7.5 2.1+£3.8 0.5487 - - -

(females only)

24 hour protein intake: estimated by the formula ([urine urea X 0.18] + 14) / weight in kg. Values are mean + standard deviation. n, number

of participants. *p<0.05 vs. HC; HC: healthy controls; T1D: patients with type 1 diabetes; PUA: plasma uric acid.
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5.4.3 Effect of Febuxostat on Renal Function, Blood Pressure and Vascular
Parameters

5.4.3.1 Normoglycemic Conditions in HC

After 8 weeks of treatment, FBX did not significantly alter the renal hemodynamic function
(ERPF, GFR, FF, RBF and RVR, Table 5.3), intraglomerular hemodynamics (PsLo, Ra, Re and
Ra/REe), blood pressure (SBP, DBP and HR, Table 5.4) or vascular parameters (aortic AlX, carotid
AlX, carotid femoral and carotid radial PWVs, Table 5.2).

5.4.3.2 Euglycemic Clamp Conditions in T1D

While there were no differences observed in renal hemodynamic function (ERPF, GFR, FF, RBF
and RVR) under euglycemic conditions in response to FBX treatment, PcLo decreased (54.4+4.1
to 53.4£3.2, p=0.0497) without significant changes in Ra, Re and Ra/Re in T1D patients (Table
5.2). In the overall T1D group, FBX treatment lead to a modest decrease in SBP (112+9 to 109+9,
p=0.0491, Figure 5.4), but not in DBP (676 to 66+7, p=0.2823) or HR (67+11 to 66x10,
p=0.8605). FBX did not alter vascular stiffness parameters (aortic AlX, carotid AlX, carotid
femoral and carotid radial PWVs) (Table 5.4).

Further analysis revealed that GFR in each of the 6 patients with T1D-H decreased (150+13
mL/min/1.73m? to 129+10 mL/min/1.73m?, p=0.0113, Figure 5.5), whereas there was no change
in GFR in patients with T1D-N (111+14mL/min/1.73m? to 111+16 mL/min/1.73m?, p=0.9227).

5.4.3.3 Hyperglycemic Clamp Conditions in T1D

After 8 weeks of treatment, FBX did not significantly alter renal hemodynamic function (ERPF,
GFR, FF, RBF and RVR), intraglomerular hemodynamics (PcLo, Ra, Re and Ra/Re), blood
pressure (SBP, DBP and HR) or vascular parameters (aortic AlX, carotid AlX, carotid femoral

and carotid radial PWVs, Table 5.4) in T1D patients under hyperglycemic conditions (Table 5.4).

5.4.4 PUA Correlations with Renal Hemodynamic Parameters

As observed in our previous studies (85, 147, 148), higher PUA was correlated with lower GFR
(r=-0.37, p=0.009 during euglycemia, r=-0.46, p=0.0009 during hyperglycemia) and lower ERPF
(r=-0.29, p=0.047 during euglycemia, r=-0.39, p=0.006 during hyperglycemia). After FBX
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Table 5.3. Renal Hemodynamic Function and Intraglomerular Hemodynamic Response to FBX Treatment in Healthy Controls (HC)

and Patients with Type 1 Diabetes (T1D) Studied Under Euglycemic and Hyperglycemic Clamp Conditions.

HC (n=24) T1D (n=49)
Euglycemia Hyperglycemia
Parameter Baseline Febuxostat p-value Baseline Febuxostat p-value Baseline Febuxostat p-value
Renal hemodynamic function
ERPF (mL/min/1.73m?) 6541111 639191 0.3818 647+131 657+113 0.5329 676+133 6651124 0.4235
GFR (mL/min/1.73m?) 117+17 119+15 0.2836 115+19 113+16 0.1893 130+21 133+19 0.2142
Filtration fraction 0.18+0.04 0.19+0.03 0.3124 0.18+0.04 0.17+0.03 0.1019 0.20+0.04 0.21+0.05 0.1064

RBF (mL/min/1.73m?) 1058+202 1035+178 0.4044 1051+219 1063+185 0.6300 1071+209 1052+203 0.3956
RVR (mmHg/L/min) 0.077+0.015 0.077+0.015 0.6896 0.081+0.022 0.077+0.014 0.1327 0.080+0.016 0.082+0.020 0.4171

