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Summary of Contents

Kidney disease due taabeteqDiabetic Kidney Disease (DKD)3 theleading cause

of chronic kidney diseasavorldwide. It is an underappreciatedften under
recognised component of the overall burden of diab&esple with diabetes and
kidney disease are at increased risk of all cause and cardiovascular mortality compared
with those with diabetes (and no kil disease), kidney disease (and no diabetes) and
those without kidney disease or diabetes. There is an uolnéal need for
biomarkers to allow the early identification of those at risk of developing 0By
identification would allow foearlierintensivetargeted interventions. My thesgns

to assesthe prevalence and factors associated wittKD and rapid decline in renal
function among people with diabetegplore the association between potential novel
biomarkers and the onset and progi@s of DKD and establish reference intervals
(RIs) for novel and routinely used biomarkers.

Firstly, 1 determined the prevalence of DKD and rapid renal function decline among
adults attendinga Diabetes Centren Northern Europel identified clinical and
laboratoryindices that were associated with rate of decline in renal fun&ewroandly,

| developd a clinical database linked to a collection of serum, plasma, urine
(centrifuged and uncentrifuged) and peripheral blood mononuclear cells (PBMC) to
explore the role of novddiomarkers in predicting decline in renal functiorpgople

with diabetes The BioDIG (Biomarkers in Diabetes in Galwagjudy]. From this
databasel examinedthe utility of plasma dephosphorylateshcarboxylated matrix
gla-protein (dpucMGP) to distinguish people with DKD from those wdibetesand

no DKD and healthy volunteersexploredtheability of dp-ucMGPto identify people

with diabetes at risk of rapid decline in renal functibexamined the role aferum
growth differentiation factefl5 (GDF15) in distinguishing people with DKD from
those withoutln collaboration with colleagues in the Mayo Clinic, Rochester, USA,

I examined the relationship between DKD and various relevant renal indices and

increased production of the senesceass

pciated protein Activin A ipeople from
the BioDIG study and peoptecruited in the Mayo ClinidNextandfor the first time
in a human study, | determindte mpactof sodium glucose ctransporter2 (SGLT-
2) inhibition on aldosterone, renin and the aldosterone renin ratio in peoplypéth

2 diabetesFinally, 1 estiblishedRls for widely usedbiochemical and haematological

Vii



parameterand novel biomarkers such dg-ucMGPand GDF-15 in a healthylrish

Adult Caucasiampopulation.

The published work described in this thesis provides important new information from
a puwlic health perspective on the prevalence of DKD and rapid decline in renal
function among people in Ireland with type 1, type 2 and other forms of diabetes.
Furthermore, in a carefully curated cohort of adults with diabetes and healthy
volunteers, the pettial of several novel biomarkers has been demonstrated. Follow

up of the BioDIG cohort is ongoing and is likely to provide more novel insights into

the utility of the biomarkers described and others as the duration of foflow

increases.
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1.1 Diabetes

Diabetes mellitus is a group of chronic metabolic conditions characterized by elevated

bloodglucose levels over a period time.

1.2 History of Diabetes

First recognised by the Egyptians, as far back as 1500 BC, diabetes was seen as a

di sease resulting i n @b dhewagddaletesitsethwas y i n g
first used by Aretaeus of Cappadocia -(8BAD), a Greek physician. Aretaeus
described diabetes as fa |ique@®ad¢téei on o
suggestedthdt wh en t he dh eie@lste, itsh ey andfignlauied sc or
do nd remain in the body, but use the body only as a channel through which they may
flowout(20.As a result, the term fidi abeteso me
Diabetes was riginally thought of by Galen (12200AD), a Greek physician and

phil osopher, as aiff3ofaitlemerstt i ofg | $ydiusatdkuied n e

the time, diabetes was viewed as a disease of the kidneys for tHe50xyearg4).

In 1674, the English physician Thomas Willis (16l475) dserved that the urine of
people with diabetes tasted swamwhbdathis ias I
sweetness first appeared in blo@d. Willis coined the term diabetes mellitiis

mel |l itus from the Gr e@GkThesedabskrvatienspavedthge Al i k
way for a series of studies by Robert Wyatt (1774) and the English physician Matthew
Dobson (17321784) (6, 7) These studieshowed that sweetness of urimas

preceded by a similar sweetness in the blood of people with diabetes. In 1815, this
sweetness was found to be due to the sug@acose by the French chemist, Michel
Eugéne Chevreul (178B8389)(4). The initial observation that diabetes could in fact

be a disease of the pancreas was made by the British physician Thomas(@piwvley

1788 and confirmed by the German physicians Oscar Minkowski {1838) and

Josef von Mering (1849908) in 18994, 9) Thisobservatiompaved the way for the
pioneering discovery of insulin by the Canadian physician and scientist Frederick
Banting (18911941), the AmericaiCanadian scientist Charles Best (18%9¥8), the

Canadian biochemist James Bertram Collip (:8985) andhe Scottish biochemist

and physiologist John MacLeod (1876835)(9).

As diabetes was originally felt to originate from the kidney, the seanchehal

pathological irregularities was ongoing for centuridhe German pathologist

3
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Bernhard Naunyn (18392935)(4) and the Canadian physician William Osler (1849
1919)(10) among othersobsenedthat albuminuriavas apoor prognostic indicator

in people with diabetest was not until 1936 that the GermAmerican pathologist
Paul Kimmelstiel (190A.970) and the British nephrologist Clifford Wilson (1906
1983) discovered nodular glonusclerosis (KimmelstieWilson diseasef4). In
addition to these pathological lesions, Kimmelstiel8did observed a myriad of
related clinical features people with diabetes including proteinuria, altered renal
function, high blood pressure and pedal oedéfaThis combination of symptoms
is what we now know as diabetic kidney disease (Dlibetic nephropathy, chronic

kidney disease (CKD) in patients witabetes).

1.3 Definition and Types of Diabetes

Diabetes mellitus is a heterogenous group of metabolic conditions characterised by
hyperglycaemia due to a reduction in insulin secretion, impaired insulin action or both
(11).

Diabetes can be classified broadly into four groups:

1. Type | diabetes mellitus (TIDM)a ut o i m+oall destrudiion, absolute
deficiency in insulin, idiopathic

2. Type Il diabetes mellitus (T2DMj) b-cell dysfunction insulin resistance,
progr essi vcell insulins secretorfy furfction, complex metabolic
phenotype

3. Specific types of diabetes due to other ca@$2s

a. Genetic Dedll dundtica: MODY1 (HNF-4 U) MODY 2
(GCK), MODY3 (HNF-1 U MODY4 (IPF1), MODY5 (HNF-1 b ) ,
MODY6 (ND1), other rarer forms of MODY (Transient neonatal
diabetes, Permanent neonatal diabetes, Mitochondrial diabetes)

b. Genetic defects in insulin secretion: Type A insuliesistance,
Leprechaunism, Rabsdviendenhall syndrome, Lipoatrophic
diabetes

c. Diseases of the exocrine pancreas: pancreatitis, trauma/
pancreatectomy, neoplasia, cystic fibrosis, haemochromatosis

d. Endocrinopathies: phaeochromocytoma, somatostatinoma,
hyperatlosteronism
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e. Drug or chemical induced: immune checkpoint inhibitors,
glucocorticoids, t hyr oi dadrédmergicmo n e ,
agonists

f. Infections: congenital rubella, cytomegalovirus

g. Ot her genetic syndrKomense f eDotwenrddss ssyy
Turner 6s syndr ome, Wol fram syndrom
dystrophy

4. Gestational diabetes mellitisliabetes that is diagnosed during the second or
third trimester of pregnancy. The person does not have overt diabetet® prior

pregnancy

Having a diagnosis of one type of diabetes does not preclude the diagnosis of a second
type of diabetes. Establishing the type of diabetes that a person has is essential as it

has ongoing implications for optimal management and risk redusttiategies

1.4 Prevalence of Diabetes

It is estimated that 537 million adults (aged ZDyears) have diabetes worldwide;
representing 10.5% of all adults in this age gr@@). The number of people with
diabetes in this age group is expediedise to 643 million by 2030 (11.3% of adults
aged 2079 years) antb 783 million (12.2% of adults aged Z® years) by 2045. In
2021, itwas estimated that approximately 6.7 million people aged®@ears died

due to diabetes or its complicatiofis3). Diabetes is more prevalent in higicome
countries (11.1%) compared to middheome countries (10.8%) and lamcome
countries (5.5%)i although the difference between higand middle income
countrees is narrowing each yeék3). The prevalence of diabetes increases with age
from 2.2% among adults aged 20 to 24 years to 24.0% among adults aged 75 to 79
years(13). Diabetes is more prevalent in men than women (10.8% compared to
10.2%). It is also more prevalent among those living in urban compared to rural areas
(12.1% compared to 8.3%).3).

Diabetedreland estimates that 266,664 people are living with diabetes in Ireland and
thisfigureis expected to continue to ri€ke4). Approximately 28,800 people have type

| diabetes, representing 10 to 15% of all those withedebin Ireland14). These
estimates are based on datadelledfrom the Scottish Diabetes Register as there is
no NationalDiabetesRegister in Ireland14).

5
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1.5 Diagnosis of Diabetes

The American Diabetes Association (2021) has outlined the following criteria for a
diagnosis of diabetg45):

Fasting (no calorific intake dror O 8 hour
Oral glucose tolerance te@®GTT)2-hour pl asma gl uicose O11. ]
OGTT conducted in accordance with World Health Organization (WHO)
recommendationsr

 HbAic 048 mmol / mol (measur ement carried out
National Glycohemoglobin Standardization Program (NGSP) certified method
and standardized to the Diabetes Control and Complicafiaal (DCCT)
assaypr

f A random pl asma ¢ hapeson with8dsdical symptoms | / L i
of hyperglycaemia oa hyperglycaemic crisis

If a person does not have clear symptoms of hyperglycaemia (polyuria, polydipsia,
weight loss, polyphagia, blurred vision), two abnormal test results must be available
from the same sample or from two different samples for a diagnosis of diabetes to be
made(15). Early detection of T2DM reduces the risk of letegm complications. A
variety of risk assessment tools for T2DM or prediabetes (impaired glucose tolerance
+ impaired fasting glucose) in asymptomatic people such as the American Diabetes
Association riskest are available to identify those in whom it is appropriate to perform

a diagnostic tegtl5). Risk factors for developg T2DM include but are not lined

to: elevated body mass indéBMI), family history of T2DM, maternal history of
diabetes or gestational diabetes, ethnicity, polycystic ovarian syndrome, acromegaly

and signs of insulin resistance (e.g. acanthosis nigricans).

1.6 Complications of DiabetesMellitus

The global increase in the prevalence of diabetes is paralleled by an increase in its
reported complications, the associated reduction in qeaflliye, increased health
service demand and both individual and global economic (®fsComplications of
diabetes include macrovascular (ischaemic heart disease, cerebrovascular disease,
peripheral vascular diseassjicrovascular (diabetic retinopathy, diabetic neuropathy,
DKD) or other (bone disease, dementia, malignancyahooholic fatty liver disease)
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(Figure 1). Acute and potentially IHiareatening complications directly relatedhie
management ofjlucose can occur and include hypo or hyperglycaemia, diabetic

ketoacidosiandhyperosmolar hyperglycaemic state.

Diabetic
Retinopathy

Autonomic
Meuropathy

Sexuial
Dysfunction

Diabetic

Neuropathy

DIABETES
COMPLICATIONS

Diabetic
Kidney Disease

Bone Disease

Cardiovascular
Disease

Figure 1. Complications of Diabetes Mellitus
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1.6.1 Macrovascular Complications

These include ischaemic hedisease, cardiomyopathy, stroke, peripheral vascular
disease, sudden death andhgilimias. Cardiovascular disease (CVD) is a leading
cause of mortality in people with TILDM. Risk factors for CVD include persistent
hyperglycaemia, hypertension, hyperchaestaemia, DKD, smoking, obesity and
insulin resistancél7, 18) Approximately 40% ofJnited Kingdom UK) adults with
T1DM aged over 65 years have macrovascular digd&eln a metaanalysis of 10
observational studies of 166,027 people with T1DM, compared with healthy controls,
people with TIDM had a 5.09, 9.38, 6.37, 4.29, 1.36 andr4l@8ve risk of CVD,
coronary heart disease, myocardial infarction, heart failure, atrial fibrillation and

stroke respectively(20).

CVD is also prevalent among patients with T2DM. A systematic review found that
32.2% of all people with T2DM suffed from CVD (29.1% atherosclerosis, 21.2%
coronary heart disease, 14.9% congestive cardiac failure, 14.6% angina, 10.0%
myocardial infarction, 7.6% stroké21). In some countries, it has been reported that
the prevalence o€VD is decreasing among patients with T20RP). Of import,

while the prevalence of CVD may be decreasing, the absoluteemwhpeople with

T2DM and CVD is increasing due to the rapid increase in the number of people being
diagnosed with diabetes. In addition to a broad selection of new therapies which have
shown toimprove cardiovascular outcomasdglycaemic contro(23-27), thereis a
growing awareness of the importance of risk factor modification including blood

pressure managemedyslipidaemia and smoking cessati(iz8).

1.6.2 Microvascular Complications
1.6.2.1 DiabeticRetinopathy

Diabetic retinopathy is an eye condition that occurs because of diabetes and is one of
the main causes of visual loss and blindness world{@8 Among people with
diabetes, 22.27% have diabetic retinopathy while 6.17% have vision threatening
diabetic retinopathy30). There are two types of diabetic retinopathy: proliferative
and nonproliferative (31). Non-proliferative diabetic retinopathy is characterised by
intracretinal haemorrhages, damage to nerve fibres (cotton wool spots) and
microvascular irregul@tes such as micraneurysms. Proliferative diabetic

retinopathy is characterised by neovascularisation around the optic disc and retinal

8
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vessels.Peoplewith proliferative diabetic retinopathy can develop-pegnal and
vitreous haemorrhages, fibrosisida retinal detachment. The severity of both
proliferative and noproliferative diabetic retinopathy can be characterised as mild,
moderate or severe. Both proliferative and-pooliferative diabetic retinopathy can
lead tothedevelopment of macular oedeina common and important cause of visual
loss in diabetic retinopath31). Eachpersonwith diabetic retinopathy has their own

unique set of findings which require a personalised treatment strategy.

1.6.2.2 Diabetic Neuropathy

Diabetic neuropathy represents a group of heterogenous disorders that can affect the
nerous system and can occur in people with diabetes because of hyperglycaemia and
microangiopathy(32). It can affect most nerves in the body and, depending on the
nerve(s) affected, can present with a variety of clinical signs, symptoms and courses
(32, 33) Coupled with variable presentations, diabetic neuropathy is associated with
poor wound healing, reduced quality of life and erectile and cardiovascular
dysfunction. A variety of patterns of neuropathy exist including radiculopathy,
mononeuropathy, autonomic neuropathy and sfitak predominant neuropathy

(34). There is considerable heterogeneity in the reported prevalence of diabetic
neuropathyranging from %o to 46.5%(35-37).

1.6.2.3 Diabetic Kidney Disease (DKD)

Diabetes is a leading cause of CKDrldavide (38). Kidney disease due to diabetes is
also referred to as diabetic nephropathy or DKD. It will be referred to as DKD
throughout the remainder of this introductiéinequency and overall burden of DKD

iIs sometimes incompletely appreciated at a clinical leyelonnephrologist438).

1.7 Diagnosis of Dabetic Kidney Disease

DKD is diagnosed based on laboratory measurements of renal function (estimated
glomerular filtration rate (eGFR) and urine albumin to creatinine ratio (UACR)). For

DKD to be present, the eGFR must be < 60 mL/min/1.73 m2 and/or there must be
evidence of kidney damage (UACR >3mg/mmol) for 3 months or more. Ease of access
to these lab@tory measurements has enabled widespread diagnosis of DKD. The
limitations of both eGFR and UACR need to be acknowledged and will be discussed

in detail later in the introduction. DKDan be staged based on #ieney Disease

9
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Improving Global OutcomegKDIGO) 2012 Clinical Practice Guideline for the
Evaluation and Management of CKBO) (Figure 2). Thigyuidelineclassifies people
based on prognosis of CKD by GFR and albuminuria categories. This classification
can be used to guide the suggested frequency of monitoefggral for specialist

nephrology opinion and risk of future adverse outco(88%

People with T1DM usually have diabetes for >10 years before DKD dev@lOps

As people with T2DMoften have diabetes for >6 years before a diagrdsSiDM

is made(41) in addition to other associated-owrbidities, DKD can already be
present at diagnos{d0). Currently, the American Diabetes Association recommends
thatpeoplewith diabetes have a uUACR and eGFR measured annually if they have had
T1DM f or FRoball peepgerwsth T2DM, annual UACR is recommended
regardless of duratiofO0).

10
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1.8 Stages ofDiabetic Kidney Disease

Table 1 outlines the different stages of DKBigure 3a illustrates a normal
glomerulus. Figure 3b illustrates the impact of progressive DKD on the glomerulus
(43).

Table 1: Stages of DKO(44, 45)

Stage| Description Renal and Pathological manifestation
I Hyperfiltration/ hyperfunction| | nc r e a s esmI@R/R73()O 1
Normoalbuminuria (<3mg/mmol)

I Silent nephropathy Normal GFR

Normoalbuminuria (<3mg/mmol)

Mild thickening of the glomerular
basement membrane and focal mesan
proliferation

1] Incipient Normal to decreased GFR
nephropathy/microalbuminurii Microalbuminuria (3 mg/mmol to 30
mg/mmol)

Moderate to severe thickening of the
glomerular basement membrane and
variable mesangial sclerosis

\Y Overt nephropathy Decreased GFR (<60 ml/min/1.73m
Macraalbuminuria (>30 mg/mmol)
Significant thickening of the glomerular
basement membrane and diffuse
mesangial sclerosis (znodular
glomerulosclerosis/ KimmelstidVilson
disease) (Figure 3b)

Hypertension

V End stage renal disease GFR <15ml/min/1.73rh

(ESRD) Decreased urine albumin
Progressive severe diabetic
glomerulosclerosis
(tubulointerstitial/vascular lesions)
Hypertensiori often difficult to control

12
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1.9 Excess mortality associated witlDiabetic Kidney Disease

There is a strong association between DKD and Q4&). People with T2DM have

an increased risk of atlause and cardiovadar mortality. In the third National Health

and Nutrition Examination Survey (NHANES III) in thénited StatesyS), the 10

year cumulative mortality in people with diabetes and different degrees of kidney
disease was explored. Among people with diabétes]Oyear cumulative altause

and cardiovascular mortalities were 19.1% and 11r2¥pectively compared with

8.6% and 4.0% among those who did not have diabetes (adjusted for age sex and race).
Interestingly the10-year cumulative altause mortalit was 7.7% among participants
without diabetes or kidney disease, compared to 11.5% among participants with
diabetes but without kidney disease, compared to 31.1% among participants with
diabetes and kidney disea@). Among 3,211 African Americans recruited to the
Jacksm Heart Study, the excess risk of stroke, coronary heart disease and
cardiovascular mortality was 2.6, 2.6 and Bet 1,000 persoegears respectively
among those with diabetes, compared to 2.5, 2.4 and 7.3 per 1,000-yeaspn
respectivelyamong those with CKD and 13.8, 12.8 and 14.8 per 1,000 pgesos
respectivelyamong those with diabetes and CKIB). In a cohort of older adults with
diabetes recruited to the Cardiovascular Health Study, albuminuria and impaired GFR
have been shown to be additive, independett fastors for mortality(49).This
suggests that DKD contributes very substantially to the excess mortality seen in people
with diabetes.

This excess mortality also holds true in people with TIDM. The Finnish Diabetic
Nephropathy (FinnDiane) study of 4,201 participants with TLIDM found that, during
a sevenyearfollow-up, the standardised mortality ratio was 2.8, 9.2 and 18.3 times
higher among those participants with T1DM with microalbuminuria,
macroalbuminuria and end stage renal disegaspectively(50). Compared with the
general population, excess mortality was only observed in those people with diabetes
who had evidencef CKD (50). Glomerular filtration rate wasalsoassociated with
mortality T increased in those with hyperfiltration and those with impaired renal
function (50). People with TADM and hyperfiltration are 2.7 times more likely than
those with normofiltration to devgbancipient kidney diseag®1). In the Pittsburgh
Epidemiology of Diabetes Complications Study, among patierts MiiDM during a
20-year followrup, the standardised mortality ratio was 2.0, 6.4, 12.5 and 29.8 for

14
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patients with TIDM and normoalbuminuria, microalbuminuria, overt nephropathy
and end stage renal diseasespectively For participants with T1IDM and
normoalbuninuria at study entry who maintained normoalbuminuria throughout the
study period, the standardised mortality ratios were similar to those of the general
population(52). Furthermore, in Denmark, studies have shown that the development
of proteinuria is associated with a substantial increase in mortality among people with
T1DM, while those who do not develop proteinuria have a similar life expectancy to
the general populatio(b3). Microalbuminuria compared with normoalbuminuria is

an ndependent predictor of athuse and cardiovascular mortal(ibg).

The mechanism by which DKD promotes the development of CVD is multifactorial.
Kidney disease coupled with diabetes provides the optimal inflammatory milieu for
vascular damage in association with the onset of other vascular risk factors such as
hypertension, CKP mineral and bone disorder (CKRBD), accumulation of

uraemic toxins andnaemia. Indeed, DKD and CVD have many shared risk factors.

1.10 Risk factors for Diabetic Kidney Disease

There are multiple risk factors for DKD (Talflg

15
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Table 2: Risk factor for DKD

Risk Factors for Diabetic Kidney Disease

Demographic

Age Older age independent of diabetes duratkfh
57)
Gender Male (55, 58)

Race/Ethnicity

Black, Hispanic, Asiaif59), Pacific Islander$60)

Sedentary lifestyle

Hereditary

Family history of DKD

Positive family history associated with increase
risk (61)

Genetic factors

Systemic conditions

Hyperglycaemia

The landmarkJK prospective diabetes study
(UKPDS) and DCCToundthat excellent control
of blood glucose levels early in disease is
associated with reduce risk of developing DKD
(62, 63)

Duration of Diabetes

Longer duration of diabetes in T1D(@4) and
T2DM (65) associated with increased risk of DK

Obesity

Abdominal obesity associated with increased o
of DKD (66, 67)
Association in TIDM and T2DN67)

Hypertension

Elevatedsystolic blood pressur&BP) (57)
Baseline SBP is a better predictor of renal
outcomes thadiastolic blood pressur®BP) in
T2DM (68)

Hypercholesterolaemia

T1DM esp high triacylglycerol69)
Higherlow-density lipoproteir(LDL), very-low-
density lipoproteir{VLDL ) and triglycerides and
lower high- density lipoproteinKIDL) (70)

Diabetic Retinopathy

Non-proliferative diabetic retinopathy 2.9 times
higher risk of progression; proliferative diabetic
retinopathy 16.6 times higher risk of progressio
(57, 71)

Kidney injuries

Acute kidney injury

Episodes of AKI are independently associated
with therisk of developing advanced CK{@2)

Toxins

Smoking

Ever having smoke(b7, 73)

Dietary factors

High protein intake

Dietary protein intake of <0.8g/kg/day is
associated with a slower rate of decline in rena
function and lower levels of urinary proteird)

16
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Subsequent chapters in this thesis will explore the risk factors of DKD among a
predominantly Caucasian population attending a hodpéts¢d diabetes centne

Northern Europe.

1.11 Prevalence ofDiabetic Kidney Disease

Despite rapid improvements in the maeagnt of diabetes and associated
complicationsthe prevalence of DKD unlike other complications of diabetes has not
declined over the last 30 yedi%). The reasons for this are multifactorial and include
improved prognosis of people with DK@6, 77 (leading to longer life expectancy
following diagnosis) combined with rapidly increasing nunsbef people with
diabeteg13). However, it is difficult to compare estimates of the prevalence of DKD
among people with diabetes duethe different methods and terminolieg used to
define DKD. Furthermore, the different estimating equations for GFR (which have
been shown not to dicdy correlate with each othgf78)) can make accurate
comparisos challenging, even when the same definition of DKD is applied.
Estimation of urinary protein depends on the resources available. Urinary protein can
be estimated in the laboratory using the more expensive and more accurate uACR or
at the clinic using the less exgsive and less accurate urine dipstick. Indeed, some
studies report DKD as a proportion of the overall population while others report it as
a proportion of people with diabetes. When reported as a proportion of those with
diabetes, the generalisability thfese data depends on the origirthad sample from
which the results were derived (primary v secondary care, complex tertiary referral
centre versus community clinic). Lower prevalence may be driven byntessive
diabetes casBnding, whereby thosewith earlier diabetes are not identified until
complications develop. In thaternational Society of Nephimgy's Kidney Disease
Data Centel(ISN-KDDC) study across 12 countries in 6 regions of the world for
example, 31% of those with diabetes were unaware that they had the {iBase
Countries with more robust primary care programmestermanagement of risk
factors for DKD and itsearly identification(screening) may have lower rates of
DKD/ESRD (80-82). The odds of identifying kidney disease wesignificantly
increased in those with diabeteslfjusted ORL.75)(79). In many countries, it is not
possible to estimate the true prevalence of DKD as urine albumin and/or serum

creatinine tests are lackirig3).
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Using Ireland as an example, previous reports in a primary care setting show that 5.5%
of Irish patients with T2DM had DKD based on a questionn@d. In the Irish
Longitudinal Study on Ageing (TIlILDA) 6. 1%
T2DM (diagnosis based on se#port or use of oral hypoglycaersichad self

reported proteinuria and kidney damagespectively(85). Studies have shown that
selfreported CKD does not correspond with laboratory diagnosed (B6D As

Ireland does not haveNationalDiabetesRegister, it is challenging to give a national
representative figure of the proportion of people in Ireland who have diabetes or DKD.
Furthermore, n Northern Ireland(20062007) 57,454 peoplewnere registeredas

having a diagnosis of diabetes on the Quality and Outcomes Framework (QOF). Of
these, only 9,213 (15.1%) were documented as having a diagnosis of83KDhis

was a 55% increase in the reported prevalence of DKD from2008 (11.5%)87).

It is worth noting thaDKD in this study was defined as a uUAGR.5 mgmmol in

men and >3.5 nigimol in wanenandthat only approximately 80% of participants

with diabetes had a UACR availableghe total number of people with diabetes was

used as the denominator for the DKD prevalence calcul§&iép The data | will

present in this thesis challenges the accuracy of these estimates and suggests a much

higher prevalence of DKD among adults with diabetes in Ireland.

Internationally, the UK National Diabetes Audit 26BG08 found that 42.3% of
patients with T2DM compared to 32.4% of patients with T1Q&) had DKD. The
National Health ServiceNHS) audit tool used to compile these datathers data from
primary and secondary care. Although the Natidiabetes Audit calculates eGFR
using theCKD Epidemiology CollaboratiofCKD-EPI) equation, serum creatinine
values in this case were not calibrated to isotope dilution mass spectrometry and
consequently standardization was required. In Italy, the Remsalfficiency and
Cardiovascular Events (RIACE) study group population, comprising 15,773
individuals with T2DM from 19 hospitddased diabetes cliridfound that37.6% had
DKD (88) using the Mdification of Diet in Renal Diseag®DRD) equation. The
RIACE studyalsofound that the proportion of participants with DKD was greater
when the MDRD equation rather than the GEPI equation was used. The
differences in the reported prevalence of DKD is particularly obvioos the
NHANES data seteports Among those with M in US NHANES (19992004), the
prevalence of DKD varied from 6.1% in those agee320years to 11.7% in those
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aged 4059 yearsantb3 9. 2% i n t H89)sSIRUSHBANES (699P096),
39.6% of those with diagnosed DM and 41.7% of those with undiagnosed DM aged
020 year $90)HndJ& NHAKIES (1999013),43.5% of patients with T2DM

had DKD (91). In NHANES IlI, 42.3% of participants with diabetes had kidney
diseae compared to 9.4% of those without diab€#y. On a clinical laboratory
database maintained by LabCorp®, US, 44.3% of those with T2DM and 31.6% of
those T1DM had DK92).

Other reports oftte prevalence of DKD in Europe include 27.998) to 34.1%(94)

of patients with T2DM attending primary eain Spain, >29% of patients with T2DM
on a French medical insurance fund datal§g@Sgand 68.6% of patients with T2DM
attending primary care in Finlarjél6). Of particularinterestin the Finnish study was
the lack of awareness of DKWith only half of those patients who had T2DM and

significant DKD haing it diagnosed and recorded in their medical records.

In Asia, 27.1% of people with T2DM attending the Shanghai Diabetes Centre,
Shanghai Jiaotong Universityf f i | i at ed Si xth Peopl eds Ho
of DKD (97). In urban primary care practices in China, 38.8% of people with T2DM

had DKD (98) compared witt29.6% T2DM in the Shangh8&iiabeticComplications

Study (SHDCS)(99). In a multistage random sampling sunigyShanghai, China,

30.9% of those with diagnosddbetesand 28.5% of those with undiagnoskdbetes

had DKD(100). In Downtown Shanghai, 63.9% of people with T2DM aged over 30

years recruited by randomised cluster sampling had QIK). In two major referral

hospitals in India, the prevalence of DKD was 62 @%). In Japan46.0% of those

with T2DM and 19.1% of t ho £162) nBihghporg,1 DM O
53.0% of those with T2DM aged BB years at diabetesentre of a single acute care

public hospital or a primary care polyclinic had DKID03) As evidenced by data

from Japan and the US, DKD appears more common in people with T2DM than
T1DM (92, 102) Naser et alin their systematic review and medaalysis report that

the prevalence &ZKD in the Middle East varies from 10.8% to 60.78% with a pooled
average of 28.96%4.04) Accurate prevalence data on DKD in Africa is more limited:

83.7% of people with any type diabetesattending adiabetesclinic in Bugando

Medical Centre in Mwanza, Tanzania were reported as having DKI5) In

Ethiopia, a systematic review and @ahalysis found that 18.22% of people with

diabetes had CKO106). Despitemajor differences in the reported prevalence of
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DKD, the sgnificance of its global public concerncannot be underestimated
Differences in the reported prevalence are likely multifactorial (absence of diabetes
registries, access to screening/medical care, time from onset to identification of

diabetes).

There isalso considerable heterogeneity in the prevalence of ESRD among people
with diabeteq80). Narres et alin their systematic review and raednalysis of 32
studies found that the 3@ar cumulative incidence of ESRD among people
withT1DM varied from 3.%6 to 7.8%(80). The incidence rate of ESRD due to all
causes or due to DKiaried from 132.0 to 167.0 and 38.4 to 804.0 per 100,000 person
years respectively (80). Significant gender, ethnic, regional and international
differences were observé€B0). The age and sex adjusted relative risk of ESRD among
people with diabetes was between 6.2 and 12 times that of those without didbetes
Based on UK Renal Registry data, in people with diabetes, the need for RRT increased
from 12.3 to 27.6 people per million poputatibetween 1995 and 200%n almost

2.5 fold increas€107)

Subsequent chapters in this thesis will explore the prevalence of DKD among a
predominantly Caucasian population attending a hodpits¢d diabetes centne

Northern Europe.

1.12 Decline in Renal Function

Considerable heterogeneity exists in the literatuganding the classification of
patients as decliners versus recliners(108) making comparisons among studies
challenging, both in terms of the arbitrary threshold between significant decline/no
decline and the scale on which decline is expressed. In published works, rate of change
in rend function is expressed on the absolstale(change in mL/min/1.73f/year)

and/or percentage scale (% change/ygd8) Renal function (eGFR) itsei$ often
estimated using different estimating equations and calculated using serum
concentrations of different endogenous filtration markers (such as creatinine or
cystatin C). The literature focuses on the presence or absence of DKD rather than the
clinically more significant index of renal functiahdecline. There are limited
contemporary data regarding the prevalence of renal functional decline among patients

with diabetes in Northern Europe.
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On the percentage scale, progressive renal functional destiong individuals with
diabetehas been defined by some authors as a
(109,110)0 A decline in eGFR of O03.3%/ year in
2.5" percentile of the distribution of yearly renal functidlos(111). On the absolute

scale, some authors definmgressive renal functional decline as a sustained rate of
reduction in eGFR/yef(11203. 5mL/ mi n/ 1. 73m

In patients with DKD, decline in renal function is at present seen as a one way process
that initially develops in patients with normal renal funct{@i2). Declining renal
function is associated with a complex milieu of both modifiable (hyperglycaemia,
hypetension, dyslipidaemia, insulin resistance, smoking, albuminuria, anaemia,
microvascular complications) and narodifiable (age, gender, ethnicity, family
history, duration ofliabetesgenetics) risk factor€l13)1 similar to the risk factors

for the presence or absence of DKD as outlinbove.Independent predictors of
eGFR decline include albuminuria (greatest), advancing age, hypertension, insulin
treatment and a lower eGFR at basel(B@). At present, in clinical practice, single
values for eGFR (an estimation r@nal function based on a single serum creatinine
measurement) and UACR (a measure of glomerular damage) at a given time are used
to diagnose DKD. Individually, these values provide limited information about change
in renal function or length of time to B® (112). Together, their predictive ability
from the onset and progression of DKD is mod&%#) The use of kidney failure risk
equaions which incorporates routinely measured clinical and biochemical data
(including eGFR and uACR) can help predict which people with ste&g€RD will
progress to renal failure within 2 or 5 yeét$5, 116)Declining renal function is also
associated with a higher risk of CVD in patients with and without CKIY)and of
mortality in Chinese patients with T2D(M18). There is an urgent unmeinical need

for the identification of more reliable indices that would serve to identify people with
diabetesat greatest risk of rapid decline in renal function. Given itfteeasing
prevalence of diabetes, prediction of decline in renal function in patients with TLDM

and T2DM remains a veliynportantpublic policy challengél119).

In the Joslin 1 and 2 studi@s/olving people with TIDM, 910% and 3132% with
normoalbuminuria€ 3 0 € g Amd imicrpalouminura @ 99 € g/ mi n) resp
(112, 120) were classified as decliners (cystatin ¢ eGFR loss or combined
creatinine/ cyst at i.inpeoplevilF RDNM, &relevskOdted3 %/ y e
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that approximately 50% of those with proteinuria (UAGR 0 @Ymirg)were decliners
(112) In Pima Indians with T2DM, 32% of those with normoalbuminuria (UACR<30
mag/g), 42% of those with microalbuminuria €209 mg/g) and 74% of those with
macroal buminuria O3ACGR/ Q2&a0 mgld) nradn renal
GFR measurements by iothalamate cleara(ic®)) When a threshold of >4%/year
was used in an Italian cohort with T2DM, 15.6% oftibial cohort wereclassified as
rapid declinerAbsolute rate of renal functiondeclineincreased progressively from
normoalbuminuria-0.2 + 0.2 mL/min/1.73/lyear) to microalbuminuria-1.3 + 0.2
mL/min/1.73n%/year) to macroalbuminuriad.7 + 0.4 mL/min/1.73/tyear)(65). In

a prospective observational cohort study of people with T2DM (baseline eGFR
06 0 ml / mi®nlb.a% of @micipants had eGFR decline of >4.0% per year. This

resulted in an average e GEFQPperyta nlpeople of 1 5. 8
classified as @mi d decliners (>4.0% | oss of renal f
ml/min/1.73n% per year in people clafed asnordecl i ners (0O4. 0% | oss

function per year).

Subsequent chapters in this thesis investigate the rate of renal functional decline and
the proportion of decliners and ndecliners in a predominantly Caucasian population

attending a hospitddased diabetes cenireNorthern Europe.

1.13 Pathophysiology ofDiabetic Kidney Disease

DKD is a complex multifactorial disease driven by multiple pphysiological
processes that may contribute to a relatively silent onset and occasionally rapid
progression (75). The preinflammatory diabetic milieu coupled with renal
haemodynamic changes, oxativation of the renin angiotensin aldosterone system

and ischaemia leads the development oenal fibrosiq122) (Figure 4(123)).
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1.13.1 Metabolic Pathways

Hyperglycamia is a welrecognised cause of DKD (Figure 4). In the KORA
(Cooperative Health Research in the Augsburg Regiot§tedy, compared to those

who did not have dysglycaemia (diabetes or prediabetes), prediabetes was associated
with increased UACR, reducedl5FR and a higher chance of CKD, supporting the
suggestion that even small changes in glucose regulation may have a negative impact
on renal functiorf124). In the DCCT study, intensive glucose therapy in people treated
with insulin reduced the risks of microalbuminuria by 39% and alburia by 54%

(125) After a median followup period of 22 years, intensive therapgueed the risk

of developing impaired GFR by 50¢226) The rate of change of eGFR was 1.27
ml/min/1.73nf/year in the intensive therapy compared to 1.56 ml/min/12E@ar in

the conventional therapp<0.001)(126) In people with T2DM in UKPDS, each 1%
reductiom in HbA;c was associated with a 33% decrease in the risk of

microalbuminurig(127)

Multiple metabolic pathways driven by hyperglycaemia contributdhémnset and
progression of DKD.

1.13.1.1Glycolysis

To understand, how hyperglycaemia contributes to the onset and progression of DKD,
we must first mderstand how glycolysis works. Glycolysis is the process by which
glucose is broken down by cells to generate enétgg) Firstly, gluose on entry

into a cell, is phosphorylated by hexokinase (enzyme) to form ghéepkesphate

(an irreversible step that consunagienosine triphosphataTP) with the production

of adenosine dphosphat€d ADP)). Through a reversible reaction, the conversion of
glucose6-phosphate to fructos&phosphate is catalysed by glucose phosphate
isomerase. Fructosk6-bisphosphate is generated by the phosphorylation of fructose
6-phosphate by phosphofructokinagk (irreversible and consumes ATP with the
production of ADP). Fructosg,6-bisphosphate is cleaved by the enzyme aldolase to
form dihydroxyacetone phosphate and glyceraldet3yghosphate.
Dihydroxyacetonephosphate can be readily interconverted to glyceralikgy
phosphate by triosephosphate isomerase. Thus, 2 molecules of glycerallehyde
phosphate can proceed through the glycolysis pathway at this point. Glyceraldehyde
3-phosphate is oxidized to form 3ibBsphosphoglycerate (catalysed by
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glyceraldehyde8-phaospahte dehydrogenase). In this stepgotinamide adenine
dinucleotide(NAD+) (co-enzyme) is reduced to give NADficotinamide adenine
dinucleotide (NAD)andhydrogen (H) (yields 2 NADH per molecule of glucose). A
phosphate group is enzymatically tramsféd from 1,3bisphosphoglycerate to ADP

by phosphoglycerate kinase. This generates ATP amptho8phoglycerate (2
molecules of ATP can be generated from one glucose molecule). Next, 3
phosphoglycerate is isomerized to forrpl®sphoglycerate by phosphogiyate
mutase. Phosphoenolpyruvate is generated fr@imo2phoglycerate (converted to by
enolase). Finally, phosphoenolpyruvate is enzymatically convertedytovate
(irreversibly) by pyruvate kinase with the generation of ATP (each glucose molecule

can reult in the generation of 2 molecules of ATP28)

1.13.1.2The Polyol Pathway

The polyol pathway is considered one of the most important pgthfeainitiation of

DKD (129) Upregulation of the polyol pathway occurs because of hyperglycaemia.
The enzyme hexokinase becomes saturatedsaadesulill of the glucose molecules

can no longer proceed down the glycolysis pathway (outlined above). When this
occurs the excess glucose enters the polyol pathway and is converted kstapgwo
enzymatic process to fructose (glucose reduced by aldose reducsaskitolwhich

is subsequently oxidized by sorbitol dehydrogenase to fruc{@26). The reduction

of glucose to sorbitol involves the oxidation MicotinamideAdenineDinucleotide
Phosphate (NADPH) to NADP+. NADPH is a key cofactor that is required for the
generation of glutathione (antioxidant) and is a core-ROIE Reactive Oxygen
Species) defencél30). ROS (norradical and radical oxygen species) are generated
by a partial reduction in oxyggi31) When the altROS defencenechanisms are
overwhelmed (increase in the production of ROS or decrease in the antioxidant
capacity at a cellular level) oxidative stress oc¢li8l) Hyperglycaemia can result

in NADPH and consequently, glutathione deficien@ath®Blogical production of ROS
mediated by hyperglycaemia initiates renal inflammation through the recruitment of
inflammatory cells (macrophages andcdlls) and the release of inflammatory
cytokines, growth factors and transcription factors contributmgrey other things to
renal fibrosis and progression of DKD32). Indeed, fructose itself may contribute to
the development of DKIP133)
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1.13.1.3The Hexosamine Pathway

Fructose6- phosphate is diverted fromehglycolysis pathway to the hexosamine
pathway. Under normal physiological conditions approximateby@of fructoses-
phosplate proceeds along this pathwéd34) This appears to be increased in the
presence of hyperglycaemia and increased fatty oxidation (hyperglycaemia results in
a decrease in glyceraldehy8ghosphate dehydrogenase activity as a result of
increased production of ROS in the mitochoadti35) and a simultaneous greater
than 2fold increase in activity in the hexosamine pathw@g6). Fructoses-
phosphate is converted by glutamine:fructosphésphate amidotransferase to
glucosamine #fphosphate which is then converted to uriebr@iphosphaiN-
acetylglucosamme (UDRGIcNAc). UDRGIcNACc is the substrate for proteoglycan
synthesis and for @nked glycosylation of some proteind37) UDP-GIcNAc
modulates transcription factors such as specificity protein 1 (SP1) ntate
plasminogen activator inhibitet (PAI-1) and transforming growth factor beta 1
(TGFb 1 Studies have shown that inhibiting glutamine:fructosphésphate
amidotransferase, thus reducing the generation of glucosanghegphate and UDP
GIcNAc, prevents the hyperglycaemia induced increase inlP@AB6), TGFU an d
TGFb (138) PAI-l, TGFU andb IT GFave al | been shown
for the progression of DK[§139141)

1.13.1.4Advanced Glycation End Products (AGE)

Met hyl gl o x aioxoglddpd® metabalite and important precursor of AGE
(142) is generated primarily from the spontaneous degradation during glycolysis of
dihydroxyacetone phosphate and glyceraldekyqgdnosphate. Formation of MGO
increases in diabete§l43) Minor contributors to MGO production include
degradation of glycated protei($44) threonine catabolisr(il45)and ketone body
metabolism(146). Open chain sugars can react with amino acids to form Amadori
products or Schiff bases. These reactions are freely reversible and the quantity of
Schiff bases and Amadori products that exist are propaticto the quantity of free
sugar(147)

The irreversible rearrangement of Schiff bases and Amadori products results in the
formation of AGE. Thigs a slow process that can take weeks to months. Gfycol

intermediaries such as MGO are far more reactive and can form AGE at a faster rate
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(147) In addition to hyperglycaemia, advancing age is associated with the production
of AGE (148). AGE and its interaction with its receptor (RA@GEceptor foadvanced
glycationend producty) are crucial to the pathogenesis of DKD, triggering oxi@ativ
stress (nicotinamide adenidaucleotidephosphate oxidaseduced reactive oxygen

and nitrogen species) and inflammatid48) Serum AGE index is associated with
impaired renal function in people with diabef@49). When AGE was given to mice,

it was associated with proteinuria and glomerular dysfungid®) In people with
T2DM, AGE predicts decline in renal functi¢h50).