Intraglomerular hemodynamic parameters

PeLo (MmHg) 48.9+2.7 49.4+2.5 0.2275 54.4+4.1 53.4+3.2 0.0497 54.9+4.0 56.1+4.1 0.0664
Ra (dyneesececm™) 2246+640 2208+704 0.6845 2167+885 2010+662 0.1905 2170+721 2132+815 0.7373
Re (dyneesececm™®) 994+263 1028+197 0.3931 1690+424 1604+331 0.1299 1871+423 1997+573 0.0829
Ra/Re 2.39+0.86 2.20+0.76 0.1504 1.31+0.52 1.29+0.47 0.6641 1.21+0.44 1.11+0.43 0.1667

Values are mean + standard deviation. n, number of participants. *p<0.05 vs. HC; HC: healthy controls; T1D: patients with type 1 diabetes;
ERPF: effective renal plasma flow; GFR: glomerular filtration rate; RBF: renal blood flow; RVR: renal vascular resistance; PcLo: Glomerular

hydrostatic pressure; Ra: Afferent arteriolar resistance; Re: Efferent arteriolar resistance.
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Table 5.4. Systemic Hemodynamic Function and Vascular Parameter Response to FBX Treatment in Healthy Controls (HC) and

Patients with Type 1 Diabetes (T1D) Studied Under Euglycemic and Hyperglycemic Clamp Conditions.

HC (n=24) T1D (n=49)
Euglycemia Hyperglycemia

Parameter Baseline  Febuxostat p-value Baseline  Febuxostat p-value Baseline  Febuxostat p-value
Systemic hemodynamic function

HR (bpm) 6218 6119 0.4042 67+11 66x10 0.8605 64+11 64+12 0.7484
SBP (mmHg) 10749 106+8 0.3267 112+10 10949 0.0491 113+9 112+9 0.4405
DBP (mmHg) 6416 64+7 0.6106 6716 66+7 0.2823 69+7 69+7 0.6546
Vascular Parameters

Aortic AIX (%) -1.7+9.7 -9.648.1 0.4353  -3.0£11.5 -4.1+11.8 0.4247  -1.8+14.3 -1.5+12.5 0.8605
Carotid AIX (%) -3.6+13.6 -4.3+14.1 0.7529 0.5£15.0 1.6+£14.7 0.4740 4.4+15.7 2.5+14.9 0.1723
Carotid radial PWV (m/s) 7.1+£1.0 6.8+1.1 0.2340 7.3x1.1 7.2+1.1 0.7043 7.6x£1.0 7.3x1.3 0.0728
Carotid femoral PWV (m/s) 5.5+1.1 5.3t1.0 0.5332 5.8t1.0 5.6£1.2 0.2979 5.8+0.9 5.6£1.1 0.0972

Values are mean + standard deviation. n, number of participants. *p<0.05 vs. HC; HC: healthy controls; T1D: patients with type 1 diabetes;

HR: heart rate; bpm: beats per minute; SBP: systolic blood pressure; DBP: diastolic blood pressure; AlX: augmentation index; PWV: Pulse

Wave Velocity.
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Figure 5.4. Systolic blood pressure (SBP) response during a euglycemic clamp day at

baseline and after an 8 week treatment with febuxostat in patients with T1D.
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Figure 5.5. Glomerular filtration rate (GFR) response during a euglycemic clamp day at baseline and after an 8 week treatment with
febuxostat in individual patients with T1D and (A) normofiltration (T1D-N, GFR <135 mL/min/1.73m?, n=42) and (B) hyperfiltration
(T1D-H, GFR 2135 mL/min/1.73m?, n=6).
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treatment, high PUA was still correlated with lower GFR during euglycemia (r=-0.30, p=0.038)
but not during hyperglycemia (r=-0.18, p=0.22) or with ERPF (r=-0.087, p=0.56 during
euglycemia, r=-0.15, p=0.29 during hyperglycemia). No correlations were observed between
PUA and GFR or ERPF in HC pre- or post-FBX treatment.

5.4.5 Effect of Febuxostat on Renal Hyperglycemic Responses

FBX treatment lead to a significantly higher increase in FF in response to hyperglycemia
(+0.01+£0.04 to +0.03+0.04, 0.0296), which was accompanied by a larger increase in Re
(+195+384 dynessececm™ to +400+525dynessececm™®, p=0.0271) and PgLo (+0.5+3.6mmHg to
2.7+3.7mmHg, p=0.0053), but not Ra, GFR or ERPF (Figure 5.6). No significant differences were
observed in blood pressure (SBP, DBP and HR) or vascular parameters (aortic AlX, carotid AlX,

carotid femoral and carotid radial PWVs) responses to hyperglycemia.

5.4.6 Effect of Febuxostat on Ang Il Infusion Responses and Plasma RAAS
Markers

FBX treatment did not alter plasma aldosterone or renin levels in HC or T1D under euglycemic

and hyperglycemic conditions (Table 5.2) and did not alter the renal hemodynamic response to 1

ng/kg/min or 3 ng/kg/min Ang Il infusions (Figure 5.7), nor were there changes in intraglomerular

hemodynamic parameters (PcLo, Ra, Re and Ra/Re) or blood pressure (SBP, DBP and HR) in

either group.

5.4.7 Effect of Febuxostat on Glucose Control, Laboratory Parameters and
Adverse Events

FBX treatment decreased hemoglobin Alc levels (5.05+0.22% to 4.97+0.23%, p=0.0167) in HC
participants, but not in T1D during euglycemic or hyperglycemic conditions. FBX did not alter
24 hour protein intake, 24 hour urine sodium excretion, BMI, estradiol or progesterone levels
(females only), or any other clinically relevant biochemical and hematological parameters
assessed (including serum sodium, potassium, calcium, magnesium, chloride, phosphate and liver
enzymes) in T1D or HC participants. No adverse events were reported, aside from some mild
nausea after FBX intake in several patients which resolved after taking the agent with food.
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Figure 5.6. GFR (A), ERPF (B), FF (C), Ra (D), Re (E) and PcLo (F) response to clamped hyperglycemia in T1D at baseline and

after an 8 week treatment with febuxostat.
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T1D n=48; GFR: Glomerular filtration rate; ERPF: Effective renal plasma flow; FF: Filtration fraction; PcLo: Glomerular hydrostatic pressure;
Ra: Afferent arteriolar resistance; Re: Efferent arteriolar resistance. A in each outcome represents the difference between the outcome measured

at hyperglycemic clamp day and euglycemic clamp day. Ra, Re and PgLo in T1D calculated by Gomez’s equations (assumption: PgLo of 56.4

mmHg in T1D). Values are mean + standard deviation).



Figure 5.7. GFR (A), ERPF (B), FF (C), Ra (D), Re (E) and PcLo (F) response to Ang Il infusion (1ng/kg/min and 3ng/kg/min)

during a euglycemic clamp day in T1D at baseline and after an 8 week treatment with febuxostat.
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T1D n=48; GFR: Glomerular filtration rate; ERPF: Effective renal plasma flow; FF: Filtration fraction; PcLo: Glomerular hydrostatic pressure;

Ra: Afferent arteriolar resistance; Re: Efferent arteriolar resistance. A in each outcome represents the difference between the outcome measured

post- and pre- the 3ng/kg/min Ang Il infusion during a euglycemic clamp day. Ra, Re and PgLo in T1D calculated by Gomez’s equations

(assumption: PgLo of 56.4 mmHg in T1D). Values are mean + standard deviation.
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5.5 Discussion