1.13.1.5The Diacylglycerol (DAG)ProteinKinase C (PKC) Pathway

Hyperglycaemia can result in increased levels of DAG through the conversion of
glyceraldehyde8-phosphate into dihydroxyacetone phosphate (DHAP) and finally
DAG. DAG is a cofactor of PKC activatiqi51) Activation of DAGPKC pathway

IS associated with:

1 Glomerularhyperfiltration - increase in/mediating the action of angiotensin
(152), prostagladins(153), nitric oxide(154)andvascular endothelial growth
factor(VEGF) (155),

1 Thickening of the glomerular basement membrane and accumulation of
extracellular matrix ECM) (Figure 3b)- through increased production of
fibronectin and type IV collagn(151)as well as PKC mediated activation of
fibrotic growth factors and isoforms of NADPE51),

1 Vascular permeabtl and albuminuria throughits action on the proteins that
form the intracellular endothelial cell junctiofis6)and via the expression of
growth fadors such as VEGK151) and isoforms of PKC (endocytosis of
nephrin, which is a critical molecule in the prevention of albuminuria, is
regul ated by the i nter acdrrestn2nepbrin t he
which is enhanced in the presence of hyperglyca€bia)).

1.13.2 Haemodynamic Pathways

The concept of glomerular hyperfiltration was proposed by Brenner gt 4096
(158) Glomerular hyperfiltration is an increase in GFRa uniform definition is
lacking(159) Throughout the literature a variety of thresholds for hyperfiltration have

been selectedl some studies report single thresholds while others report gender and
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age specific threshasd160). It is typically reported as betwe&B80 and 140 ml/min

per 1.73 M (161). Glomerular hyperfiltration is associated with more rapid decline in
renal functionand albuminurian people with TIDM(162, 163)and T2DM (164).

The prevalence of hyperfiltration varies and depends in part on the definition used.
Reported prevalence varies betweefEhd 67% in people with TLDM and%and

73% in people with T2DM165). As hyperfiltrationmay precede decline in renal
function, early recognition and targeted interventivay slow the rate of subsequent
decline.

Hyperfiltration can occur at the level of thehole-kidneyo or at the level of @single
nephro. Wholekidneyo hyperfiltration is typically reported when the eGFR is
L30-140 ml/min per 1.73 fand the person has two kidneys that are functioning
(161) Hyperfiltrationcanalso occur at the level of @singlenephrom, even in people

with diabetes in which the eGFR is within the normal range. As DKD progregbes

the associated irreversible damage to an increasing number of glontkeeuli,
remaining nephrons strive to ke@&whole-kidneyo filtration within a normal range
leading to glomerular and tubular hypertrophy (structural and functi¢@@@s). This

may be the precursor to intraglomerular hypertension which can lead to albuminuria
(167)

The pathophysiology of hyperfiltration is complex and multifactqii&l5) Obesity

and hyperglycaemia mediated cytokine and growth factor release may contribute to
ultrastructural changes (especially proximal tubular hypertroplnygh can ocar

early, after the onset of diabeted65) According to the vascular theorgf
hyperfiltration amismatch between factors that cause a reduction in afferent arteriolar
resistance (e.g. nitric oxide (NOangiotensin(1-7 ) ¥and/or increase in efferent
arteriolar resistance (e.gngotensin Il (ANG II), reactive oxygen species (R@S)

can contribute to hyperfiltratiof165) particularly at the level of the individual
nephron. The tubular theory of hyperfiltration suggests that an increase in GFR can
occur through inhibition fotubuloglomerular feedbacknediated by the impact of
hypergly@aemia on the sodiwglucose cotransporters (SGLTsJhere is an
established body of evidence on the berwfrenin angiotensin aldosterone system
(RAAS) blockade and a growing body of evidence supporting the use of
antihyperglycaemic agents (such as S&ig)to ameliorate hyperfiltratio(iL65)
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Activation of the RAAS is associated with hypertension and the onset and progression
of DKD (Figure 4).Hyperglycaemia activates the RAAS68)through activation of

the Gproteincoupled receptor 91 (GPR91), expressed in the juxtaglomerular
apparatus of the kidney and the subsequent release of(i&®171) There is an
association between hyperglycaemia andnregleas€168, 170, 172)Activation of

the RAAS leads to increased vascular resistance and mean arterial p(&g8ure
Furthermore, the glycosylation of p53 as a result of hyperghyieg@ 74)is associated
with prolonged upregulation of RAA@75) Increased activation of R¥S results in
increased production of ANG Il. ANG Il causes efferent arteriolar vasoconstriction,
oxidative stress and vascular inflammat{@@4) which can contribute to glomerular
hyperfiltration ANG 1l is a critical mediator in the development and progression of
albuminuria(176)and of renal injury due to diabet@ls’7, 178)

In UKPDS, over a median of 15 yeagdter diagnosis of T2DM, SBP was
independently associated with microalbuminurilazard Ratio KIR) 1.15),
macroalbuminuria (HR 1.15), reduced creatinine clearance (HR 1.11) and doubling of
plasma creatinine (HR 1.38J3). The proportion of people with diabetes achieving
target SBP tends to decrease as eGFR decreases and UACR int8asEke
Reduction of Endpoints in Noniinsulinrdependent diabetes mellitusith the
Angiotensin Il Antagonist Losarta(RENAAL) study in 1513 people with T2DM
showed that a baseline SBP of 1#8PmmHg increased the risk of death or ESRD by
38% compared to those with a baseline SBP of <130mmHg. The risk of death or ESRD
was increased by 6.7%rfevery 10mmHg rise in baseline SBIB). In the Irbesartan
Diabetic Nephropathy Trial (IDNT) involving 1590 people with hypertension and
T2DM, compared to an achieved SBP of <134mHg, an achieved SBP >149mmHg was
associated wi a>2 fold increase in the risk of ESRD or doubling of serum creatinine
(179). Angiotensinconverting enzymgACE)-inhibitors andangiotensin receptor
blockers(ARBS) have been shown to be protective against decline in renal function in
people with diabeteisthrough the inhibition oANG Il andareduction in glomerular
pressure(180) The Collaborative Study Group has shown that captopril protects
against deciie in renal function and improves blood pressure control in people with
insulin treated diabet€$81) The RENAAL study investigators found that the benefit

of Losartan therapy in terms of reducing adverse renal outcomes in people with T2DM
far outweighedte benefit that could be attributable to blood pressure reduction alone
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(182). This finding was reinforced by the Collaborative Study Group which found that
Irbesartan is effdive in reducing progression of kidney disease in T2DM,
independent othe beneficial effect that a reduction in blood pressure alone would
causg183).

1.13.3 Inflammatory Pathways

The various inflammatory patlays that comprise the pioflammatory diabetic
milieu are crucial to the onset and progression of DKD (Figure 4). The inflammatory

milieu can cause local and/or systemic inflamma(is4).

1.13.3.1Macrophages

Macrophages are a type of white cell that are involved in phagocylbsg.remove
unwanted cellular debris and are involved in the destruction of harmful organisms.
Accumulation of macrophages in the glomeruli and interstitium of the kidimeys
people with diabetes is associated with decline in renal fun¢ti®8s) Increased
production of AGE leads to increased expression of MCRPRMonocyte
ChemoattractanProtein-1) and ICAM-1 (Intercellular Adhesion Molecule) in the

kidney leading to the recruitment of macrophages; which results in increased secretion
of inflammatory cytokines, ROS, TG and matri x metall oproteir
recruited macrophagé$84, 186) Macrophage depletion studies in migéh diabetes

have shown thathe absence of macrophagyés associated with reductions in
albuminuria, renal macrophage accumulation and histopathological changes in the
glomeruli as well as preservation of podocyte expression of nephrin and podocin
(187)

There are two main macrophage sub$ekdl macrophages and M2 macrophages.
M1 macrophages are pmoflammatory and closely associated with diabetic renal
injury. They produce ROSjitric oxide (NO), IL(interleukin}12, tumaur necrosis
factoralpha(TNF-U), IFN (interferon}o , -11bL.-18larid MCPL which can lead to
renal damagé¢188) M2 macrophages on the other hand are-iaflammatory and
associated with the release of regulatory cytokines such-a8 #nd TGFb (189).

The administration of mesenchymal stromal@SC) to modulate the balance of

M1 and M2 macrophages in the kidney are a promising therapeutic avenue for DKD
(223).
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1.13.3.2T-cells andB-cells

T-cells andB-cells are the key effectors of the adaptive immune system. f€etlg,

both the quality (more pronounced in the CB8bset) and quantity (more pronounced

in the CD4 subset)of cells decrease as renal disease progresses. Studies have shown
a significantincrease in Icell immunosenescence as well as a decrease in the absolute
number of Fcells in people with T2DM and eGFR <60 mL/min/1.73400). T cells

(CD4" and CDB8) infiltrate the renal interstitium of mice with proteinuric nephropathy

and streptozocininduced diabetes and of people with T2¥M1) The number of

CD4' T-cells aml CD20 B-cells are associated with the degree of proteinuria. These
T-cells produce and highly express TNIF a n &b (1P1F INvestigation of the role

of T-cells in DKD remains incomplete and warmsfutrther study.

The role of Bcells in the pathophysiology of diabetes and DKD is also poorly
understood. However, there is growiegidence to suggest the cellsplay an
important rolei more evidence in TIDM192) than T2DM (193). B-cells may
contribute to DKD pathophysiology through immune complex deposition in the
kidney and through the activation of complement, wiaigh triggeran inflammatory
response(192). Activation of Bcells due to chronic inflammation can result in
increased production of 16 (194) and TNFU (195) by effector B cells and H10
(196)by regulatory B cell$ causing a further escalation of inflammatory components
in the development and progression of DKD.

1.13.3.3Cytokines

Cytokines are small protein molecules that are important kiaekll communication

and intracellular signalling. They are key modulators of both acute and chronic
inflammation (197) as well as fundamental cellular activities such as growth,
differentiation and survivdll98) Chemokines are secreted proteins that are members
of the cytokine family and induce cell migrati¢h98). Increased levels of pro
inflammatory cytokies and chemokines have been frequently reported in the serum
and kidneys of experimental models of DKD amgbeople with diabeteld 84).

1.13.3.4Tumour Necrosis Factad ( JUNF

TNF-U i s o0 n einflsnmatdny cyiokime that can amplify the inflammatory
cascade leading to renal injury. It is a key regulator of immune cells and is primarily
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produced by monocytes and macrophages. Chen et al., in their systematic review,
found thafTNF-Uwas significantly increased in the serum of people with T2DM and

that there was a greater increase in those with DKD than those with@®i
Furthermore, people with diabetes and tubulointerstitial injury have greateranaia
expression of TNFJ mRNA t h hondo noti20603 lehibition of TNFU i n r at
models redces albuminuria, tubular and glomerular injury, and expression of the
pyrin domaincontaining protein 3 (NLRP3) inflammasome and6lland IL-17A

MRNAs in tubuleg200-202).

1.13.3.5MonocyteChemoattractar®roteinl (MCP-1)

MCP-1 (also referred to as CCL2) is a chemokine produced by cells such as
monocytes, mesangial cellapular epithelial cells and glomerular endothelial cells in
response to TNE) and ot her inflammatory cytokines
factor for monocyte§03, 204) Urinary MCR1 is higher in people with diabetes and
micro- or macre albuminuria compared to those with normoalbuminuria and healthy
volunteers(203, 204) The increase in urinary MCGP in people with diabetes and
kidney disease is likely multifactorig203) Increased production may be stimulated
by increased renal tubule exposure fasma protein, hyperglycaemia and the
consequent increase in AGE, mechanical stretch, ANG Il and aldosteronecseat
factor bi ndi nehain geme in B keNF-a B aciivgtiont(203).
Interestingly, ACE inhibitors have been shown to decrease MC&kpression and
improve renal function(205) In apolipoprotein E(ApoE) knockout mice with
diabetes, 4 weeks of treatment with meapecific NOXE36 (an inhibitor of MCP

1) reduced the quantity of albuminuria and tissue inflammation as well as restoring

glomerular endothelial glycoalyx and barrier funct{@06).

1.13.3.6Interleukin 6 (IL-6)

IL-6 is an important prinflammatory cytokine. It has been proposed that
hyperglycaemia may stimulate the production of theipflammatory IL-6 (207)in

the podocyte. Activation of the RAAS and increased glomerular capillary pressure

may increase the produati@f ANG II, which can then stimulate the secretion of IL

6 (208, 209) IL-6 is associated with progression of DKPL0) It is expressed in

glomerular epithelial cedl , mesangi al cells and Bowmanos
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tubular epithelial and infiltrating immune cells in DKR11). Its expression may be

specifically associated with mesangial proliferati@hl).

1.13.3.7MacrophageMigration Inhibitory Factor (MIF)

MIF is a pleiotrophic cytokine that is an important regulator of the immune and
inflammatory respons@12). SanhezNifio et al. have shown that, in both human and
experimental animal models of DKD, the expression of the receptor for MIF (CD74)
is increased212) Furthermore, in vivo and in vitro CD74 is expressed by both
podocytes and tubular epithelial cells. Through CD74, MIF signals an seciea
MCP-1 and TNF related apoptosisducing ligand (TRAIL)(212) both of which
have been implicated in DK[R213, 214)

1.13.3.8Adhesion Molecules

Endothelial dysfunction plays a key role in the development of DRD5)
Upregulation of cell surface markers such as VGANNVascular Cell Adhesion
Moleculel) and ICAM-1 (Intercellular Adhesion Moleculel) may promote the
adhesion and/or transmajion of circulating immune and inflammatory cells such as
leucocytes and promote inflammation. They are mediators of the complex interactions
that occur in the inflammatory diabetic milieu involving endothelial dysfunction

resulting in micre and macrevascular complication&16)

1.13.3.9IntercellularAdhesionMolecule 1(ICAM-1)

ICAM-1 is a cell surface glycoprotein which may be expressed by vascular
endothelial, epithelial and immune cells and plays an important role in leucocyte
migration (217) ICAM-1 expression increases in response to an inflammatory
stimulus(217). The concentration of soluble (s)ICAMin the serum of peple with
diabetes and ICAM. gene expression in animal models of diabetes is increased
compared to nowliabetic control9218, 219) The presence of hyperglycaemia is
associated with increased nuclear ICAMene transcription and ICAI protein on

the surface of endotheliaélts (218) Mice with diabetes that are ICA deficient

have decreased levels of albuminuria, glomerular and interstitial leukocytes and
reduced glomerular hypertrophy, glomerular hypercellularity and tubular damage
compared to mice who aretnlCAM-1 deficient(220). The levels of SICAML inthe

serum and urine of rats with diabetes is increased compared to those \W@giut
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Furthermore, serum and urine sICAMconcentrations correlate with urinary albumin
excretion rate (UAER(221).

1.13.3.10 VascularCell AdhesionMoleculel (VCAM-1)

VCAM-1 is a protein that functions as a cell adhesion molecule. It mediates the
interactions between the vascular endothelium and a variety of immune cells including
lymphocytes. Plasma levels of sSVCAML1 are raised in people with TIDM and overt
nephropathy(222) In Japanese people with T2DM, sVCAMwas higher in those

with more advanced DKD. Aignificant correlation existlbetween sVCAML and

UAER (log) in people with normal creatinine levels. Furthermore, there was a
significant correlation between creatinine (log) and sVGANMoncentration§223)

In culture experiments, high glucose concentrations increase the adherence of PBMCs
to endothelial cells. This effect occurs as soon as 24 hours after exposure@ndse

more pronounced by 8 weeks. After 8 weeks of exposure to high glucose, endothelial

cells demonstrate increased expression of VEA{224).

1.13.3.11 NOD-, LRR- and Pyrin DomainContaining Protein 3 (NLRP3)
Inflammasome

The NLRP3nflammasome is a protein complex involved in the regulation of the pro
inflammatory cytokines 11 b a Al8 (226)LROS and e B can acti vate t
NLRP3 inflammasome in podocytes exposed to cellular stressors such as high glucose
concentration or AGH226, 227) Activation of the inflammasome leads to the
generation of caspade maturation of IL1 b  a fl& and ihcreased recruitment of
inflammatory cellg228). In mouse models of DKD, increases irlLb  a +1&and L
renal expression of NLRP3 preceded increases in albuminuria and accumulation of
the extracellular matrix (ECM). This suggests that activation of the NLRP3
inflammasome may be associated with the onset of QKIB). Serum and urine H

18 concentrations correlate with uUAER in people with T2[PM9) Mice that are
deficient in NLRP3 are protected against DKZ26). Importantly, inhibition of the

NLRP3 inflammasome reduces renal inflammation and fibrosis in [Z3D).

1.13.3.12 Nucl ear factor DbadhaindgeneigB cekNFo Bt he a8 | 1 gh

The NF¢B family of proteins constitutes the components of an intracellular signalling

pathway involved irthe regulation of he inflammatory response including cytokine

34



Chapter 1

production and cell cycle regulation (Figure 4). In T2DM for example, obesity results

in chronic lowgrade inflammation that causes activation notonlyofdNB b ut al

SO

inflammasomeg231) Use of NFe B i nhi bi tors such as cel

mouse model of diabetes has shown that those treated with celastrol had a significantly
lower serum creatinine concentration and UAER than those who were not.
Furthermore, treatment reduced nregal expansion and suppressed the expression

of type IV collagen, PAIL and TGFDb1 (238) Treanmeatlof agoE/§ s u e
mice with and without diabetes with pioglitazone (a peroxisome prolifesatorated
receptor 9 agonist) reducedncreases in serum creatinine compared to untreated
controls. In this study, pioglitazone was shown to inhibit the activation e Bfhe

NLRP3 inflammasome and the AGE/RAGHKkis and their consequent downstream
increases itheactivation of caspasg, IL-1 b, alB(@27) L

1.14 Biomarkers

The U. S. Food and Drug Administration
characteristic that is measured an indicator of normal biological processes,
pathogenic processes, or biological responses to an exposure or intervention, including
therapeutic interventior(@33). 6 A b i o ma r &mrearvarietyaohsouwrcesmuch f r
as radiological, bloodr histological. It can be quantified in different ways such as via
imaging orvia anin vitro diagnostic platform. The BEST (Biomarkers, Endpoints, and
other Tools)resource describes categories of bidmes asdiagnostic, monitoring,
pharmacodynamic/response, predictive, prognostic, reasonably likely surrogate

endpoints, safetgndsusceptibility/risk(234).

1.15 Characteristics of a good biomarker

1 Sensitivei the sensitivity of a test can be defined as the proportion of people
with a disease in whonthe test is positivg235) A perfect diagnostic
biomarker would have a sensitivity dd1% (235).

1 Specifici the specificity of a test can be defined as the proportion gil@eo
without a disease in whom the test is negafR@5) A perfect diagnostic
biomarkerwould have a specificity of 100¢235).

1 Objectivei is based on evidenceandnotonandi vi dual 6s opi

1 Efficienti is inexpensive and easily obtainable.
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Appropriateil is able to provide useful clinical information.

Responsivé the biomarker needs to respond to a treatmemtrapidly. Slow
response to treatment can limit the utibfya clinical biomarker for monitoring
the response to that treatment.

1 Comparable the biomarker must be comparable to established diagnostic
tests.

1 Acceptablei the means of measuring or obtaining the sample for biomarker
analysis is convenient and actage to the persoinom whom the biomarker
measurement is being obtained.

1 Easily obtainable with minimum discomfort and risk to the peisangood
biomarker, regardless of its clinical use, should be easy to obtain and non
invasive. For this reason, semuplasma and urine provide the ideal media for
biomarker discovery (obtained in routine clinical care); while a bidyased
biomarker may only be suitable when the biopsy is being obtained as part of
routine clinical care for example, while obtaining asssue sample may be
appropriate to confirm or exclude a diagnosis of cancer, repeatedly obtaining
kidney tissue samples to evaluate a perso

1 Easily quantifiablei is easy to measure and prowdeapid results with
standardizedssays.

1 Biologically plausiblei is consistent with information about the underlying
disease processdpinpointsthe location of disease.

1 Highly reproduciblei is measured by standardized assays with easily
reproducible results.€., the same result is obtained if the test is performed
numerous times on the same saniple

1 Risk stratification/prognosticatidnprovides important information regarding
a personds risk of a specific disease or

onape s 0 n 6-term prognasis.

For individual biomarkers, different characteristics may be more or less important

depending on the disease for which it is being used and on the outcomes of interest.
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1.16 Why do we need biomarkers in Dabetic Kidney Diseas@

Biomarkers are essential for the diagnosis and management of DKD for a number of

reasons:

1. To diagnose people with DKD

2. To diagnose kidney disease in people with diabetes at an earlier time point
(before the signs and symptoms manifest) so that treatmertiecanitiated
sooner

3. To determine which people with diabetes will develop rapid decline in renal
function so that moredntensive treatment and closer followp can be
implemented

4. To predict who will develop end stage renal disease and will require renal
replacement therapy so that manéensiverisk reduction strategies can be
implemented

5. To identify those with diabetes and kidney disease who will develop adverse
cardiovascular events to allantensiverisk factor reduction

6. To identify people with dibetes who are most suited to enrol in a clinical trial

7. To identify people with diabetes who are most likely to respond to a specific
therapy

8 To quantify a persondés response to a |
not benefiting from aparticular therapy do not remain on that therapy for an
unnecessary period

9. To develop a more accurate and reproducible marker of kidney disease than
eGFR or uACR

There is a particular unmet need to develop biomarkers for use in clinicalirtrials

DKD. Asurrogate endpoint in a clinical tori
substitute for a direct measure of how a patient feels, functions, or survives. A
surrogate endpoint does not measure the clinical benefit of primary interest in and of
itself, but rdher is expected to predict that clinical benefit or harm based on
epidemiologic, therapeutic, pathophysiologic or other scientific evid@a330. For

the majority of clinical trials investigating renal endpoints in diabetes, either ESRD,
doubling of serum creatinine or death are wsetard endpoin{236) Consequent to

the selection of these hard endpoints a priori ancatttedf biomarkers to predict who
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will develop these hardndooints, some trials fail due to being inadequately powered
and or due to insufficient followp to reach an adequate number of ev86). This
impacts on the cost of developing drugs for prevention and treatment of DKD,
restricting the number of agents that can advance fromdisegvery to large scale
clinical trials. The identification of a biomarker that accurately prethcse who will
subsequently develop a renal event/rapid decline in renal function would allow for

purposeful sampling when recruiting participants to thesks.