In patients with T1D, PUA levels are linked with the early loss of renal function (54). While the
association between PUA levels and renal risk is compelling, only a few studies have measured
the effects of PUA lowering therapies on renal outcomes. Goicoechea et al. examined the effect
of allopurinol in CKD patients (eGFR <60 ml/min) and found a slower rate of progression in the
allopurinol (+1.3 ml/min/1.73m?) versus the control group (-3.3 ml/min/1.73m?) after controlling
for important clinical variables (61). Allopurinol also reduces the risk of the composite endpoint
of deterioration in renal function or dialysis (60). Finally, in patients with stage 3 - 4 CKD,
withdrawal from allopurinol is associated with an increase in PUA levels, deteriorating renal
function, hypertension and an increase in the urinary excretion of the pro-fibrotic transforming
factor-beta (TGF-B) (20). PUA lowering agents such as allopurinol also exert antihypertensive
effects (73, 149-152) and improve endothelial function in older normotensive and hypertensive
patients with type 2 DM and in patients with CKD (74, 161). Instead of focusing on older,
hypertensive type 2 DM patients with established CKD, our study examined the effect PUA
lowering on renal hemodynamic and vascular function in young, normotensive T1D patients with
normal renal function and normal baseline PUA levels. Moreover, our use of FBX as a
physiological probe is novel due to the greater potency and better safety profile of this agent
compared with older agents. Furthermore, due to its mechanism of action, FBX does not stimulate
the production of reactive oxygen species, which may limit vascular protective effects of
allopurinol (162-165). FBX is therefore appealing in terms of its potential for long term clinical

use and inclusion in future clinical trials.

Our first major observation was that the 8 week FBX treatment did not change baseline renal
function parameters, such as GFR and ERPF in HC or T1D during euglycemic and hyperglycemic
conditions. Although our observation may suggest that PUA lowering does not affect renal
function in uncomplicated T1D patients, we observed a GFR decrease of about 20 mL/min/1.73m?
in each of the 6 patients that presented with hyperfiltration at baseline and no renal hemodynamic
change in patients with normofiltration or HCs. Given the role of hyperfiltration in predicting the
subsequent development of microalbuminuria and nephropathy in T1D patients (166), PUA
lowering may promote renal protection by normalizing hyperfiltration without any renal effects
in individuals with normal renal function in our study cohort. Moreover, lowering PUA during

hyperfiltration may reduce the exposure of renal tubular cells to increased uric acid excretion,
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which can form crystals in the setting of the urinary acidification observed in T1D adolescents,
thereby promoting kidney injury through stimulation of inflammasomes, Toll-like receptors and
chemotactic factors (146). It is also unclear whether GFR normalized in the 6 T1D-H patients
due to the regression-dilution bias phenomenon, where a variable that shows an extreme value
during the first measurement is less likely to be so extreme at the subsequent measurement (167).
We were unable to evaluate the regression-dilution bias due to the lack of placebo group data that
would quantify a natural GFR change over an 8 week time period. Unfortunately, the small
number of T1D-H patients that were recruited into the study does not allow us to make a definitive

conclusion regarding PUA lowering in T1D-H patients.

We previously reported that in a similar T1D cohort, higher PUA was associated with lower GFR
and ERPF via increased resistance at the afferent renal arteriole (147) suggesting that chronic
exposure to within normal higher PUA levels leads to renal vasoconstrictive effects at the afferent
arteriole leading to ischemia and potential renal injury. As observed in our previous studies (85,
147, 148), in our current T1D cohort within the normal range higher PUA at baseline was
correlated with lower GFR and ERPF during euglycemia and hyperglycemia. After FBX, such a
correlation remained only with ERPF during euglycemic conditions, which is likely a result of
significantly decreased PUA range in response to FBX treatment limiting our power to detect
significant correlations. Existing data therefore suggest that chronic PUA exposure does not cause
hyperfiltration and that acute lowering of PUA may normalize hyperfiltration through as-yet
undefined mechanisms. Our data examining the role of PUA lowering in renal hemodynamic
function does not clearly indicate whether PUA is a cause or a consequence of altered renal
hemodynamic function in T1D. Further studies are required to understand the causality of the
association between PUA, GFR and ERPF in this population.