1.17 Current biomarkers of renal function/damage
1.17.1 Glomerular filtration rate (GFR)

To diagnose DKD, accurate assessment of GFR is ess€2®a) At present,
glomerular filtration rate (GFR) ii¢ cornerstone for assessment of renal function in
clinical practice(238) The gold standard is measured R5Hn clinical practice
measured GFR is not routinely practical and an estimate of GERety(eGFR).
KDIGO clinical practice guideline recommesithe use of eGFR rather théme use

of serum concentration of endogenous filtration markers such as creé#g@j)éor
thedefinition of CKD. When this result is felt to be inaccurate or when a more precise
estimate of GFR is req@d (e.g. in the context of early phase clinical trials or renal
transplant donation), other measures such as serum cystatin C to calculate eGFR
(based on cystatin C) or eGFR (baseda@ombination of cystatin C and creatinine)

or measured GFR are advig@a39)

For clinical purposes, serum creatinine concentration should be quantified in a clinical
laboratory using an assay that is traceable to the isotope dilution mass spectrometry
(IDMS) reference mesaurement metho®38) The equation that uses both creatinine
and cystatin C (eGFR@ys) is moreaccurate than eithef the equations that just uses
creatinine or cystatin G240) i but this is not routinely done in most clinical
laboratoriesFor creatinineor cystatin Gbased GFR measuremetite use of non
standardized creatinine assayshwuse of assays that are different from those used

in the study population from which the estimating equation was derived are sources of
error (238). A variety of creatininebased equations are available to estimate GFR.
Currently, the two most used equations in clinical practice are the Modification of Diet
in Renal Disease Study (MDRD) equation and the Chronic Kidney Disease
Epidemiology Collaboration (CKHEP) equation. In recent years, the MDRD
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equation has been phased out in favour of the &R equation in many centres
worldwide. These equations allae estimation of GFR using the concentration of
endogenous filtration markers. Non renal factors whichy mmpact onthe
concentration of serum filtration markers include the rate at which the filtration marker
is produced i(e., the metabolic rate) and the potential for wtenal sources of
excretion(238). In addition, in people with diabetesympared with normoglycaemia,

the presence of hyperglycaensean contribute to an increased GFR le@#41, 242)
Estimating equations can factor in readily available variables (surrogates for these
nonrenal factors) which have a significant impact on GFR estimation such as gender,
age,ethnicity, or weight(238). Inclusion of race in estimating equations for GFR is
under review. It has been suggested that the use of race in these equations can
contribute to racisn{240). Endogenous filtration markers are only acaiiatthose

with stable renal functione., not a good representation of renal function in acute
kidney injury. Biological and analytical variation of the filtration marker (e.qg.,
creatinine) can lead to significant variation and uncertainty in eGFR neeasot

(243) This uncertainty has the greatest impact at decision thregf2dl@y such as

the diagnosis of DKD, referral to a nephrologist or the withdrawal of a medication
because the eGFR has fallen below adatned thresholdThe currentnost widely

used estimating equations f&FR do not provide a reliable estimate of change in
GFR over time in people with diabet€g8). GFRis often underestimated by the
MDRD and CKDEPI study equation&8) especially wheiGFRO Oml/min/1.73n?

(237) Reduced accuracy and precisafreGFRin people with diabetes can result in

a missed opportunity to identify those at risk of renal disease at an earlief28@pe

i when more focussed interventions may lead to improved outcomes. More accessible,
accurate and precise screening methods (such as novel biomarkers) are wiarranted

detect those at risk of renal decline at an earlier timat (244).

1.17.1.1MDRD Equationi Limitations

Limitations of the MDRD sidy equation include imprecision and bias. The MDRD
study equation has lower bias and higher precision at eGFR <60 ml/minf1t&8m
at 06 0 ml?[(24b) Mhis hasth@ potential to lead to misclassification of
people as having DKD just below the reported DKD threshold of 60ml/min/%.73m
due to imprecision and underestimation of G2R5). Race can impact the accuracy

of the equation particularly in those of Asian ethnicity with the MDRD study equation
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underestimatingneasured GFR1{GFR) in Chinese people and overestimating mGFR

in Japanese peopleguery impact of muscle mag45) Like all other equatianthat

use creatinine as a filtration marker, the accuracy of the equation can be impacted by
any condition that results in decreased creatinine production. Examples of such
conditions include cachexia, a diet low in protein, vegetarian diets, chromissiéa

or malnutrition(245).

1.17.1.2CKD EPI Equatiori Limitations

While it is recognised that the CKBPI equation likely imprees GFR estimations, it

is not without its limitations. When applied to the general population, use of D

as opposed to MDRD resulted in a 10% reduction in the number of people classified
as having CKD(246). In younger people, use of CKBPI as opposed to MDRD
eGFR resulted in a longer time to classification of CKD whileolder people (>80
years of age), use of CKkBEPI as opposed to MDRD eGFR resulted in earlier and
more frequent classification of CK246). Use of CKDEPI eGFR also led to earlier

classificationof CKD in men and African Americar{246).

Both equations have limitans in estimating GFR among Asian populations and a
coefficient for Asian ethnicity has not been routinely factored in to improve the
accuracy of the equatier{247) The focus on racism and the potential impact of
ethnicity on healthcare outcomes has led to a focus on eliminating race from the
estimating equation@48). The search for a better estimating equation that does not
discriminate based on ethnicity or race is ongdi®) While CKD-EPI equation is

more accurate at predicting risk of mortality and ESRD than the MDRD equation at a
population level249), the prognostic value of single eGFR values even within the

abnormal range on an individual level is uncertain.

1.17.2 Urine Albumin Creatinine Ratio (UACR)

There is significant variation both in how uUACR isamared and in how it is reported
(250). The current optimal and recommended timing for measuring UACR is a first
morning void. From a practical standpoint, this is not always feasible as the patient
may, for example, be attending an afternoon clinic. A timed 24 urine collection is more
challengng for the patient and does not add substantially in terms of sensitivity or

specificity. Urine albumin concentration should be measured in conjunction with urine
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creatininei an adjustment that factors in hydration status to reduce the risk of false
postives and negatives compared to measurement of urine albumin concentration
alone(251) Both mtientspecific and sampispecific preanalytical factors have been
identified which can affect urinary albumin concentration. From a patient perspective,
these include hydration status, exercise within 24 hours, congestive cardiac failure,
significant hyerglycaemia, menstruation, marked hypertension, fever and posture
(251) These have the potiad to cause a falsely elevated uACR independent of renal
damage(40). Indeed, on an individual level up to a 40% -deylay variability has

been reported in urinary alboumconcentratiosn(252) Consequently, for a person to
have a diagnosis of CKD based on uACR, they must have 2 out of 3 abnormal uACR
within a 36 month period. From a sampling perspective, variables that may affect the
result include collection type, storage temperature, saotateey and absorption to
plastic(251) Furthermore, UACR is often viewed as a categoriwatnio, micro.,

macre albuminuria) rather than a continuous variable. Using UACR in the continuous
rather than the categorical state may provide more granular data which will better help
predict progression of kidney disease and cardiovascular morbidityrertality

(253) In recent years, the aeht of SodiumGlucoseCo-Transporte2 (SGLT-2)
inhibitors and Glucagetike Peptidel Receptor Agonists (GL-PP RAS) and the closer
focus on RAAS blockade, DKD with normal uACR (normoalbuminuric DKD) has
become more commdgR54)

Although elevated uACR is often recognised as an early biomarker of DKD,
significant and often irreversible pathophysiological changes have typically occurred
by the time increased UACR is first detect48). In the UKPDS, 51% of people with
diabetes who developed an estimated creatinine clearance <60 ml/min/1.73m?2 never
had positive albuminurig255). In the DCCT/EDIC study, of those people with TIDM

who developedan eGFR <60 ml/min/1.73 f 24% did not have a history of an
elevated AER(256) This suggests that albuminuria itself may not be a sensitive
indicator of decline in renal function. Thus, there is a significant unmet clinical need
to identify biomarkers which will identify people withatietes at an earlier stage who

are at risk of developing progressive nephropathy.

In currentclinical practice DKD is often diagnosed based single values for eGFR
and UACR at a givempoint in time.These single values are often used to guide

treatment strategiemdividually, theséndicesprovide limitedprognostic information
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onrate of declinen renal function odurationof time to ESRI112) In people with
T2DM for example data from theOngoing Telmisartan Alone and gombination

with Ramipril Global Endpoint Trial (ONTARGET) and Outcome Reduction with
Initial Glargine Intervention (ORIGIN{ja derivation and validation cohortere used

to develop two risk prediction models (clinical and laboratéwythe outcome stat

alive with CKDor death after 5.5 years of folleup (114) Predictors in the laboratory
model ncluded uACR, eGFR, stage of albuminuria, gender and age. Predictors in the
clinical model included UACR, eGFR, stage of albuminuria, gender, age, diabetes
duration, fasting LDEC, glucose, cardiovascular -ocaorbidities, and number of
antihypertensives. &h externally validated -statistic was 0.6&and 0.69 for the
laboratory and clinical models, respectivélyuACR and eGFR were the most
important predictors in these modéld4) Despite the inclusion of UACR and ER

in addition to other important variablébe cstatistic appears low. This suggests that
there are other pertinent, yet unidentified or unaccounted for factors, that maybe
associated with progression of DKID14) There is an urgent unmet clinical need for
the identification of mre reliable indiceghat identify people with diabetes at greatest
risk of rapid decline in renal function more accurately than can be achieved with
individual eGFR and uACR measurements. More reliable indices would allow for
early intervention and a @&ted, personalised management structure. Importantly, it
is known that timely intervention following onset of progressive renal function decline
can delay the onset of ESRID12) Moreover, the duration of delay depends on the
time from onset of progressive decline to interven{itl?) Declining renal function

is also associated with a higher risk@¥D in patients with and without CKQL17)

and of mortality in Chinese patients with T20O0ML8). Early prediction of decline in

renal function inpeoplewith TAIDM and T2DM remains an important unmet clinical

needand public policy challeng@ 19)

1.18 Candidate biomarkers in Diabetic Kidney Disease

In the past decade, a growing body of literature has emerged on potential biomarkers
of DKD. However, the added clinical benefit (abovattiprovided by eGFR and

UACR) of some of these biomarkers remains uncertain.
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1.18.1 Soluble receptors for Tumour Necrosis Factor (TNF)U- Soluble TNFR1
and Soluble TNFR2

As described above, TNF is a grdlammatory cytokine that mediates inflammation

and apptosis. TNFR1 and TNFR2 are the transmembrane receptors for TNF and are
essential for TNF signalling. When TNF binds to it receptors, it generates a pro
inflammatory stimulus through activation of NFB . The transmembran.
the TNFRs can be cleavdlly a proteolytic enzyme know
enzyme (TACE/ADAML17) to form sTNFR1 and sTNFR2 that can be detected in the
circulation(257) The mechanism by which elevations in STNFR1 and 2 may lead to

kidney injury is unknowr{258) but their quantification in the blood has been shown

in multiple stidies to be associated with DKD and predictive of renal outcome.

In 106 Japanese people with T2DM who were not obese, in univariateesrsgdysm
concentrations of both STNFR1 and sTNFR2 were associated with CKD stage 3.
When multivariate logistic regrass analyses were used, only serum sSTNFR2
showed a significant association with CKD stage8ds Ratio OR) 1.003)(259)
Vendrell et al. foundhatin 345 people with T2DM, plasma sTNFR1 and sTNFR2
was higher in those with micrar macroalbuminuria compared with those with
normoalbuinuria(260) In a longitudinal study of 193 Native Americans with T2DM

(of whom 62 developed ESRD and 25 died without ESRD) during a mediew-fo

up period of 9.5 years, the agend genderdjusted incidence rate ratio was 6.6 and
8.8 in the highest versus the lowest quartile for serum sTNFR1 and sTNFR2
respectively. When a fully adjusted model was used, the risk of ESRD increased by
1.6 and 1.7 per interquartile range increase for serum STNFR1 and sSTNFR2
respectively(261) Serum sTNFR1 and 2 were measured in 1,237 of 1,441 people with
T1DM (free of albuminuria andCVD at baseline) enrolled in the DCCT/
Epidemiology of Diabetes Interventions and Complicat{&#i3IC) cohort. Following
adjustment for covariates such as retinopathy status, duration of diabetes and gender,
increasing levels of serusTNFR 1 and-2 were assdated with an increased risk of
progression to macroalbuminuria (HR 1.38 and 1r&$pectively)(262) In the
second Joslin Kidney Study, involving 36&gplewith normoalbuminuria and T1DM

and 304 with microalbuminuria and T1DM, serum sTNFR1 and 2 independently
correlated wh eGFR (estimated using cystatin (268) Niewczas et al., in 410
people with T2DM during 12 years of folleup, found that plasma sTNFR1 and 2
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were associatedvith the development of ESRD in both proteinuric and -non
proteinuric people. Although both biomarkers are closely correlated, development of
ESRD was more closely associated with plasma sTNFR1. The incidence of ESRD in
the highest STNFR1 quartile was 54%ter 12 years compared to only 3% in the other
guartileg(263) Godha et al., in two cohorts including a total of 628 people with TIDM
and no renal diseas®und thatafter 12 years of followup, concentrations of plasma
STNFR1 andsTNFR2 were strongly associated with risk of early decline in renal
function. In the highest quartile of plasma sTNFR2, 60% had an eGFR
<60ml/min/1.73mM after 12 years compared te19% in tie other quartiles. Those in

the highest plasma sTNFR2 quartile were 3 times more likely to experience decline in
renal function. Interestingly, the associations were stronger for STNFR2 than STNFR1
(264) While sTNFR1 and sTNFR2 are promising biomarkers of adverse renal
outcomes, further lonterm studies are needed to determine the added benefit of these
biomarkers above standard predrst of renal function declinecurrent eGFR and

rate of change of renal function at the time of sam23$)

1.18.2 Kidney Injury Moleculel (KIM -1)

KIM-1 is a transmembrane glycoprotein. It is found on the apical membrane of
proximal tubular epithelial cel(265) where its ectodomain can be cleaved and
secreted in the urin€266). It is almost undetectable in healthy kidneysd is a
sensiive and specific biomarker of injury to the proximal tub{#é6). In 602 people
with T2DM and e GFR? b6th @mband mine KHl w&é& m
positively associated with uUACR and negatively associated with eGFR. However, in
a multivariate model, both serum and urine KIMemain associated with increased
albuminuria (>30 mg/g Cr) but only serum KiMwas associated with an eGFR
<60mL/min/1.73M (265) In 659 people with TIDM and varying degrees of
albuminuria, lower levels of urinary KIM were associated with regression of
microalbuminuria over the subsequent 2 ygag6) Urinary KIM-1 was lowest in
people without diabetes, increased in people with TLDM but without albuminuria and
was highest in those who had T1DM and microalbumin(@@6) In a 3year
intervention study of osartan in 63 people with TLDM and renal disease, increased
urinary KIM-1 was associated with a faster decline in GFR. However, once adjusted
for known risk factors for decline in rerfainction this no longerdidstrue (267)
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1.18.3 Neutrophil GelatinaseAssociatedLipocalin (NGAL)

NGAL, a 25kiloDalton (kDa) protein and an emerging tubular biomarker of DKD, is
expressed by epithelial cells and neutrophils in most tig26&3and may be released
in response to renal tubular inju¢267). It is involved in inflammation, the innate

immune system and metabolic homeostEes).

In people with T2DM, a duration of diabetes of >5 years and normoalbuminuria, those
with eGFR <60 ml/min/1.73f/had higher urine NGAL concentratistian those with

an e GFR 060 2mlhérenivas/al sighifant independent negative
correlation letween eGFR and NGAR69) In 144 people with T2DM, urine and
serum NGAL concentrations were significantly higher in those with
macroalbuminuria compared to those with microalbuminuria and those with
normoalbuminurig270) In their systematic review, He et al. reported that the pooled
sensitvity and specificity of serum NGAL for diagnosing DKD was 0.79 and 0.87
respectively. Furthermore, they found that the pooled sensitivity and specificity of
urine NGAL for diagnosing DKD was 0.85 and 0.Tdspectively(271) Similarly
Kapoula et al., in a systematic review, demonstrated the utility of serum and urine
NGAL as a biomarker for early detection of DKD inopée with TLDM and T2DM

(272) Satirapoj et al. found th#tteurine NGAL to creatinine ratio had @mea Under

the Curve AUC) of 0.64 for identifying people with T2DM who had an annual eGFR
decl ine 025 %27)rlroaBydarantesvéntion study dfosartan in 63
people with TLDM and renal disease, higher urine NGAL was associated with a faster
decline in GFR. However, once adjusted for known promoters of decline in renal
function this did not hold trué267) In 260 Pima Indians with T2DM who were
followed for a median of 14 years, 74 developed ESRD and 101 died. Urinary
NGAL/Cr was signifi@antly associated witthedevelopment of ESRD (HR 1.59) and
mortality (HR1.39) following adjustment for evariateq274). Interestingly, this was

not the case for urinary KIN/Cr (274)

Subsequent chapters in this thesis will explore novel biomarkers in DKD that have not
as yet been well described in DKD. While certain biomarkers have shown clinical
promise as outlined above, there is an unmet clinical need for thdicd¢ion of new
individual biomarkers or panels of biomarketsat can be combined with traditional

clinical risk factors of adverse renal outcomes that have prognostic or predictive
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potential at an earlier time point in the course of disease. Idatitiicof biomarkers

that reflect the different pathological domains in DKD and combining them in a single
panel maybe one such stratd@B6) One obstacle to the identification of suitable
biomarkers is the time to the development of important hard outcoh@sbling of
creatinine, ESRD or deaf36). This can take years to decades. At present, a lot of
clinical biomarker studies do not have the requisite follgpafor the development of

the number of hard end points required to adequately power the(2@&)y These
studies often rely on stogate and often imperfect outcomes such as the development
of albuminuria or stage 3 CK[236). Prospective collaborative observational studies

in multiple populations are mandated.

1.19 Importance of normal reference ranges when interpreting a biomarker
result

Reference intervals (RIs) also known as reference ranges or normal values, are
important decision support tools that are used to aid in the interpretation of numerical
pathology report$275). They typically represent the 958t the central distribution

of values found in healthy peop{(275) High quality, accurate, validated Rls are
important as thy canreduce the burden of unnecessary investigations (repeat testing,
radiological or invasive investigations) which may be mandated if a laboratory test
falls outside the RI. They can also ensure that those people wittyaruasliagnosed
condition undergoappropriate, timely investigationg&ls can aid the healthcare
practitioner to distinguish those with a disease from those who do noalésease

or assist in assessing resp@igea specific treatment. Given the important role of
Rls, some authors arg that the accuracy of the Rl is as important or more important
that the result of the test itself. The RIs used for many laboratory analytes are those
provided by the manufacturer with little detail provided on the characteristics of the
reference poputeon from which the RIs were derived. Best practice, however, would
dictate thatlocally determinedRIs are established/validated in each laboratory in
which the analyte is measured. This alldi@s methodological differences among
laboratories and differees in the underlying population to be incorporated into the
RIs (276). RIs should be defined according to the Clinical Laboratory Standards
Institute (CLSI)/International Federation for Clinical Chemistry and Laboratory
Medicine (IFCC) nonparametric method (EP&8c) (277), which mandates that

samples from 120 suitably qualified individuals are required to establish appropriate
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Rls. Careful selection of the reference population determines the quality of the RIs
(275) and can, thus, have a significant impact on thetdalay interpretation of

laboratory valuse in patient careA fAheal thy volunteero i s
Coll ege of Physicians as fian individual
illness relevant to the proposed study, who should be within the ordinary range of body
measurement®78 . Of not e, and not surprisingly
for novel biomarkers. Subsequent chapters in this thesis will explore RIs for routinely

used biochemical and haematological indices as well as RIs for some novel

biomarkers

1.20 Overview of the Aims and Content of Thesis

The overarching aims of the work described in this thesis were to: (a) Determine the
prevalence of DKD and rapid decline in renal function and their clinical associations
among people with diabetes attendinigospitatbased diabetes centre in Ireland and
(b) Identify biomarkers thatre most closely associated with the presence of DKD and

with decline in renal function.

At the initiation of ths thesis, most of the relevant studies in the literature reported on
single biomarker$236). However, then and at the time of writing, no novel single
biomarker asay had been adopted into widespread clinical use for the purpose of
adding clinically significant predictive value to the conventional clinical indices of
eGFR and albuminuria. Thuk,set out to develop a clinical database linked to a
collection of serumplasma, urine (centrifuged and uncentrifuged) and peripheral
blood mononuclear cells (PBMC) to investigate panels of biomarkers for their
independent value in predicting decline in renal function in patients with diabetes
[Study Name: BioDIG (Biomarkersn Diabetes in Galway)]. Elements of the

programme of work completed duringy PhD fellowship include:

1. Defining the prevalence of DKD and rapid renal function decline among adults
attending a hospitddased Diabetes Centre and determiningclivecal and
laboratory indices associated with this decline.