Consistent with previous studies reporting allopurinol mediated antihypertensive effects (73, 149-
152), our second major observation was the modest decrease in SBP observed in T1D patients
under euglycemic conditions, but not hyperglycemic conditions in response to FBX treatment.
Studies with larger sample size are required to determine whether FBX treatment indeed
significantly lowers blood pressure in uncomplicated T1D adults. To further understand PUA-
mediated effects on vascular function in our study cohort we examined the effects of PUA
lowering on arterial stiffness, which has not yet been tested in patients with uncomplicated T1D.
Our data suggests that at early stages in the natural history of T1D, FBX does not improve arterial
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stiffness under euglycemic or hyperglycemic conditions. Other mechanisms that have been
implicated in the relationship between PUA and high blood pressure include RAAS activation,
increased reactive oxygen species (ROS) production and inhibition of the nitric oxide synthase
(NOS) (9, 25, 40). In our study, FBX treatment did not change the levels of plasma RAAS markers
or the hemodynamic responses to an exogenous infusion of Ang 11, suggesting that blood pressure
lowering effect of FBX are not attributed to changes in the RAAS activation. Thus, further studies
are required to determine whether FBX mediates changes in nitric oxide (NO) bioavailability or

ROS production leading to alterations in endothelial function or blood pressure.

Whether PUA influences the vascular response to clamped hyperglycemia is unknown in patients
with uncomplicated T1D. Our third major observation, contrary to what we expected, was that
PUA lowering enhanced the renal filtration fraction response to clamped hyperglycemia through
an increase in Re. Constriction at the efferent renal arteriole is a known mechanism of
hyperfiltration mediated by intrarenal RAAS activation in T1D (35). Moreover, PUA is positively
associated with plasma renin activity in humans, even when PUA levels are within the normal
range (<450umol/L) (9, 168-170). The association between PUA and RAAS activation has been
further strengthened by previous findings demonstrating a negative correlation between PUA and
the renal hemodynamic response to an angiotensin Il infusion in a cohort of individuals with a
wide range of PUA values (100 - 595 umol/L) (42). Specifically, Perlstein et al reported a negative
correlation (r=-0.37, p<0.001) between PUA and renal plasma flow responses to infused Ang II,
suggesting a state of baseline intrarenal RAAS activation with higher PUA levels, resulting in
blunted responsiveness to an exogenous Ang Il infusion (42). Contrary to these previous
observations, Ang Il infusion responses and plasma renin and aldosterone levels did not change
after an FBX treatment for 8 weeks in our young uncomplicated T1D cohort. The observation that
PUA lowering enhanced the renal filtration fraction response to clamped hyperglycemia through
an increase in Rg, but without impacting the RAAS, suggests that PUA may augment the
vasoconstrictor or vasodilatory mechanisms which mediate the renal response to hyperglycemia
at the efferent arteriole. Such mechanisms may include NO, endothelin-1, COX-2, vasopressin,
prostaglandins and bradykinins, which require further investigation. Our observations suggest that
there may be U-shaped relationship between PUA lowering and potential beneficial effects, where
PUA lowering is associated with a greater response to hyperglycemia and higher PUA levels are
associated with lower renal function and higher blood pressure. This observation is consistent

with a previously observed J-shaped relation between PUA and the rate of cardiovascular events
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in patients with essential hypertension (171). Future studies should examine a range of FBX doses

to find an optimal level of PUA that maximize cardiorenal protection.

One of the limitations of our study was the relatively small sample size, and especially the
unexpected small number of T1D-H patients who were recruited. The lack of a placebo group did
not allow us to compare natural GFR variability over 8 weeks to determine the PUA lowering
effect on GFR after 8 weeks of FBX treatment. As a result, placebo-controlled studies with larger
T1D-H cohorts are needed to determine whether PUA lowering can normalize hyperfiltration and
promote renal protection. In an attempt to minimize the effects of a small sample size, we recruited
homogenous study groups with careful pre-study preparation, with an emphasis on a special
sodium and protein diet to reduce the potential influence of neurohormonal factors on renal
hemodynamic responses. As a result of the carefully selected group of patients and controls, our
data is limited in generalizability to other populations, such as T1D patients with longer diabetes
duration, degree of proteinuria, nephropathy and others. Although endogenous production or
exogenous consumption of uric acid in the form of purines and fructose were not recorded, we
observed similar levels of urinary urea excretion (as a surrogate marker of protein intake) pre- and
post- FBX treatment. Each study participant acted as his/her own control to decrease possible
intra-individual variability. Next, we recognize that the Gomez formulae that were used to
estimate intraglomerular hemodynamic parameters are indirect estimates and are based on a few
physiological assumptions. Nevertheless, Gomez formulae have been carefully studied and were
successfully used in various healthy and disease populations over the last sixty years, including
in patients with uncomplicated T1D, and do appear to reflect dynamic changes in renal

hemodynamic function (92, 147).

In conclusion, FBX treatment for 8 weeks had a modest BP lowering effect in patients with
uncomplicated T1D. Although PUA lowering did not demonstrate significant changes to renal
hemodynamics in the overall T1D cohort, our data suggests that it may normalize hyperfiltration.
Our study is also the first to demonstrate that PUA lowering enhanced the renal filtration fraction
response to clamped hyperglycemia through an increase in Rg, but without impacting the RAAS,
suggesting that PUA may augment the vasoconstrictor or vasodilatory mechanisms which mediate
the renal response to hyperglycemia at the efferent arteriole. Longitudinal outcome trials are
required to determine whether our physiologic findings can be applied to chronic PUA lowering
effects on renal and cardiovascular outcomes in T1D patients. Placebo-controlled studies with



98

larger T1D-H cohorts are needed to determine whether PUA lowering can normalize

hyperfiltration and thus, promote renal protection.



Chapter 6: Conclusions and Future Directions

It is of paramount importance to identify new risk biomarkers and safe, new agents that protect
patients with T1D from initiation and progression of DN. Recognizing the limitations of extending
observations in patients with type 2 diabetes, metabolic abnormalities and chronic kidney disease
to a cohort of patients without complications, a major objective of the studies described in this
thesis was to examine the role of baseline PUA in renal and cardiovascular function and to
determine the effects of pharmacologic lowering of PUA in young patients with uncomplicated
T1D. Although we originally hypothesized that PUA levels will be higher in T1D compared to
HC, our first unexpected observation in Chapter 2 were the lower PUA levels in the early
subclinical adolescent cohort with T1D compared to well matched HC (148). Despite being lower,
such “suppressed” within normal range PUA levels negatively correlate with eGFR in adolescents
with T1D. The absence of the association between PUA and blood pressure, FMD, PWV and
ACR in adolescents with T1D suggests that PUA may not yet be associated with cardiovascular

pathophysiology at an early stage of T1D.

In Chapter 3, our findings in the adolescent cohort with T1D were extended to a cohort of young
adults with uncomplicated T1D. We originally hypothesized that even within the normal range
PUA levels would be higher in young adults with T1D compared to HC and that the acute
hyperglycemic stimulus, which promotes negative hemodynamic effects, would further increase
baseline PUA levels. As in the adolescent cohort, adults with T1D had lower PUA levels, which
were unexpectedly further decreased during hyperglycemia. By inducing glycosuria during
euglycemic clamp conditions via SGLT2i for 8 weeks, we showed that it is the glycosuria, which
stimulates increased PUA excretion, likely through the GLUT9 isoform 2 transporter on the apical
membrane of the proximal tubule (85). We also observed that in contrast to adolescents with T1D,
young adults with T1D had a positive correlation between PUA and systolic blood pressure
suggesting the advent of the association between PUA and cardiovascular pathophysiology with

longer diabetes duration.

In Chapter 4 of my thesis, similar to findings in adolescents with T1D, we showed that in young
adults with T1D higher PUA levels were associated with lower GFR and lower ERPF, which
appeared to be driven by increased resistance at the afferent renal arteriole (147). Our observation
suggests that PUA may mediate increased tone or thickening of the afferent renal arteriole, which

99
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could eventually potentiate renal injury by causing ischemia to the renal microcirculation.
Alternatively, this association could be driven by increased renal clearance leading to lower PUA

levels.