2. Establishing reference intervals for routinely used biochemical and
haematological biomarkers as well as novel biomarkers.

3. ldentifying and exploring the associations between a series of potemiel
biomarkers and the onset and progression of DKD.
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4. Evaluating changes in biomarker concentrations in response to the introduction

of a new medication.

1.21 Specific studies performed and published with my supervisor and our
collaborators as components ofny PhD thesis

Chapter 2: | determined the prevalence of DKD and rapid renal function decline
among adults attending the hospitalsed Galway Diabetes Centre. Among this
cohort of adults with diabetelsidentified the indices that were associated with ot

decline in renal function.

Chapter 3: In this chapter| described the methodology for establishing the BioDIG
study.Chapters 46: | investigated novel biomarkers with associations to DKD. In
Chapter 4, in a prospective cohort studyjetermined the association between plasma
dephosphorylatedncarboxylated matrix giprotein (dpucMGP) and a range of renal
indices.l examined the alify of dp-ucMGP to distinguish people with DKD from
those withdiabetesand no DKD and healthy volunteeisdistinguisted those with
rapid decline in renal function from those whil diot have rapid declind. also
established Reference Intervals (RIs) forutGP among a healthy reference
population. InChapter 5, in a crosssectional study] determined RIs for serum
Growth DifferentiationFactor15 (GDF15) and reported a preliminary determination
of the utlity of GDF-15 in distinguishing people with DKD from those without. In
Chapter 6, in collaboration with colleagues in the Mayo Clinic, Rochester, USA, we
performed a crossectional study to test the hypothesis that DKD is associated with
increased prodttion of the senescenassociated protein Activin A in two cohorts of
people with diabetes and in healthy controls. The relationships between plasma
Activin A concentration and a variety of different renal indices ve¢sedetermined

in this study.

In Chapter 7, in a prospective cohort study, | determined for the first time, the
influence ofSodium GlucoseCo-Transporter2 (SGLT-2) inhibition on aldosterone,
renin and the aldosterone renin ratio in people with T2DM. Importantly, the
aldosterone renin ratiis used in case detection of primary aldosteronism and
misdiagnosis may result frothe unrecognised effects of pharmacological agents on
the RAAS.
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In Chapter 8, in a crosssectional study| established RIs for commonlysed
biochemical and haematologicparameters in alealthy Irish Adult Caucasian
population. This important wortkasled to the introduction oinstitution specificRls

in Galway University HospitalsThe RIs aravailable to all hospitals the Republic

of Ireland

Finally, inChapter 9, | reflecedon the knowledgégained from the workarried out

duringmy PhD fellowship as well as the potential for future studies and analyses.

Additional outputs from the work performed durimgy PhD fellowship are

summarised ippendix K.
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2.1 Abstract
Introduction :

This study aimed to determine the prevalence of diabetic kidney disease (DKD) and
rapid renal function decline and to identify indices associated witk¢igne among

adults attending a diabetes center in Northern Europe.
Research design and methods

This is a retrospective cohort study of 4606 patients who attended a diabetes center in
Ireland between June 2012 and December 2016. Definition/stagingooichkidney
disease used the Kidney Disease: Improving Global Outcomes (KDIGO) 2012
classification based on data from the most recently attended appointment. Relevant
longitudinal trends and variabilities were derived from serial records prior to index
visit. Rapid renal function decline was defined based on per cent and absolute rates of
estimated glomerular filtration rate (eGFR) change. Multiple linear regression was
used to explore the relationships between explanatory variables and per cent eGFR

change
Results

42.0% (total), 23.4% (type 1 diabetes), 47.9% (type 2 diabetes) and 32.6% (other
diabetes) had DKD. Rapid decline based on per cent change was more frequent in type
2 than in type 1 diabetes (32.8% vs 14.0%, p<0.001). Inoidependently associated

with rapid eGFR decline included older age, greater number of antihypertensives,
higher lognormalized urine albumin to creatinine ratio (LNUACR), serum alkaline
phosphatase, thyroid stimulating hormone, variability in systoliodbjaressure and
variability in LNUuACR, lower glycated hemoglobin, higlensity lipoprotein
cholesterol and diastolic blood pressure, and lack of ACE inhibitor/angiotensin

receptor blocker prescription.
Conclusions

DKD (using the KDIGO 2012 classificatiomnd rapid eGFR decline were highly
prevalent among adults attending a hosihtded diabetes clinic in a predominantly
Caucasian Northern European country. The burden was greater for adults with type 2
diabetes. Expected as well as potentially noveladimredictors were identified.
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2.2 Significanceof this study

What is already known about this subject?

91 Diabetes mellitus is the leading cause of chronic kidney disease in the
developed world.

1 Potentially modifiable risk factors include pooglycaemic control,
hypertension, hypercholesterolemia, smoking, obesity, sedentary lifestyle,

metabolic syndrome and insulin resistance.
What are the new findings?

91 Diabetic kidney disease was identified in 42% of adults with diabetes (23.4%
(type 1 diabetes), 47.9%ype 2 diabetes) and 32.6% (other diabetes)).
T 14. 3% and 28.5% of patients with diabetes
based on absolute and per cent rate of decline, respectively. In addition to
established risk factors, less wadlcognized risk ssociations for renal
functional decline (variability in systolic blood pressure and urine albumin to
creatinine ratio, alkaline phosphatase and thyroid stimulating hormone) were
identified.

How might these results change the focus of research or clpriaelice?

T The relatively high preval erdeaeladafnedisdbet i
in a welkmanaged cohort of adults with diabetes highlights the need for urgent
public health intervention and for optimization of diabetic kidney disease
preventionandtreatment strategies.

1 Novel risk associations may provide new therapeutic targets, but further study

is warranted.
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2.3 Introduction

Up to 451 million adults worldwide have diabetes mellitus (IY)This is expected

to rise to 693 million adults by 2048). Diabetes mellitus is the leading cause of
chronic kidney disease (CKDy) the developed worl@®), accounting for 3¢60% of

all people with CKD(3). Chronic kidney disease due to DM, referred taliabetic
kidney diseas€DKD), is defined as abnormal renal functi@stimated glomerular
filtration rate (eGFR) <60mL/min/1.73n and/or the presence of persistent
albuminuria [urine albumin creatinine raioACR) >3mg/mmol](4). The reported
prevalence of DKD among indduals with DM varies by region and type of DM:
27.9% (T2DM) in Spain(5); 32.4% (T1DM)/ 42.3% (T2DM) in the UK6); 47.0%
(T2DM) in France(7) and63.9% (T2DM) in Shanghai, Chin@). While this is, in
part, due tdhetrue variance in the prevalence of DKD among different populations,
it also reflects the heterogeneity of the populations ustlety (T1DM v T2DM v

DM due to other causes; primary v secondary care; medical insurance fund v national
databases), the equations used to calculate g@)-fhe availability of laboratory
services to routinely measure serum creatinine and urinary albumithalatk of
uniformity in defining DKD. There are no accurate prevalence data for DKD in
Ireland; previous reports focused on the preweé of selreported DKD(10) or

audits of albuminurigll).

DKD is the leading cause of end stage raehisdéase (ESRD)12) and is associated

with most of the excess athuse and cardiovascular mortality in patients with DM
(13). In NHANES l11, ten year cumulative standardised mortality increased from 7.7%
among patients without DM/kidney disease to 11.5% among patients with T2DM but
without kidney disease to 3P4 among patients with T2DM and kidney dise@dsk.
Patients who progress to ESRD have approximately a 20% annualised mortality rate
(15). In the Finnish Diabetic Nephropathy (FinnDiane) study, participants with TLDM
but no CKD have atandardized mortality ratio similar to that of the general
population, irrespective of duration difabetesywhereasincreasing severity of DKD

is associated with increased-eduse mortality(16). Known potentially modifiable

risk factors include poor glycaemic control, hypertension, hypercholesterolaemia,
smoking, obesity, poor socioeconomic circumstances, sedentary lifestyle, metabolic
syndrome, insulin resistancetamin D deficiency and recurrent episodes of acute

kidney injury(13). Regional variations of these risk factors exist due to differences in
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culture, prescribing practices and available therapies. Moreover, for reasons that
remain incompletely understoodiogression rates of DKD (rate of decline/time to
ESRD) are highly variable among cohorts of people with DM. There is also
considerable heterogeneity in the methodology used to calculate rate of change of
renal function itself (for example, absolute verpascentage chang€)7). Tools for

the early identification of patients atki of rapid progression to ESRD would permit

a moreintensivetargeted multidisciplinary approach to renal and cardiovascular

protection as well as bettdesigned clinical trials of novel interventions.

The main aims of this study were to define the prevalence of DKD and rapid renal
functional decline among adults attending a hospi¢gasled Diabetes Centre in North
Western Europe and to determine the clinical and laboratory indices associated with

this desline.

2.4 Methods
2.4.1 Study design

A retrospective cohort study was carried out. All patients who attended an outpatient

DM clinic at GUH Diabetes Centre between June 2012 and December 2016 were
identified from DIAMOND (Hicom, Woking, UK), anelectronic clinical DM

databas@ 8). During the study period, clinical practice in the primary care catchment

area was to refer patients with newly diagnosed DM to GUH for ongoing management.

The inclusion criteria were a diagnosis@M and age O18 vyears at
enrolment. The exclusion criteria were a primary diagnosis of gestational DM,

impaired glucose tolerance or impaired fasting glucose.

2.4.2 Data collection at last attended clinic visit

Index data were collected at the fasiended clinic visit on record. Clinical
demographics, body mass index (BMI), systolic blood pressure (SBP) and diastolic
blood pressuré€DBP) were recorded’ype (T1DM, T2DM, Other forms of DM) and
duration of DM (as recorded on the electronic patietdlzise) as well as current
medications were noted. The number of -dytertensives was calculated as the
number of different classes of antihypertensive agents prescribed at last attended clinic

visit.
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2.4.3 Laboratory data

Index laboratory data (the value feach laboratory parameter closest to the clinic
date) were obtained following interrogation of GUH electronic patient administration
system. Values for plasma glycated haemoglobin @@h&erum creatinine, alkaline
phosphatase (ALP), alanine aminotrans$e (ALT), total cholesterol, high density
lipoprotein cholesterol (HDIC), free thyroxine (T4) and thyroid stimulating hormone
(TSH) and uACR were recorded. Estimagdmerular filtration rate(eGFR) was
calculated using the foyprarameter CKEEPI formuh (19). The value for eGFR
closest to the index clinic visit was designated the index eGFR. The first available
eGFR in the six years preceding the index visit was designated the baseline eGFR.
Creatinine was measured using the isotope dilution mass spettrofiizMsS)-
traceable creatine assay. Electrolytes, urinary creatinine and lipids were measured
using conventional Roche Diagnostics assays (ISO 15189:2012 standards).

2.4.4 Variability in clinical and laboratory indices

For SBP, DBP and BMI, all values on DMMOND® from 2004 to index clinic date

were recorded. For HbA UACR, total cholesterol and HBC, all laboratory values

for the 6 years prior to index clinic date were recorded. Variability in each index for

each participant was expressed as standard taevigSD) and was calculated for
participants for whom 02 val ueiividuar e avz
differences in the number of measurements of each variable available, the adjusted SD

(Adj. SD) was calculated for each variable usingthe fmu | a: -8]J@0).a[ n/ ( n

2.4.5 Rate of change in renal function

To calculate rate of change in renal function, eGFR was calculated for all creatinine
values during the 6 years prior to tineex clinic dateLinear mixedeffects models
(incorporating random withisubject trajectories of eGFR over time) were used to
generate individuaspecific eGFR slopes.These models were applied to
untransformed eGFR measurements to estimate absolutegechen eGFR
(mL/min/1.73nt/year), and to logransformed eGFR measurements to estimate
percentage change (% changel/year). These slopes represent the change in renal
function over time for each participant incorporating all eGFR measurements.

Progressive dgine in renal function among participants with DM (decliners) was
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defined as either an absolute Fyea@3ti on in e
or proportionate eGFR loss/year @.3% (22). The Kidney Failure Risk Equation

(KFRE) was used to calculate the®ar probability of progression to ESRD requiring

treatment with dialysis or transplant in patients with eGFR <60mL/min/2.7Z3n

24).

2.4.6 Definition and classification ofDiabetic Kidney Disease

Among participants meeting the inclusion criteria, DKD was defined as uACR
>3mg/mmol and/or eGFR <60ml/min/1.731{2, 12) at time of enrolment. For
classification and risktratification of CKD, participants were sgbouped according

to the KDIGO2012 Clinical Practice Guideline for the Evaluation and Management
of CKD classification system which groups CKD by GFR and albuminuria categories
(4) (Figure ) and DM aetiology (All, TADM, T2DM, Other DM).

2.4.7 Statistical analyses

Microsoft® Excel 2016, GraphPad® Prism (¥en 6.01), Minitab ® 17.1.@nd

R(25) were used for data recording and statistical analyses. Participants who were
receiving renal replacement therapy (RRT), had undergone kidney transplant or in
whom either eGFR or UACR values were unavailable were included only for
calculating the prevalee of DKD. Multiple linear regression models were used to
explore the relationships between explanatory variables and response variables
(%echange eGFR/year). Binary logistic regression analyses were performed using
decliner status-8.3% eGFR/year) or UACR3mg/mmol as the dependent variables.
Four models each for multiple linear and logistic regression analyses were used:
[model 1i relevant biochemical and urinary indices, modet2vant clinical indices,

model 3i variability indicesandmodel 4-stepwi® regression using all indices from
models13 (U to enter=0.15, U to recdianges=0.15)1].
in renal function were assessed on the logarithmic rather than the absolute scale as
log-eGFR is more likely to be normally distributadd to have linear withipatient
trajectories compared to untransformed eGF&thermore, the use of percentage
change rather than absolute change was preferred on the basis that the
biological/clinical significance of an absolute change in absolute éSBBpendent

on starting eGFR. Patients with missing data were excluded from the regression

analysesA p-value <0.05 was considered statistically significant.
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2.5 Results

A total of 4,604 adults with DM met the study inclusion criteria [TIDM 22.8%
(n=1,051),T2DM 75.3% (n=3,467), Other DM 1.9% (n=86)]. Aetiologies for Other
DM category are listed iBupplementary Table 1.

2.5.1 Prevalence of DKD and DKDassociated risk among study participants

In total, 42.0% (total cohort), 23.4% (T1DM), 47.9% (T2DM) and 32.6% (Other DM)
had DKD. A greater proportion of participants with T2DM than T1DM had DKD
(p<0.001). Classification of CKD based on the KDIGO 2012 Clinical Practice
Guideline(4) for the total cohort and forIDM, T2DM and Other DM subgroups is
shownin Figures 2A2D (complete numerical data presented in Supplementary Tables
2A-2D). Followingexclusion of patients receiving RRT, post renal transplant or in
whom insufficient data were available to assignDKD subcategory, greater
proportions of adults with T2DM were in the moderate, high and veryrisgtCKD
subcategories compared to those with TIDM [Moderate: 23.1% vs. 12.3%; High:
12.4% vs. 5.4%; Very High: 12.1% vs. 4.6% (p<0.001)].

2.5.2 Variations in clinical indices across DKD subcategories

For those patients who were not receiving RRT, post renal transplaviiconad
insufficient data to assign a DKD subcategory (n=4,464), trends ford-thsxation

of DM, Age, SBP, DBP, BMI, serum total cholesterol and sewbDL-C were
determined across the KDIGO subcategories for the total cohort and separately for the
T1DM and T2DM subgroups (Supplementary Tables-3@ to 10A10C). The
observed trends for the total cohort were generally in keeping with known associations
ard the physiological effects of DK¥26, 27) For example, mean values for HRA

SBP, DBP, total cholesterol and HBL reflected worsening glycaemic, BP and lipid
parameters within the cohort #se degree of albuminuria increased. Nonetheless,
some separate findings for TADMdim2DM subgroups were notable. For example,
the median duration of DM in those with T1DM with more severe albuminuria and
lower eGFR wakongerthan in those with T2DM (Supplementary Tables 4B/C). Also,
DBP tended to be higher with increasing grade of mlimuriaamong the T1DM but

not the T2DM cohort (Supplementary Tables 7B/@)creasing severity of

albuminuria was associated with increasing serum total cholesterol among the T1DM
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but not the T2DM cohort (Supplementary Tables 9B/C). In addition, in all groups,
HbAicwas hi ghest among patient@®<000l)and e GFR
increased as stage of albuminuria progressed (p<0.001) (Supplementary Tables 3A).
Fifty-nine (1.3%) participants were n@aucasian.

2.5.3 Rate of change of renal function/risk of ESRD

Sufficient data were available to calculate rate of change in renaidmet87.25%
(3894/4464) of participantRarticipants in whom only one eGFR values was available
were not included (12.75% (570/4464Jhe median duration of time from baseline
eGFR value to index clinic visit was 5.48.126.00) years. he proportions of
participants defined as rapid decliners either based on absolute or percent decline/year
(Table 1) and the calculated rates of decline in renal function (Supplementary Tables
11A-11D and 12A12D) increased with higher eGFR category and degre
albuminuria. In the total cohort, 14.3% and 28.5% were classified as rapid decliners
based on absolute and percent rate of decline, respectively. In the case of percent
change, a strikingly higher proportion of patients with T2DM (32.8%) than T1DM
(14.0%) were classified as rapid decliners (p<0.001). In contrast to the trends for rate
of eGFR decline, whenyear risk of ESRD was calculated for participants with index
eGFR <60mL/min/1.73fusing the KFRE, a higher proportion of those with T1DM
were caggorised as high risk compared to those with T2DM (27.3% vs. 11.4%,
p<0.001)(Supplementary Table 13).

2.5.4 Variables associated with percent rate of change of eGFR

Multiple regression analyses were performed for tibial cohort (Table 2) and
separately for Hose with TIDM and T2DM (Supplementary Tables 14A/B) to
determine which indices were independently associated with percentage rate of change
of eGFR In the final stepwise regression model (Model 4), higher values for log
normalised (LN)UACR (p<0.001), akne phosphatase (p=0.001), TSH (p=0.006),
age (p<0.001), number of antihypertensive agents (p<f.Q@tiability in SBP
(p=0.043) and variability in (LN)uUACR (p=0.001), and lower values for HbA
(p=0.003), ALT (p=0.0036), HDIC (p<0.001) and DBP (p<@Q@) and not being on

an ACEI/ARB (p=0.002) were associated with more rapid decline in renal function.
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Binary logistic regression models were applied to the total cohort to determine which
indices were independently associated with rapid decliner st&1B84 decline in
eGFR/year)Table 3). In the final model (Model 4, Table 3), higtetal cholesterol
(p=0.003), free T4 (p=0.012), TSH (p=0.016), age (p<0.001), number of anti
hypertensives (p<0.001), variability in HRAp=0.006) and variability in (LN)UACR
(p<0.001) and lower baseline eGFR (p<0.001), ALT (p=0.002), 0{h<0.001) ad

DBP (p<0.001) increased the odds of being classified as a rapid decliner.

2.5.5 Variables associated with the presence of albuminuria (UACR
>3mg/mmol)

A binary logistic regression model was used to identify factors associated with
abnormaklbuminuria (>3mg/mmol) (Table Q)Jsing stepwise regression (Model 4),

as HbAc. (p<0.001), ALP (p=0.002), total cholesterol (p=0.009), SBP (p<0.001),
number of antihypertensives (p=0.017) and variability in SBP (p=0.009) increased and
as % change per yean eGFR (p<0.001), baseline eGFR (p<0.001) and TSH
(p=0.042) decreased, the odds of having a UACR >3mg/mmol increased. Males
(p<0.001) and those on AGEKARB (p=0.009) were more likely to have a uACR

>3mg/mmol than females or those not on AIARB.

2.6 Discussion

In our study, 42% of adults attending a hosgi@ted Diabetes Clinic in the West of
Ireland had DKD. Based on KDIGO 2012 subclassification, a greater proportion of
those with T2DM as opposed to those with TLDM had CKD associated with moderate
to vay high risk of adverse outcomes. There are limited published data on the
prevalence of DKD in Ireland/Northern Europe. Comparisons between published
studies are problematic as the prevalence of DKD is dependent on the sample from
which the prevalence dateere derived €.9., primary v secondary care, public v
private healthcare) and how DKD is defin€atients with DM are at higher absolute
risk of ESRD, allcause and cardiovascular mortality than those who do not have
diabetes across the different stagdskidney diseas€28). The prevalence data
reported in our study in ogunction with the known adverse outcomes of DKD
highlightsits public health importance and need to optimise DKD preverdiuh

treatment strategies.
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The prevalence of DKD in our cohort is at the upper end of that reported for European
and American adultdn studies among comparatdized cohortof predominantly
peoplewith T2DM from the UK, Italy, Spain, France, Finland and the US, the
prevalence of DKD varied from 23% to 69%7, 2932). When making comparisons,

the nature and management characteristics of the cohorts studied must be taken into
account €.g., primary vs. secondary care).véh acknowledging the variable
prevalence reported from diverse geographical regions, our study focuses attention on
DKD as a frequent, often underappreciated complication of DM which is associated
with an even greater burden of complications and adveaenp outcomes if not
managed from an early stage. It should be noted that our results reflect the prevalence
of DKD and adverse renal trajectories in a patient cohort with access te multi
disciplinary specialist care. At our institution, a diabetes relvat was established

to optimize care for patients at risk of progressive DKD. Patients attending this clinic
are seen by both an endocrinologist and nephrologist. While to date our clinic has
resulted in no change in the rate of absolute decline al fenction before and after
attending the clinic for patients with T1DM, the rate of absolute decline has decreased
for patients with T2DM or those with DM and additional CKD aetiolog&®). The
diabetes renal clinic improves care for patients with DKD, facilitates earlier
interventions with targetedhé¢rapies such &GLT-2 inhibitors(34) andGLP-1 RAs

(35) and promotes access to new therapy trials.

Il n the total cohort, 28. 5% eenldi nledr.s30% bweesreed
percent and absolute rate of eGFR decline, respectively. The frequency of rapid
decline was higher for T2DM than for T1IDM. Consistent with results published in
Japan(36) and the U37), DKD itself is more common among patients with T2DM
compared to TLDMAIlthough reported/known duration of DM appeared shorter in
adults with T2DM, it has been well established that there is a substantial delay
(>6yeas) between onset and diagnods). Irrespective of DM type, the severity of
albuminuria increased and eGFR decreased as duration of DM increased. Patients with
T2DM were older and as renal function declines with &®), this may have
contributed to the more advanced DKD observatase patients.redictably, greater
albuminuria was associated with worse glycaemic, BP and lipid parameters and higher
BMI. As eGFR declined, SBP increased, suggesting that BP control in particular, was
suboptimal in advanced kidney diseashe subseat greatest risk of cardiovascular
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mortality (40). Poor SBP control in this context may be multifactorial and reftbets
difficulties in adequately controlling BP in progressive DKD, poor medication
adherence and/or less stringent SBP targets in patients wittordndities and/or
advancing age. In patients with T1DM, HhAwas above target in all KDIGO
subcategories and in patients with T2DM was typically above target in the subgroups
where albuminuria was most profound. The UK National Diabetes Audit also found
that significant proportions of participants failed to megtaémic (TL.DM>T2DM)

and BP target$6). As shown in previous studig27), more alvanced DKD is
associated with a lower HBDC profile. The adverse metabolic phenotype associated
with DKD highlights the need for mormtensive targeted and personalised risk

reduction strategies such as multidisciplinary diabetes renal q|88¢s

There is ongoing debate regarding the most clinicgalgvant method of expressing

rate of change in renal function. For example, the absolute annual loss of renal function
will differ substantially for a patient with 10% eGFR decline/year if the starting eGFR

is 90mL/min/1.73rAcompared to 30mL/min/1.73t¥1). Furthermore, rate of change

itself is impacted by the number of eGFR values available and the period over which
rate of change is calculated. Finally, there is no consensus regarding which rates of
eGFR los constitute rapid versus expected decline with(a@g In our study, we
usedlinear mixedeffects models (incorporating random wittsnbject trajectories of
eGFR over time) to provide a best estimate of rate of ch&reppite these points of
contention, knowledge of the rate of change in renal function is as importtng as
current KDIGO classification in informing clinical management of DKD. For
example, clinically significant increase in time to RRT can occur by reducing the rate
of renal decline by 1mL/min/1.73#year(42). Rate of change in renal function is not
readily available on most el ectronic pat

ability to identify those currently undergoing rapid decline.

Our results indicate that decline in renal function @ng classified as a decliner are
associated with multiple known, potentially modifiable risk factors (UACR, total
cholesterol, HDLC, age, DBP). By identifying those with a current rapid rate in renal
function decline, intensive targeted risk factor mamagnt strategies can be put in
place. The higher proportions of adults classified as KDIGO G1/G2 that were defined
as rapid decliners based on percentage compared to absolute eGFR changel/year

suggests that earlier referral to nephrology care and pretdrelitical trial targeting
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of those with rapid proportionate decline may be important. Traditional hard renal
endpoints for clinical trials such as time to ESRD/doubling of creatinine requires large
numbers of participants with a prolonged folloy peria to adequately power a

study. Incorporating rate of decline in renal function into both inclusion criteria and

outcome measures for clinical trials could lead to more effective studies.

Also, of interest in our findings is the identification of less wetlognised risk
associations for renal decline (variability in SBP/(LN)UACR/ALP/TSH). Variability

in SBP was an independent determinant of renal function decline in patients with
hypertension and a general cohort of Japanese participants without d{@dBets)
Variability in 24-hour BP may be a marker of autonomic dysfunction or artery stiffness
(45). Many factors such as measurement error, adjusting medications (such as RAAS
blockade) can impact on BP variability. Timing of and adherence to BP medications
play a significant role. Reducing vidit-visit variability in SBP may be a less well
recognisedtherapeutic intervention to slow rate of decline in renal func{4s).
Greater variability i(LN)uACR reflects a greater change in uUACR over the study
period. While it may partly reflect progressively increasing albuminuria in those with
more rapidly progressing DKD, its independent associations with rate of eGFR decline
and rapid decliner statusuggests, that it merits further investigation as a clinical
indicator of adherence to therapy or variances in DKD pathophysiology.

Our study shows that increasing ALP is associated with more rapid decline in renal
function and the presence of albuminurialkaline phosphatase, an enzyme
responsible for hydrolysing pyrophosphate, is found in all body tissues especially the
kidney, bone and liver. Pyrophosphate is an important inhibitor of vascular
calcification(46). Serum ALP is a marker @lrterial stiffnes (47). Increased arterial
stiffness is associated with more ragetline in renal functio(48)1 thus increased

ALP may act as a marker of progressive renal artery calcification. In patients with
T2DM and proteinuria, renal artery calcification independently predicts onset of
ESRD(49). Higher ALP is associated with an increased coronary artery calcification
score in maintenance haemodialysis patief§8) i potentially a marker of
cardiovascular risk. Higher average serum ALP levels for the 6 months prior to
dialysis initiation are independently and incrementally associated with increased
mortality (al-cause, cardiovascular, infectioglated)(51). In patients with biopsy

confirmed DKD and nephroticange proteinuria, elevated serum ALP levels are
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independently associated with poorer renal outcomes (ESRD or 50% decline in eGFR
from baseline) (52). In nondiabetic patients with newdgiagnosed untreated
hypertension, ALPis associated with a reduction in eGFR, potentially mediated
through lowgrade inflammation, endothelial dysfunction, vascular calcification and
modulation of blood pressu(g3). Alkaline phosphatase may increase in response to
low levels of active vitamin D that occur as renal function declines. Previous studies
have shown that inhibition of tissumnspecific ALP in a rat aortic calcification
model| found a reduction inascular calcificatior§54) indicating that ALP may be a
novel therapeutic target to reduce renal function decline/vascular calcification. Also,
of interest, opposite to ALP we found that decreasing ALT was associated with more
rapid decline in renal function. Previous studies Hauad low levels of ALT in CKD

with ALT decreasing as CKD progress@&d). The pathophysiology of the reduction

in ALT is poorly understood, requiring further investigation but the presence of UV
(ultraviolet}absorbing materials and a reduction in pyridexabhosplate are likely

contributory(56).

Our study found an association between increased TSH and deakmairfiunction.

The effect of thyroid dysfunction on the kidney is multifactariahange in water and
electrolyte balance (especially sodium), alteration of the renin angiotensin aldosterone
system, decreased renal blood flow and decreased €&hRAs eGFR declines the
prevalence of subclinical or clinical hypothyroidism incred58s59) In 24 patients

with 29 episodes of iatrogenic hypothyroidism, renal function has been shown to
improve following thyroid hormone replacemd6®). In 113 patients with subclinical
hypothyroidism and CKD, replacement with thyroid hormone reduced the rate of
decline in renal functiori61) 1 suggesting that decline in renal function may be a
consequence of decreasing TSH rather than vice versa. Conversely, it is postulated
that CKD is arisk factor for thyroid dysfunction potentially mediated through iodine
retention, metabolic acidosis, selenium deficiency and/or heavy urinary protein loss
(thyroid hormone is primarily protein bound) due to nephrotic syndr(@g In
patients with TIDM and a TSH of 2464 mU/I the odds ratio of having a GFR
<60mL/min compared to those with a TSH of-@.8mU/l was 2.363). While it has

long been clear that patients with overt hypothyroidism requié@rhent and that

patients with diabetes require regular thyroid function tests, a state of clinical

91



Chapter 2

equipoise exists regarding the target TSH for patients at risk of DKD progression.

Larger clinical trials are needed to answer this relevant clinicaligoest

We acknowledge that this is a retrospective study with potential for reverse causation,
particularly in regard to clinical variables associatéth retrospective analyses of
change in renal function. This study cannot definitively answer if the blasia
associated witldecline in renal function are a consequence of or a risk factor for
decline.During the study period, the patients served by our Diabetes Clinic were
predominantly Caucasian (>98%)imiting the generalisability of our findings. The
regression analyses presented in the main manuscript primarily focus on the total
diabetes cohort (rather than the TLDM or T2DM cohort individually). Type of diabetes

is included in these models as an explanatory variable and does not appear to impact
on the response variables. Future subgroup analyses will provide more information on
the differences that may exist between the T1DM and T2DM subgroups. Nonetheless,
it is of interest that our reported DKD prevalence is not strikingly different from those
obseved at a population level in the US and Asiemphasising that the high burden

of CKD among adults with DM is a global phenomenon that by no means spares
Northern European populations. Our results also highlight the utility of the KDIGO
2012 algorithm foridentifying different clinical characteristics and management
trends and for analysing rates of renal functional loss among adults with TA1DM and
T2DM that span the clinical spectrum of DKD. While routinely used by nephrologists
worldwide, the KDIGO framewk is less commonly used by diabetologists and
primary care physicians. Were it more extensively incorporated into clinical practice
guidelines for DM care, it could serve to better unify Dkddated research across the
different medical specialties. TRHAMOND database is a clinical database used in
routine practice and consequently has the potential for errors. This is both a strength
and weakness of this study. The accuracy of the data is dependent not only on the
clinician or healthcare practitionemputting it, but also on the patient providing an
accurate account of medications and adherence to prescribed medications. Further
strengths of our study include the high average number of eGFR values (all measured
at the same clinical laboratory) that tdouted to the individual rate of decline
calculations as well as the direct comparison of absolute and percent rates of decline.
This is the largest study exploring the prevalence of DKD and its associated risk
factors in Ireland. It provides valuablesights for clinicians and healthcare workers
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in this country and others (particularly in Northern Europe) into the burden of CKD
among adults with DM and on how to tailor future care delivery strategies to further

reduce progression from early to advanbé&D.

In conclusion, this study is one of the first to approach framing DKD burden according
to KDIGO system (especially in Northern Europe) and to examine clinical and
laboratory associations with proportionate rate of change of eGFR using patient
numbersand timeframes that are comparable to or greater than those of comparable
studies. Our results suggest that the burden of DKD, the frequency of rapid decline
and high risk for adverse outcomes despite specagistered diabetes care, may be
greater tha has been appreciated to date in similar populations. In addition to well
established risk factors, rate of change in renal function was associated with serum
alkaline phosphatase, thyroid stimulating hormone and variability in SBP and
(LN)UACR.
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Table 21 legend:R-sqg(ad)): Rsquared (adjusteddACR: urine albumin:creatinine
ratio, HbAc: glycated haemoglobin, eGFR: estimated glomerular filtration rate, ALP:
alkaline phosphatase, AL&lanine aminotransferase, Cholesterol: Total Cholesterol,
HDL: high density lipoprotein, Free T4: Thyroxine, TSH: thyroid stimulating
hormone, BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood
pressure, DM: diabetes mellitus, ACEI/BR angiotensin converting enzyme
inhibitor/angiotensin receptor blocker, Adj SD: adjusted standard deviation.
Multivariate model I’ relevant biochemical and urinary indices, multivariate model
2- relevant clinical indices, multivariate modeli Svariability indices, multivariate
model 4 stepwise regression using relevant biochemical, urinary, clinical and
variability indices.
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Table 3: Binary logistic regression models with decliner (%) and uUACR >3mg/mmol
as response variables for All DM

Decliner (%) UACR >3 mg/mmol
Variable Odds Ratio | p-value Odds Ratio | p-value
Model 1 1099 v 2759* 1161 v 2687*
LN uACR (mg/mmol) 1.3 | (1.24,1.36) | <0.001 N/A
% Change per year in eGFR N/A 0.9 (0.88, 0.92) <0.001
HbA 1c (mmol/mol) 0.99 (0.99, 1) 0.006 |1.02| (1.01,1.02) <0.001
Baseline eGFR (per
10ml/min/1.73n?) 0.79 | (0.76,0.82) | <0.001 | 0.82| (0.79,0.85) | <0.001
ALP (U/L) 1 1,1 0.049 1 (1,1.01) <0.001
ALT (U/L) 0.99 (0.99,1) 0.001 1 (1,1 0.669
Cholesterol (mmol/L) 1.05 (0.97,1.13) 0.195 |1.06| (0.99,1.14) 0.097
HDL (mmol/L) 0.52 (0.43, 0.64) <0.001 | 0.69| (0.57,0.82) <0.001
Free T4 (pmol/L) 1.03 (1,1.05) 0.059 [ 0.99| (0.96,1.01) 0.332
TSH (mIU/L) 1.07 (1.03,1.11) <0.001 | 0.98| (0.95,1.01) 0.22
Model 2 1056 v 2689* 1277 v 2971*
Age (per 10 years) 1.38 (1.28, 1.49) <0.001 | 1.13| (1.06,1.21) <0.001
LN Duration of DM (years) 1.02 (1.01, 1.03) 0.003 | 1.01 (1,1.02) 0.09
BMI (Kg/m ?) 1.02 | (0.97,1.07) | 0357 |1.07[ (1.03,1.13) | 0.002
SBP (per 10 mmHg) 1.05 (1,1.11) 0.051 1.18 (1.13, 1.24) <0.001
DBP (per 10 mmHg) 0.82 (0.74,0.9) <0.001 | 1.02| (0.94,1.12) 0.58
No. of Antihypertensives 1.38 (1.28, 1.48) <0.001 | 1.31 (1.22,1.4) <0.001
Male v Female 0.89 (0.76, 1.04) 0.13 1.1 (0.96, 1.27) 0.182
Non-Caucasian v Caucasian | 1.42 (0.68, 2.97) 0.346 | 1.31| (0.71,2.41) 0.393
Type of DM (1 v Other) 0.51 (0.28, 0.92) 0.82 (0.46, 1.44)
Type of DM (2 v Other) 0.54 (0.31, 0.94) 0.073 | 0.88| (0.51,1.53) 0.71
Type of DM (2 v 1) 1.05 (0.8,1.38) 1.08| (0.85,1.37)
ACE-i/ARB (yes v no) 0.68 | (0.55,0.84) | <0.001 | 0.92] (0.76,1.1) 0.358
Model 3 859 v 2085* 983 v 2258*
Adj SD BMI 1.01 (0.93, 1.09) 0.841 | 0.99| (0.92,1.07) 0.813
Adj SD SBP 1.06 | (1.03,1.08) | <0.001 [1.09] (1.07,1.11) | <0.001
Adj SD DBP 1.02 (0.97, 1.06) 0.461 1.03 (0.99, 1.06) 0.163
Adj SD HbA1¢ 1.01 | (0.99,1.02) | 0.287 |1.02] (1.01,1.03) | <0.001
LN Adj SD ACR 1.37 (1.3,1.44) <0.001 N/A
Adj SD Cholesterol 1.08 (0.86, 1.35) 0.525 |1.08| (0.88,1.33) 0.47
Adj SD HDL 0.17 (0.06, 0.48) 0.001 0.38 (0.15, 0.95) 0.038
Model 4* 848 v 2067* 907 v 2175*
LN uACR (mg/mmol) 1.13 | (1.04,1.23) | 0.005 N/A
% Change peryear in eGFR N/A 0.92 (0.9, 0.94) <0.001
HbA 1c (mmol/mol) 1.02] (1.01,1.02) | <0.001
Baseline eGFR (per
10ml/min/1.73n?) 0.87 | (0.83,0.92) | <0.001 | 0.83| (0.8,0.87) <0.001
ALP (U/L) 1 (1,1.01) 0.002
ALT (U/L) 0.99 (0.98,1) 0.002
Cholesterol (mmol/L) 1.15 (1.05, 1.27) 0.003 | 1.13| (1.03,1.24) 0.009
HDL (mmol/L) 0.6 | (0.47,0.76) | <0.001 [ 0.84] (0.67,1.04) | 0.115
Free T4 (pmol/L) 1.04 | (1.01,1.08 | 0.012 [0.97 (0.94,1) 0.067
TSH (mIU/L) 1.05| (1.01,1.09) | 0.016 | 0.96 (0.93,1) 0.042
Age (per 10 years) 1.22 (1.1, 1.35) <0.001
BMI (Kg/m ?) 1.01 (1,1.03) 0.098
SBP (per 10 mmHg) 1.16] (1.11,1.23) | <0.001
DBP (per 10 mmHg) 0.82 (0.74, 0.91) <0.001
No. of Antihypertensives 1.21 (1.11,1.32) <0.001 | 1.13| (1.04,1.23) 0.004
Male v Female 1.03| (1.02,1.05) <0.001
Type of DM (1 v Other) 0.39 (0.19, 0.77)
Type of DM (2 v Other) 0.44 | (0.23,0.86) | 0.026
Type of DM (2 v 1) 1.15 [ (0.83,1.59)
ACE-i/ARB (yes v no) 0.8 (0.62,1.02) 0.071 [ 1.02 (1,1.03) 0.009
Adj SD SBP 1.28| (1.06, 1.55) 0.009
Adj SD HbA 1¢ 1.02 (1.01, 1.04) 0.006 | 1.24| (0.99,1.57) 0.065
LN Adj SD ACR 1.18 (1.1,1.27) <0.001 N/A
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Aincludes all variables in Modela 1 nonsignificant variables in all 3 categories not
listed

* event v norevent. UACR: urine albumin:creatinine matiHbA:: glycated
haemoglobin, eGFR: estimated glomerular filtration rate, ALP: alkaline phosphatase,
ALT: alanine aminotransferase, Cholesterol: Total Cholesterol, HDL: high density
lipoprotein, Free T4: Thyroxine, TSH: thyroid stimulatimgrmone, BMI: body mass
index, SBP: systolic blood pressure, DBP: diastolic blood pressure, DM: diabetes
mellitus, ACEI/ARB: angiotensin converting enzyme inhibitor/angiotensin receptor
blocker, Adj SD: adjusted standard deviation. Multivariate modél felevant
biochemical and urinary indices, multivariate modelr@levant clinical indices,
multivariate model 3 variability indices, multivariate model 4tepwise regression
using relevant biochemical, urinary, clinical and variability indices. In tptaljided

all data were available 3,894 and 4,464 participants were eligible for inclusion in the
decliner (%) and uACR>3 mg/mmol models, respectively.
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2.9 Figures
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Figure 2:

A) Prevalence of DKD among all patients with DM (n=146, 3.2% are on dialysis,
transplant or insufficient data smlcategorisep

B) Prevalence of DKD among patients with TIDM (n=33, 3.1% are on dialysis,
transplant or insufficient data to subcategorise).

C) Prevalence of DKD among patients with T2DM (n=106, 3.1% are on dialysis,
transplant or insufficient data to subcategorise).

D) Prevalence of DKD among patients with Other DM (n=7, 8.1% are on dialysis,
transplant or insufficient data to subcategorise).
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2.10 Supplementary Materials

Supplementary Method:

Statistical AnalysesSummary statistics for normally distributed continuous variables

were represented as the mean (xSD) and median-ngax) for nonnormally

distributed data. Categorical data were represented as frequencies (percentages). For
normally distributed data, comgison of means was made usigglysis of variance
(ANOVA)wi t h Tukeybds post hoc mpdrametnridata, c o mp a
KruskatWa |l I i s mul ti pl e comparison test with
test was used. Comparison of proportions was performed usingquared test with

posthoc pairwie testing.
Supplementary Results:
End-Stage Renal Disease (Dialysis/Transplantation):

Of those on haemodialysis (n=41), n=36 (87.8%) were drogpital haemodialysis,
n=1 2.4%) home haemodialysis and n=88%) peritoneal dialysis. Of those who
underwentransplantation (n=19), n=18 (94.7%) received a kidney transplant and n=1

(5.3%) combined pancreas kidney transplant.