Our retrospective analyses in chapters 2 to 4 did not allow us to determine the causality of the
association between PUA and renal and vascular parameters. Thus, for the final experimental
chapter of this thesis we conducted a hypothesis generating, physiological study intended to
determine the impact of PUA lowering on renal and vascular function in young uncomplicated
adults with T1D. The main aims of this study were to investigate if PUA lowering with FBX
treatment for 8 weeks modifies (1) the effect of hyperglycemia and infused angiotensin Il on renal
hemodynamic function, (2) systemic blood pressure and (3) arterial stiffness during clamped
euglycemia and hyperglycemia in young uncomplicated adults with T1D compared to HC. We
observed that PUA lowering with FBX for 8 weeks had a modest blood pressure lowering effect
in young adult patients with uncomplicated T1D, which requires further investigation in larger
cohort studies with longer PUA lowering treatment. Although in the overall cohort with T1D PUA
lowering did not demonstrate significant changes to the renal hemodynamic function, our data
suggests that it may normalize hyperfiltration, a mechanism thought to be involved in the early
pathogenesis of renal function decline. Unfortunately, the small number of patients with T1D-H
that were recruited into the study did not allow us to make a definitive conclusion regarding PUA
lowering in patients with T1D-H and thus future studies with a larger T1D-H cohort and longer
PUA lowering treatment duration are required to investigate our observation and determine how
it can be applied to the clinical setting. PUA lowering enhanced the renal hyperfiltration response
to clamped hyperglycemia through an increase in resistance at the efferent renal arteriole, but
without impacting the RAAS, suggesting that PUA may augment the vasoconstrictor or
vasodilatory mechanisms which mediate the renal response to hyperglycemia at the efferent
arteriole. Future studies should examine whether PUA modulates other important mediators such
as NO, endothelin-1, COX-2, vasopressin, prostaglandins or bradykinins, in response to
hyperglycemia, thereby influencing renal hemodynamic responses to hyperglycemia after PUA
lowering. Augmenting such important mediators that maintain intrarenal microcirculation,
especially during hyperglycemia could potentially lead to increased hyperfiltration-mediated
kidney injury due to PUA lowering. Thus, it is important to further study the mechanisms of such
an observation to determine whether PUA lowering agents should be used with caution in patients
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with suboptimal glycemic control or as concomitant therapy with medication that is intended to

act on these mediators of intrarenal microcirculation.

Overall, we showed an association between PUA, blood pressure, GFR and ERPF in an adolescent
and an adult cohort with T1D. Such observations are currently being extended to those with over
50 years of T1D duration in the ongoing Longevity study, which will allow us to compare
observations in a range of patients with and without complications. Since our cross-sectional
analyses included only uncomplicated patients with T1D, it does not allow us to extend our
observations to the subset of patients that are most likely to develop diabetic nephropathy. To
observe the progression of T1D in our adolescent cohort over 3 years, longitudinal observations
will be made at the completion of the AdDIT trial. It is therefore not yet clear whether PUA is a
biomarker of cardiovascular and renal function complications in patients with T1D, where the
NIH definition of a biomarker is “a characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to
a therapeutic intervention.” (172) Finally, we were not able to determine whether PUA is a cause
or a consequence of altered renal and cardiovascular hemodynamic function in uncomplicated
T1D. Further studies are required to understand the causality of the association between PUA,
GFR, ERPF and blood pressure in this population as well as to determine whether these
associations persist in cohorts of even longer T1D duration, and in patients with microvascular or

macrovascular complications.

Although acute PUA lowering was not associated with a decrease in resistance at the afferent
renal arteriole or with blunted responses to hyperglycemia as was predicted from our retrospective
analyses in Chapters 2 to 4, we showed some potentially beneficial effects of acute PUA lowering
on blood pressure and hyperfiltration. Longitudinal outcome trials are required to determine
whether our retrospective physiologic findings and those with acute PUA lowering can be applied
to chronic PUA lowering effects on renal and cardiovascular outcomes in patients with T1D,
especially in patient with hyperfiltration and other early adverse renal phenotype markers, such
as albuminuria or decreased GFR. The promising effect of PUA lowering on renal protection in
T1D with albuminuria and above normal PUA is already being examined as part of the NIH
funded Protecting Early Renal Function Loss or “PERL” study (NCT02017171) (66). Trials
examining the protective effects of PUA lowering in a cohort with an even earlier phenotype of

renal function decline, such as those with microalbuminuria and preserved GFR or
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normoalbuminuria and early GFR decline, would provide additional information beyond the data
that will emerge from the PERL study. The outcomes of such trials have the potential to reduce
the health risks associated with DM and to decrease the morbidity, mortality and social costs
associated with T1D.
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