Clinical and Laboratory Data:

The median duration (days) between baseline clinic visit and baseline laboratory
indices was 4 day3.o0 caktulate variability, the number of values which were available
for the following variables are (median (mimax)): HbA: (9, 22106), UACR (7, 2

56), total cholesterol (7,-32), HDL-C (7, 252), BMI (8, 281), SBP (8, 280) and

DBP (8, 280).
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Supplementary Table 1:Causes of Other DM

Other DM

Cause No (%)
DM secondary to Pancreatic 29 (34.5)
Insufficiency

MODY 18 (21.4)
DM secondary to Hemochromatosis | 13 (15.5)
DM secondary to Steroids 9 (10.7)
DM secondary to Cystic Fibrosis 8 (9.5)
NODAT 2(2.49)
DIDMOAD 2 (2.4)
DM secondary to Acromegaly 1(1.2)
Werner s syndr om¢ 1(1.2)
Ketosis prone diabetes 1(1.2)
Mitochondrial DM 1(1.2)
LADA 1(1.2)

DM i Diabetes Mellitus, MODY Maturity onset diabetes of the young, NODAT
New-onset diabetes after transplantation, DIDMOAMiabetes insipidus, diabetes
mellitus, optic atrophy, and deafness, LADRatent autoimmune diabetes in adults.
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Supplementary Table B4i legend:R-sq (adj): Rsquared (adjustedACR: urine
albumin:creatinine ratio, HbA glycated haemoglobin, eGFR: estimated glomerular
filtration rate, ALP: alkaline phosphatase, ALT: alanine aminotransferase,
Cholesterol: Total Cholesterol, HBC: high density lipoprotein, Free T4: Thyroxine,
TSH: thyroid stimulating hormone, BMI: body mass index, SBP: systolic blood
pressure, DBP: diastolic blood pressureM:Ddiabetes mellitus, ACEI/ARB:
angiotensin converting enzyme inhibitor/angiotensin receptor blocker, Adj SD:
adjusted standard deviation. Multivariate modeélrélevant biochemical and urinary
indices, multivariate model -2relevant clinical indices, mtivariate model 3i
variability indices, multivariate model -4stepwise regression using relevant
biochemical, urinary, clinical and variability indices.
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Chapter 3: Biomarkers in Diabetes in Galway
(BioDIG) Study- Methods.
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3.1 Introduction

At present, there is an emerging gamut of biomarkers aimed at identifying people with
diabetes who are likely to progress to DKD/ESRD at ary stalge and at predicting
those with and without DKD who will have a rapid rate of decline in renal function
(1). Many of the evemcreasing number of novel biomarkers lack validation, and
guestions exist regarding the sensitivity and specificity of these biomaiKers
Studies havedtused on the predictive ability of these biomarkers rather than change
in their absolute value overtime as kidney function improves/disimproves. \degtif
people who are at high risk of accelerated decline in renal funatiows for targeting
those viho will benefit the most from mormtensive DKD management and will
facilitate the enrichment of DKD clinical trials with participants who are at higher risk
of adverse renal outcomés). | establi®ied he Biomarkers in Diabetes in Galway
(BioDIG) study as part afny PhD project to create a cohort of people with diabetes
and different degrees of DKD for whidlcollectedgranular baseline demographic,
clinical, haematological and biochemical datmllowed tis cohortongitudinally to
explore factors/biomarkers associated with decline in renal function and adverse renal
outcomes. In parallel] collected plasma, serum, urine and peripheral blood
mononuclear cells (PBMCspamples from participantt baseline and at subsequent
follow-up visits.| stored these sampl@s a biobank that | created and maintained.
Health Related Quality of Life (HRQoL) data were also collated. In addition to people
with diabetes| recruiteda cohort of selfeported hdéhy people without diabetes or
kidney disease. collated ganular demographic, clinical, haematological and
biochemicablataandstoredplasma, serum, urine and PBMCs. This chapter introduces
the BioDIG cohort and summarises relevant methodoldbegsl usedbeyond those
described in the individual published studies that are preskatézth the thesis.

3.2 Methods
3.2.1 Ethics

The BioDIG study was reviewed by the research ethics committees at Galway
University Hospitals (GUH) anthe National University of Ireland Galway (NUIG).
Ethical approval s granted (Ref GUH: C.A. 1404; Ref NUIG: Daily-05)

(Appendices B and C)The study was conducted in accordance with the ethical
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principles and practices set out in the Declaration dkikld. Informed written

consent was obtained from phrticipants (Appendes D, E, F, G, H

3.2.2 Study Design
3.2.2.1 Participants with diabetes

This is a prospective cohort study. Participants attending routine clinic appointments
at either the Centre for DiabetelSndocrinology and Metabolism at GUH or the
Nephrology Clinics at Merlin Park University Hospital were enrolled in this study
between February 2016 and February 20Récruitment was by convenience
consecutive sampling. Plasma, serum, urine and perigblecad mononuclear cells
were stored at baseline and at subsequent scheduled routine clinicupliosits

until December 2017. Participants with diabetes with and without DKD were recruited

to our longitudinal study.

Inclusion criteria for people withiabetes with and without kidney disease:

1. Adult: Age O 18 years.

2. Known diagnosis of diabetes mellitus.

3. eGFR O 15 nbriomuo reciuitment; Batients will not be excluded
if their eGFR drops <15 ml/min/1.73raver the course of the study or if their
eGFR is <15 ml/min/1.73fin the blood sample taken at the time of
recruitment.

4. Capable of understanding the rationale and procedures for the study as
described in the information shé@ppendices D, E)

5. Not severely anaemi g/l retcoadedmwbhg B mdthen | ev el C
of study enrolment.

6. Not currently being treated for infection, cancer, acute cardiovascular event,
or haematological conditions other than anaemia.

7. Willing and able to provide informed consent.

Exclusion Criteria for people i diabetes with and without kidney disease:

1. Age <18 years.
2. Unwilling or unable to provide informed consent.

3. Haemoglobin level < 10 g/dl within the past 3 months.
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4. Under active management for infection, cancer, acute cardiovascular event or
haematological condition other than anaemia.

5. Unable to understand patient information sheet.

6. No confirmed diagnosis of diabetes.

3.2.2.2 Healthy volunteers

This was a crosssectional study. Healthy volunteers were identified using posters
displayed at GUH and NW@ andby word of mouth between March 2016 and
December 2018. Plasma, serum, urine and peripheral blood mononuclear cells were
collected andstored at the single baseline visit. Healthy volunteers were asked to
complete a healthy volunteer questionnateapter 8.10.1 Supplementary File 1:
Health Questionnaije

Inclusion criteria for healthy volunteers:

1. Adult: Age O 18 years.

2. Not known to have kidney disease, anaemia or other blood disorder.

3. Capable of understanding the rationale and procedures fortudg as
described in the information shé@ppendix F)

4. Currently well (seHreported).

5. Not currently being treated for infection, cancer, acute cardiovascular event or
haematological condition other than anaemia.

6. Willing and able to provide informed coss.

Exclusion criteria for healthy volunteers:

Age < 18 years.
Unwilling or unable to provide informed consent.
History of kidney disease, anaemia or other blood disorder.

Currently unwell.

ok w0 N PE

Unable to understand patient information sheet.
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3.2.3 Datacollection
3.2.3.1 All study participants

At each visitclinical demographics were recorded. These included body mass index
(BMI), systolic blood pressure (SBP) and diastolic BP (DER)od pressure (SBP,

DBP) was measured in mm Hg using an automated oscillendetrice (Omron®) in
accordance with standard departmental operating procedures, after participants had
been seated and at rest for five minutes. Smoking statusiateg(current, never,

past).

3.2.3.2 People with diabetes with and without DKD

Type (T1DM, T2DM, Other forms of DM) and duration of DM (as reported by the
person with DM) were noted. A list of current medications rgasrcedat each visit.

3.2.3.3 Rate of change of renal function

The value for eGFR taken at the baseline (recruitment)feisthose with DM with

and without DKD, was designated as the index eGFR. For the 6 years prior to the date

of enrolment, all serum creatinine (creatinine) values for each individual were

recorced from the electronic biochemistry database at GUH. Creativalues were

collected prospectively from the date of enrolment and were collated up to December
2021.TheeGFR value used to estimate rate of change of renal function was calculated

using the fowparameter CKEEPI formula (2). Linear mixed-effects models

(incorporating random withisubject trajectories of eGFR over time) were used to

generate individuaspecific eGFR slopes.These models were applied to

untransformed eGFR measurements to estimate absolute change in eGFR
(mL/min/1.73nt/year), and to logransformed eGFR measurements to estimate

percentage change (% changel/year). The slopes represent the change of renal function

over time for each participant incorporating all eGFR measurenfotgessive renal

function decline amongapticipants with DM (decliners) was defined as either an
absolute reduction in e%gdar3) grpmportiondte O3 . 5mL/ n
eGFR loss of8.3% per yea(4, 5) There is a varietgf definitions br rapid decline

in renal function on the absolute scale. We selecteddtfinition proposed by

Krol ewski, a renowned expe fiyear(B).Bimtlalye f i el d, o]

there are a variety of definitionsrfrapid decline in renal function on the percentage
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scale. In a general population on the percentage scale, d@&8% renal function
per year corresponds to the 2 ercentile of yearly renal function lo§$-6). Thus,
we selected a loss @8.3% per year athe definition forrapid decline in renal
function. Rate of change of renal function was calculated separately for the period

prior to enrolment, post enrolment and overall.

3.2.4 Laboratory sampling
3.2.4.1 Venipuncture Technique

1. Preparethe items required for venesection (tourniquet, alcohol swab,
plaster/gauze, vacutainer, sharps disposal unit, appropriate blood bottles).
Ensure that preooled cold packs are available.

2. Prelabel the appropriate number of collection tubes needed fqulédmaed
samples.

3. Wash hands (person carrying out the venipuncture procedure).

4. Ensure the person being sampled is positioned comfortably (either seated in a
chair or lying flat on an examination bed) in a private clinic room.

5. Apply the tourniquet to the pes o n édemimamt nppearm, which should
be resting at a comfortable height on a flat surface.

6. Pal pate the persondés veins and sel ec
(preferably a vein in the antecubital fossa).

7. Confirm that the person is happy to proceed and is comfortable and well.

8. Put on a clean pair of gloves.

9. Using an alcohol swab, clean the identified venipuncture site.

10.Remove the 23g Blue BD Vacutainer Safety Lok Blood Collection Set 7"
Tubing from the pdage. Carefully remove the covering from the needle.

11. Advise the person that he/she will feel a sharp scratch.

12.Insert the needle carefully into the vein.

13.When the needle is positioned in the vein, sequentially insert, and remove the
appropriate number of pidabelled collection tubes.

14.Remove the tourniquet, while continuing to hold the Vacutainer and needle in
place.

15.Remove the Vacutainer and needle. Put them carefully and directly into the
sharps bin.

159



Chapter 3

16.Apply gauze to the venipuncture site and ask the petsapply gentle
pressure to the gauze until any bleeding has stopped.

17.When the bleeding has stopped, remove the gauze and place it in the
appropriate biological waste container.

18.Place an adhesive plaster over the venipuncture site.

19.Ensure that the persasmwell and not lightheaded before allowing him/her to
depart.

20.Place the used gloves in the bin and wash hands.

3.2.4.2 Serum samplereparation

1. After collection of blood into appropriate serum separator tubes (2 by 5ml and
1 by 7.5ml BD Vacutainer serurseparator tube (SST) Advance Blood
Collection Tube (Figure 1)), invert the tube 3 times.

2. Allow the tubes to rest for 1 hour at room temperature in a horizontal position.

3. Transfer the 7.5ml BD Vacutainer SST Advance Blood Collection Tube to the
routine bichemistry laboratory at GUH for analyses.

4. Centrifuge the remaining tubes at 800 relative centrifugal force (RCF) for 15
minutes at room temperature (Ramping speed 9/Brake 5).

5. Carefully transfer 300ul aliquots of serum to 10-[aieelled participants
unique identifier, date and study visit numb@ry ml cryotubes.

6. Place the cryotubes in th&0°C freezer in an appropriately labelled box
pending analyses.

BD Va
-

Figure 1: BD Vacutainer SST Advance Blood Collection Tube
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3.2.4.3 Plasma sample preparation

1. After collection of the samples in BD Vacutainer EDTA
(Ethylenediaminetetraacetfcid) Purple Blood Collection Tubg$igure 2)

(5 X 3.5mL in total (2 plasma, 1 for PBMCs, 2 fautine biochemical and
haematological tests)naintain the EDTA tubes af@ by placing them in a
rack surrounded by preooled cold packs.

2. One 3.5mL BD Vacutainer EDTA plasma tube is transferred to the
biochemistry laboratory to measure glycated haentagl@1bAsc), one to the
haematology laboratory to measure haematological parameters and one is set
aside for PBMC separation (outlined below).

3. Centrifuge the plasma at 3000 RCF for 10 minutes at 4°C (Ramping speed
9/Brake 9) to remove particles amzklls/platelets within 1.5 hours of
venipuncture.

4. Carefully transfer 300 ul aliquots of plasma to 10-lagelled participants
unique identifier, date and study visit numb@&§ ml cryotubes.

5. Place the cryotubes in th&80°C freezer in an appropriatelabelled box

pending analyses.

LT {8 [T B = oo
NERO

1 482514° o 905002 7% {1 161 1

Figure 2: BD Vacutainer EDTA Purple Blood Collection Tubes

3.2.4.4 PeripheraBlood MononucleacCells (PBMCs)

1. After collection of the samples in BD Vacutainer potassium EDTA Purple
Blood Collection Tubes (5 X 3.5mkL in total for plasma and PBMCs),
maintain the EDTA tubes at 4°C by placing in a rack surrounded byooted

cold packs.
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9.

. To a 15mL labelled falcon tube, add 3mL of Ficoll®.

Using a transfer pipette, transfer 3.5mL of whole blood from the EDTA tube
and carefully layer onto the Ficoll®.

Centrifuge the sample at 420xg, O brake for 22 minutes at 4°C.

Extract the PBMC buffy coat using a transfer pipette and put in a 15ml falcon
tube.

Wash the sample by making the volume up to 15ml using Phospliié¢eed
saline (PBS). Mix cells by inverting the tube several times.

Centrifuge the sample at 300xg for 10mins (ramping speed max, brake

on(max)) at 4°C.

Discard supernatant by invergiube and blotting excess supernatant on tissue

paper.

Resuspend cell pellet in each tube with 500 ul of PBS in a cryotube.

10.Remove a small aliquot from the mixed PBMC and count the cell number with

a haemocytometer using Trypan Blue. Record the cell asumimber of cells
x 10° cells/mL.

11.Transfer the suspension to a-abelled (participants unique identifier, date

and study visit number) cryotube.

12.Centrifuge the cryotube at 300xg for 10mins (ramping speed max, brake

on(max)) at 4°C.

13. Discard supernataby inverting tube and blotting excess supernatant on tissue

paper.

14.Place the cryotubes in th&0°C freezer in an appropriately labelled box

pending analyses.

3.2.4.5 Urine Collection

1.

Participants will be asked to provide a midstream urine sample (standard
depatmental protocol) of up to 100ml using a BD Vacutainer Urine Collection

system (Figure 3).

162



Chapter 3

Figure 3: BD Vacutainer Urine Collection system

2. Using a BD Vacutainer 4mL Tube, take a sample to send to the routine
biochemistry laboratory faneasurement of the urine albumin:creatinine ratio
(UACR) and urine sodium.

3. Following extraction of the sample for uUACR analysis, the remainder of the
sample (up to 100 ml) can be kept &€ by placing on top of preooled cold
packs for up to 60 minutegtore further processing.

4. Without shaking or otherwise mixing the sample, transfer 5 x 1.5 ml aliquots
to 2 ml cryovials | abelled Auncentrif
unique identifier, date and study visit number.

5. Place these aliquots @Clwhile remaining aliquots are prepared.

6. Transfer the remainder of urine to labelled 50 ml Falcon tubes and centrifuge
at 2,000 RCF for 10 min at 4°C (Ramping speed 9/Brake 9).

7. Transfer 10 x 1.5 ml aliquots to 2 ml
along with the participants unique identifier, date and study visit number.

8. Transfer the remainder of the centrifuged urine to labelled 15 ml Falcon tubes.

9. Place all urine aliquots in storage in cryoboxes-8i°C pending batch

analyes

3.2.5 Routine laboratory analyses

Each participant had venous whole blood collected into appropriate specimen tubes at
each visit, one 7.5mLBD Vacutainer SST Advance Blood Collection Tyulpéain

plastic tube for biochemical tests and two 3.5mL BD EDTA plasitgoes for
measuremerdf glycated haemoglobin (HhA and haematological parameters.
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3.2.5.1 Biochemical parameters

Biochemical testing included; renal profile (sodium {NNapotassium (K),
bicarbonate (HC®), chloride (Cl), urea and creatinine), liver profile (albumin, total
protein (T. Prot), bilirubin (T. Bili), alkaline phosphatase (ALP), alanine transaminase
(ALT) and gammaglutamyl transferase (GGT)), lipid profile (total cholesterol,
triglycerides, high density lipoprotein cholesterol (HQ) and low density
lipoproteincholesterol (LDLC)), total calcium(T.C&"), inorganic phosphai@P Os*)

and intact parathyroid hormone (iPTH), CRP, uric acid, thyroid function tests (free
thyroxine (FT4) and thyroidtimulating hormone (TSH)), #&rminal pro btype
natriuretic peptidéNT-proBNP) and high sensitivity troponin T (hsTnThese were
measured by standard laboratory methods on the Roche Cobas® 8000 modular
analyser series (Roche Diagnostics Limited, West Sussek, lokaddition, serum
indices (Haemolysis (H),ipaemia (L) and Icterus jiit hat moni tor an instr
response to detect and flag famalytical interference affecting anadgswere
performed on all sampleslbA:c was measured using capillary electrophoresis on the
Sebia Capillarys @utomated haeaglobin analysers and the Sebia HblKit (product
number: 2515)The estimated glomerular filtration rate (eGFR) was calculated using
the Chronic Kidney Diseadepidemiology Collaboration (CKEEPI) formula(2).

LDL-C was derived using the Friedewald equafio).

3.2.5.2 Haematological parameters

Haematological parameters including white cell count (WCC), red blood cell (RBC)
count haemoglobin, haematocrit, derived mean corpuscular volume (MCV), mean
corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration
(MCHC), plateles, neutrophils, lymphocytes, monocytes, eosinophils, basophils and
leucocytes were measured ugsiAdvia 2120 platforms within two hours of sample

receipt.

3.2.5.3 Biomarkers

Throughout the subsequent chapters, | will describe how a variety of novel biomarkers
were measured in serum and plasifiacough arr extensive, well curated database
and biobankl havefosteredcollaborations with national and international colleagues

and with industry to explore the potential use of novel biomarkers in diabetes and
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kidney disease. This work has informed measurement of biomarkers in the
NEPHSTROM(Novel Stromal CellTherapy for Diabetic Kidney Disedselinical
trial - a Phase 1b/2a clinical trial of a novel stromal cell therapy in people with diabetic

kidney diseasexww.nephstrom.el Future work will involve expanding the niver

of biomarkers measured and developing a panel of biomarketsatreathe ability to

predict adverse renal outcomes.

3.2.6 Outcomes

There is ongoing ascertainment of outcomes of interest. Outcomes of interest include
rate of change of renal functionp#int major adverse cardiovascutaentg MACE:
cardiovascular death, ndatal myocardial infarction, nofatal stroke, unstable

angna requiring hospitalization) and a major renal event (requiring renal replacement
therapy, sustained decrease in eGFR ti¢1® mL/ mi?n/ d. §8s mai ned

decrease in eGFR, or a sustained doubling of serum creatinine).

3.2.7 Health RelatedQuality of Life (HRQoL) data

In this study, we measured HRQoL using two instruments5BGL (EuroQol 5
Dimensions H.evels) andKidney Disease and Quality of Life Short Fon6 E
(KDQOL-3 6 E) quest i orbbB-aLhaséeen usddhinemulEp@ studies of
patientswith diabetes including the ADVANCE study where it has shown to perform

well and is simple for patients to ug). The EQ5D-5L hasalsobeen shown to be

reliable and responsive in multiple studies of people with dialf@{®3) and people

with CKD (13, 14) The KDQOL-:3 6 E has been used in multi
in CKD and isa validated qualityof-life instrument that combines the generic 3
instrument with a kidney disease specific instrunigsf 16) Analyses of HRQoL are

planned with collaborators but are not included is BhD thesis.

3.2.8 Statistical Analyses

Microsoft® Excel 206, GraphPad® Prism (Version 6.01), Minitab ® 17.1.0,
Analyseit® (Version 17), MedCalc® Statistical Software (Version 18.2rid R(17)

were used for data recording and statistical analyses. Updated versions of statistical
packages were used as updates became available. The statistical nettiddslate

for each manuscript are outlined in subsequent chapters.

165


http://www.nephstrom.eu/

Chapter 3

3.2.9 Cohort Overview

In total, 201 people with diabetes and 208 healthy volunteers were recruited to this
study (Figure 4). These participants were followed when possible, at routine clinic
visits over the next 12 months. Baseline clinical, biochemical and haematottagizal

are outlired in tables 1 to 4.

Healthy Volunteers
n=208

=

Time Point (months) 0 6 2 Biobank Established:

Serum, Plasma,

Centrifuged and
| Enrolment/Visit 1 I | Visit 2 I | Visit 3 | uncentrifuged urine
stored at -80°C
| N=201 I | N=163 I N=63

Figure 4: RecruitmentiSchematic
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Throughout the remainder of this thesis, published research is presented for which
subgroups of this cohort were selected for inclusion in individual studies. More
detailed methodstatistical analyses and results are provided in each chapter.
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4.1 Abstract

Recent studies suggest a possible association between dephosphorylated
uncarboxylatedatrix Gla-Protein(dp-ucMGP) and glomerular filtration ra{(&FR).

This studyaimed to establish normative data in an adult Caucasian population and to
explore the potential utility of dpcMGP in patients with diabetes mellit{i3M) with

and without diabetic kidney disead2KD). Healthy volunteer§HVs) (cross
sectional study) angarticipants with DMprospective cohort study) were recruited.
Plasma dpucMGP was measured using the IDE&RY'S Ina Ktif (dpucMGP) assay.

Of the Healthy Voluntees (HVS) recruited( n = 2 @382p0) wek Excluded

leaving a reference population of 187.8%) metabolically healthy participants with

normal kidney function. Plasma -djgMGP RIs were <30 32 pmol / L. Ther

100 eligible participants with DKD and 92 with DM without DKD. For the
identification of participants with DKD, the area under tleEeiver operating
characteristic curvfAUC) for dpucMGP was 0.84%5% CI:0.799 0.880;

p < 0.001) .-ucMBP ademmmstratedl p similar ability to urine
albumin:creatinine ratiGuACR) to detect participantgith and withoutrenal function
decline. Amox patients with DM, there was a negative correlation between natural
log (LN) dp-ucMGP and eGFRr = 1 0. 704 1; p < 0.001)
function [%changéd r = T 0. 4509, p < 0.001)] and
dpucMGP and LNUACR r0 .=3392; p < 0.001). These
for plasma dpucMGP with weltdefined RlIs to identify adults at high risk for vascular

disease in the context of progressive DKD.
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4.2 Introduction:

Matrix Gla-protein (MGP), a 14kDA secreted proteifil), is a member of the family

of vitamin Kdependent p r-carbosyiglutamatg] @rbtans)?). dt is
expressed by arterial medial vascular smooth muscle cells, fibroblasts, chondrocytes
and endothelial cellE3) in a variety of tissues including the arterial wall, heart, lungs
and kidneyg4). MGP is a potent inhibitor of vascular calcificati¢). Mice that lack

MGP develop to term but die within two months due to arterial calcification which
leads to blod-vessel rupturg6). Keutel syndrome, a rare autosomal recessive
disorder, is caused by a les&function mutation of MGP that results in abnormal
calcification(7). Increased vascular calcification leads to increased MGP transcription
andtheproduction of dephosphorylateshcarboxylated MGP (dpcMGP)(8). Post
translational modification of dpcMGP is necessary for it to acquire its full
calcification inhibitory activity: dpucMGP (inactive) o d e r g -@latamated
carboxylation to form dephosphorylatedrboxylated MGP (dgMGP)
(intermediate) followed by serine phosphorylation to form active phosphorylated
carboxylated MGP GEMGP). Vitamin K hydroquinone is an essential cofactor for
the enzyme-glutamylcarboxylase that catalyses the conversion afapGP to dp

cMGP. Plasma concentration of-dpMGP is considered to be a better indicator of
vascular vitamin K status than other components of the MGP system and correlates
with vascular stiffness1 the general population and in patients with chronic kidney
disease (CKDJ3, 9, 10)

Patients with dibetes mellitus (DM) have increased risk of cardiovascular morbidity
and mortality(11, 12) Cardiovascular disease (CVBifects approximately 30% of

all persons with type 2 DM (T2DM); reducing life expectancy by up to 10 y&aj)s

DM is the leading cause of CKD worldwide (known as diabetic kidney disease (DKD))
(13). DM in conjunctionwith kidney disease is highly associated with vascular
calcification(14). In the populatiorbased NHANES 1l study in those with T2DM,
the subgroup with evidence of CKD accounted for most or allhef éxcess
cardiovascular mortality risk compared to those without (8. Elevated plasma
dp-ucMGP was associated with vascular calcification in patients with different
degrees of kidney disea¢#0, 16)and independently associated with lower renal
function (9). Plasma dpuicMGP was also independently associated with peripheral

vascular calcificatior{3), carotid femoral pulse wave velocif¥7) and aortic pulse
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wave velocity (18). Aortic pulse wave velocity is an independent predictor of
cardiovascular morbidity and mortalifg9). Vitamin K supplementation (VKS) has
been associated with a reduction in vascular calcification and plasraeMipP
concentrations although further studies are ne@dThus, measurement pliasma
dp-ucMGP has the potential to be a marker of effective VKS. Finally, vitamin K
dependent proteins such aswWMGP are associated with the combined endpoint of
CVD or mortality(20).

There is a significant unmet clinical needttoe identification of biomarkers that serve
as predictors of renal function decli(l) and/or identification of patients at risk of
CVD with differing degrees of renal impairment. To identify the utility of a biomarker
in a disease process, it is important firstly to understand how thisatkenmbehaves

in a healthy population with no underlying disease processes. To our knowledge, this
is the first report to establish robust reference intervals (RIs) focHGP measured
using the IDSE@ISYS, an automated immunoassay analyzer based on
chemluminescent technology, in metabolically healthy adults with normal kidney
function. Previous studies have establisiidd for total MGP using a sandwich
ELISA (enzymelinked immunosorbent assglit (22) and explored the relationships
between dpucMGP concentrations measured using a sandwichashigdodyELISA

and coronary artery calcification and vitamin K status in healthy w@g8r24) The
primary aims of this study were to establish normative data foictiGP in an Irish
Caucasian population and to explore the promise -afolppGP as a new biomarker in
patients with DKD. The secondary aim was to compare plasru@M@GP and urine
albumin:creatinine ratio (UACR) in the identification of individuals with rapid decline

in renalfunction.

4.3 Methods

Ethical approval for this study was granted by the research ethics committees at
Galway University Hospitals (GUH) and the National University of Ireland Galway
(NUIG) (Ref GUH: C.A. 1404; Ref NUIG: 18uly-05). The ethical principles ohis

study are based on the recommendations set out in the Declaration of Helsinki.

Informed written consent was obtained from all participants.
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4.3.1 Study Design

A crosssectional study was carried out between March 2016 and March 2018 at
GUH/NUIG to recruithealthy volunteers (HVS). HVs were identified using posters
displayed at GUH/NUIG. A prospective cohort study was designed to recruit
participants with DM with and without DKD. Participants were recruited by
convenience consecutive sampling at routine DMphrology and diabetic renal
clinics (25)at GUH

4.3.2 Reference population

Our reference population of metabolically healthy adults with normal kidney function
has been previously describ€d6). In brief, the stringent inclusion critarifor
establishingRlIs in our population (Table 1) included: signed informed consent and
Caucasian ethnicity. The exclusion criteria included: on prescribed otle/eounter
medications (not including contraceptives) in the week preceding recruitment,
previous or new diagnosis of DM or prediabetes, known diagnosis of cardiac, thyroid,
liver or kidney disease, anaemia or unwell in the previeuge&ks, norCaucasian,
clinical or laboratory parameters outside defined ranges (Table 1) or insufficient
sample In addition to the previously described exclusion criteraay participant
suspected of having metabolic bone disease at the time of sampling (fow 25
hydroxycholecalcifero{25(OH)D)<25ng/mL and/or high intact parathyroid hormone
(i PTH) concentrationO65ng/ L) was al so exc¢

thestudycriteria and included in the reference population was 141.

4.3.3 Participants with DM and DKD

DKD was defined as a reduction in eGFR (<60mL/min/1Zj3npersistent

alboumi nuria (UACR >2.5mg/ mmol (mal es) or >
last 3 UACR measurements) and/or renal hyperfiltration >150mL/min/2.73m
Participants with DM were divided into groups based on the presence or absence of
DKD. The inclusion criteriave r e : known diagnosis of DM,
informed consent. The exclusion criteria were: under active management for acute
medical conditions (infection, cancer, acute cardiovascular event or haematological

conditions) other than anaemia, haghobin <10g/dL in the 3 months prior to study

181



Chapter 4

enrolment, Vitamin K antagonist therapy, CKD 5, renal transplantation or dialysis

therapy.

4.3.4 Data collection

All participants had baseline demographics and clinical characteristics recorded
(Supplementary Methodimgy 1). Blood pressure (systolic [SBP], diastolic [DBP])
was measured in mm Hg using an automated oscillometric device (Omron®) in
accordance with standard departmental operating procedures, after participants had
been seated and at rest for five minutdee reference population completed a detailed
guestionnaire to identify any known medical conditions, medication use and/or illness
in the previous two weeks. For participants with DM, the type and duration of DM
(years), past medical history and curremtdications were noted. Cardiovascular
disease (CVD) is defined as a history of myocardial infarction, congestive cardiac
failure or stroke. In addition, all serum creatinine values for the 10 yeaenmhknent

and over the subsequent 2.5 years -postiment (or until death, dialysis or
transplantation) were collated. For these serial serum creatinine values, eGFR was

calculated using the-garameter CKEEPI formula(27).

4.3.5 Laboratory Sampling Strategy

Blood (20mL) was drawn from each participant and collected in appropriate specimen
tubes (BD Vacutainer® blood collection tubes): potassium ethylenediaminetetraacetic
acid (EDTA) tubes for measurement of plasma glycated haemoglobin Al

blood coum and plasma dpcMGP and plain (clotting) tubes for measurement of
serum Creactive protein (CRP), sodium, potassium, chloride, urea, creatinine,
calcium, phosphate, liver function tests, cholesterol, thyroid function tests, iPTH,
25(0OH)D, high sensitivit troponin t (hsTnT) and fkerminal pro btype natriuretic
peptide (NFproBNP). A midstream urine sample was collected for measurement of

UACR (Supplementary Methodology 2).

For measurement of plasma-dpMGP, whole blood collected in EDTA tubes was
procesed (centrifugation at 3000xg for 10 minutes at 4°C and plasma separated from
the cells within 1.5h of blood draw), divided into aliquots and storeB0&C prior to

batch analyses.
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4.3.6 Analytical methods

TheIDS®-iSYS is an automated immunoassay analyzer basedhemiluminescent
technology The IDS®iSYS InaKtif (dp-ucMGP) is a sandwich assayploying a
magnetic particle, soliphase capturdpMGP antibody and an acridiniuabelled
tagucMGPantibody.The quantity dlight (expressed in relative light unitejnitted
by the acridinium label is directly proportional to the concentration aiayGP in
the sampl@and measured by the system luminomeddranalyses were conducted in
the Clinical Biochemistry Laboratorat GUH (accredited to I1ISO 15189:2012
standards for medical testing laboratories).

4.3.7 Assessment of assay performance specifications

Linearity, precision, bias, the effect of haemolysis, sample stability and the effect of
repeated freezthaw cycles on dpicMGP measurement were assessed

(Supplementary Methodology 3).

4.3.8 Statistical analyses

Microsoft® Excel 2016, GraphPad® Prism (Version 6.01) a(ZBRwere used for
data recording and statistical analyses.

4.3.8.1 Establishing reference intervals for-dpMGP

The frequencyistribution for plasma dpcMGP was established. Reference values
within the IDSISYS dpucMGP reportable range were used to establish the reference
intervals. Plasma dpcMGP levels below the assay reportable range or lower limit of
quantification (LLoQ (300pmol/L) were assigned the arbitrary figure of 299pmol/L
for statistical analyses. Normality was evaluated usingdOtAgostincPearsortest
Outliers were assessed in accordance with the criteria of Bb@n(29) and Reed et

al. (30) (Supplementary Methodology 4). As the data was not normally distributed,
the International Federation of Clinical Ghistry and Laboratory Medicine (IFCC)
recommend thenonparametric method to establish Ris. Plasma dpicMGP lower

and upper reference limits were estimated at thd' 2/d 97.8 percentiles,

respectively.
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4.3.8.2 Diagnostic utility of dpucMGP in DKD

Continuous data were represented using means (standard deviations) where the data

were normally distributed and median (Amrax) for nonnormally distributed data.

For normally distributed data, comparison of means was made using ANOVA with
Tukeydsc pmowslitt ihpol e ¢ o mp ar tHestoRor nofgagametrior St udent
data, KruskaWwa l | i s mul tiple comparison test wi t h
comparison test and MaiWhitney U test were used. Categorical data were

summarized with frequencies (percentggeSomparison of proportions were

performed using the clsiquared tegivith pairwise tests for independence for multiple

comparisons) Pearsonés correlation was wused to ex
continuous variables and clinical/laboratory parareamong HVs.®# al ues OO0. 05

were considered statistically significant.

Linear mixedeffects models (incorporating random within subject trajectories of
eGFR over time) were used to generate individual specific eGFR slopes; both absolute
change (mL/min/TZ3n¢/year) and percentage change (% changel/year). The slopes
represented the change in renal function over faneach participant incorporating

all eGFR measurements (before, after and at time of recruitment). Progressive renal
function decline among pigcipants with DM (decliners) was defined as either an
absolute reducti on i Ayea(SlfoRpermentage 8GFRIods/ mi n/ 1. 7
of O3. B2633yleageneral population, a 3.3% reduction in renal function per
year corresponds to the ¥ percentile of the distribution of annual renal fuantloss

(34). Participants whose rate of eGFR decline s&&mL/min/1.73ryear or <3.3%

per year were classified as ndacliners.

Receiver operating characteristic (ROC) curve analyses were used to evaluate the

diagnostic utility of plasma dpcMGP in distinguishing participants with DKD from

participants wittbM without DKD and HVs. The sample size required to identify an

area under the receiver operating characteristic curve (AUC) of >0.75 with a null

hypot hesis AUC of 0.5, a ratio of sample siz
of 0. 05 apower 9%)avas détermined to be 18 cases with DKD and 60

cases without. Further ROC curves were constructed to determine the utility of plasma

dp-ucMGP in distinguishing participants with DKD from participants with DM

without DKD and decliners from nedediners. The relationships between natural log
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(LN) dp-ucMGP and eGFR, LN uACR and change in eGFR (absolute, percentage)
were explored using linear regression models and represented on scatter plots. Box
and whiskers plots were used to illustrate the diffiees in plasma dpcMGP
between HVs, participants with DM with and without DKD and between decliners and

nondecliners (absolute, percentage).

Separatetepwise regression analyses were carried out on the HVs and the participants
with DM, to determine wich variables best explained the-dpMGP level. As dp
ucMGP was not normally distributed, the LN-dpMGP was used as the dependent
variable. The variables listed Trable 1 (with the exception of creatinine as eGFR was
included in the model) and genderdle/female) were included in the stepwise models
for HVs and those with DM. As CRP, GGT, triglycerides;&roxyvitamin D,
hsTnT, NFproBNP and uACR were not normally distributed, the LN of each of these

variables was used in the models.

4.4 Results

In total, 208 HVs were recruited to the study (Figure 1). Of these, 67 (32.2%) were
excluded based on our strict exclusion criteria, leaving a reference population of 141
metabolically healthy reference controls with normal kidney function (Table 1). Of
these, 55 (39.0%) had plasmaagpMGP concentrations below the assay reportable
range or the lower limit of quantification (300pmol/L). Baseline characteristics of the
reference population and their correlations with LN plasmad@GP are outlined in
Table 1. There was no statistically significant difference in plasmaiayyGP
between smokers (n=13; 299 (2992) pmol/L) and norsmokers (n=128; 299 (299
698)pmol/L) (p=0.264). However, there was a significant difference in plasma dp
ucMGP between males (n=5301 (299518)pmol/L) and females (n=82; 365 (299
698)pmol/L) (p=0.004). Among HVs, using a stepwise regression model, increasing
BMI, CRP, GGT, TSH and haemoglobin were associated with increasing plasma LN
dp-ucMGP (Table 2). Interestingly, this model ther suggested that males had a
lower plasma LN dpucMGP than females (p<0.001).

4.4.1 Analytical performance of dp-ucMGP assay

Linearity of the assay was verified to a dilution of 1:6 with a recovery of 100 + 10%
(Supplementary Figure 1, Supplementary Tabldntya-assay precision at mean-dp
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ucMGP concentrations of 981pmol/L, 4397pmol/L and 7296pmol/L was 4.02%,
2.28% and 2.85%, respectively (Supplementary Tabéed2c). Interassay precision

at mean dpucMGP concentrations of 981pmol/L, 4397pmol/L and6f#8ol/L was
5.57%, 3.25% and 3.22%, respectively (Supplementary Tables 2a, b, c). Bias was
6.7%, 9.0% and 6.1% at dgcMGP concentrations of 920pmol/L, 4033pmol/L and
6877pmol/L, respectively (Supplementary Table 3). Samples with a haemolytic index
(HI) of 258 and 338 had 19% and 13% increases in recovery, respectively, and samples
with a HI of 499 had a 9% decrease in recovery efiddldGP compared to baseline
(HI=7) (Supplementary Table 4). PlasmawMGP concentrations were stable when
stored at80°C ower a 9month period with a recovery of 100 £ 10% (Supplementary
Table 5).Plasma dpucMGP levels were stable for 1 waiump cycle (24h) (recovery

100 + 10%) and for 2 freezbaw cycles (recovery 100 = 10%) (Supplementary Table
6).

4.4.2 Reference intervals for gasma dpucMGP

Plasma dpucMGP was not normally distributed among the reference population (non
Gaussian) (Figure 2 A, B). This in part was due to the proportion of HVs that had
values below the LLoQ of the assay (39.0%)e D'AgostinePearson test rejesd
normality (pvalue<0.001). Using the Dixon and Reed approach for detection of
outliers, none were identified. Using the roerametric method, the lower (3.5
percentile) and upper (9 Hercentile) reference limits for dcMGP were 299 (90%
Confidence Interval Cl) 299 299) pmol/L and 532 (90% CI 506898)pmol/L,
respectively. As the LLoQ is 300 pmol/L, the data below 300pmol/L is truncated.

Therefore, we recommend that the Rl is quoted as <300pmol/L to 532pmol/L.

4.4.3 Diagnostic performance of plasma dpucMGP in DKD

In addition to 141 HVs, 200 participants with DM with and without DKD were
recruited (Figure 1). Of these, 8 (4%) were on Vitamin K antagonist therapy and were
excluded from the study. Of the remaining 192 participants, 100 (52.1%) had DKD
and 92 (47.9%) did not. Baseline biochemical, haematological and clinical parameters
for the HVs, participants with DM with and without DKD are outlined in Tablek 3,
There was a significant, stepwise increase in plasmaMGP from HVs (318(299

698) pnol/L) to participants with DM without DKD (434(299251) pmol/L) to
participants with DKD (729(2991938) pmol/L) (p<0.001) (Figure 3A). A series of
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eGFR values, sufficient to calculate rate of change in eGFR were available for 191/192
participants with DMover a median of 7.4 (0.%1.6) yearsBased on absolute change

in eGFR per year, 32 (16.8%) were categorised as decliners. However, when based on
% change in eGFR per year, 77 (40.3%) were categorised as decliners. Decliners had
higher plasma dpicMGP tha nondecliners (absolute (784(202611) v 499(290
4938)pmol/L, p<0.001); percentage (817(2e#B8)pmol/L v 439(299385)
pmol/L), p<0.001) (Figure 3B). In patients with DM, there were significant strong
negative linear associations between LN plasmadipGP and eGFR (r0.7041,
p<0.001), absolute change in eGFR-(x3078, p<0.001) and % change in eGFR (r=
0.4509, p<0.001) as well as a significant, moderate positive linear association between
LN plasma dpucMGP and LN uACR (r=0.3392, p<0.001) (Figure-BIC

ROC curve analyses were used to determine the ability of plasmaMIBP to
identify participants with DKD. First, participants with DKD were compared to
participants with DM without DKD and HV (Figure 4A). This analysis produced an
AUC 0f 0.842 (95% CI10.799i 0.880; p<0.001) with a diagnostic sensitivity of 67.0%
(95% CI 56.9 76.1), a diagnostic specificity of 91% (95% CI 86.24.0), positive
likelihood ratio of 7.10 (95% CI 4.7 10.8) and a negative likelihood ratio of 0.36
(95% CI 0.30.5). Theoptimum cutoff for identifying participants with DKD was a
plasma dpucMGP concentration >557pmol/L. Further ROC curve analysis compared
participants with DKD to participants with DM without DKD (Figure 4B). The AUC
for dpucMGP was 0.747 (95% CI: 0.679 0.807; p<0.001) with a diagnostic
sensitivity of 64.7% (95% CI 541673.9), a diagnostic specificity of 80.0% (95% ClI
70.27 87.7), a positive likelihood ratio of 3.24 (95% CI 2.15.0), a negative
likelihood ratio of 0.44 (95% CI 0-8.6) and decisiothreshold of >570 pmol/L.

ROC curve analyses were also used to compare the abilitywiM@P and uACR

to distinguish participants with DM with and without decline in renal function. The
clinical characteristics gfarticipants classified as declinevgth decline classified as
based on absolute rate of change in eGF&26mL/min/1.73r/year or & change

in eGFR 0f0-3.3%/yearand nordecliners are outlined in Supplementary Table 7 and
8. Plasma djucMGP and uACR had moderate ability to distinguish decliners from
nondecliners when absolute rate of change in eGRR5mL/min/1.73mMlyear)was
used (AUC of 0.696 (95% CI: 0.62%.760, p<0.001) versus 0.689 (95% CI: 0.618
0.754, p<0.001) (p = 0.92¢Figure 4C). Similar findings were observed using lower
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and higher thresholds to classify decliner status. Using a threshol® of
4.5mL/min/1.73m, the predictive value of plasma-dopMGP was weaker and uACR
stronger; but there was no significant difference between the two indices (AUC of
0.627 (95% CI: 0.5540.696, p=0.131) versus 0.751 (95% CI: 0.683810, p<0.001)

(p = 0.231)). Using a threshold @2.5mL/min/1.73mM, the prelictive values of
plasma dpucMGP and uACR were similar (AUC of 0.686 (95% CI: 0.615751,
p<0.001) and 0.690 (95% CI: 0.610.755, p<0.001) (p = 0.948)

However, when decliners were defined based on % change in €B¥B%/year)
plasma dpucMGP ad uACR had greater predictive values but there was no
significant difference between the two indices (AUC of 0.800 (95% CI: 0.03853,
p<0.001) versus 0.723 (95% CI: 0.650.786, p<0.001), (p = 0.103) (Figure 4D)
Similar findings were observed agjlower and higher thresholds to classify decliner
status. Using a threshold @¥4% decline in renal function per year, the predictive
values of both plasma ejcMGP and uACR were similiar (AUC of 0.818 (95% CI:
0.755- 0.870, p<0.001) and 0.745 (95% ©I677- 0.805, p<0.001), (p = 0.150)
Using a higher threshold @2% decline, the predictive values of both plasma dp
ucMGP and uACR were again similar (AUC of 0.756 (95% CI. 0.689816,
p<0.001) versus 0.708 (95% CI: 0.638.772, p<0.001), (p=00B)).

Similar to HVs, using a stepwise regression model (Table 2) in participants with DM,
increasing BMI and CRP were associated with increasing LMNuctifGP.
Interestingly, decreasing haemoglobin was associated with increasing plasma LN dp
ucMGP1 the comverse was true for HVs. Other significant explanatory variables
included SBP, sodium, eGFR, iPTH and-NODBNP.

4.5 Discussion

The quality of RIs for a clinical laboratory assay are as important as the quality of the
result itself. Reference intervals are tleeision support tools used to guide clinicians

in the correct interpretation of results, helping to discriminate between those with and
those without disease. Prior to the introduction of a biomarker into routine clinical
practice, it is essential to aslish RIs in a healthy local population. This is the first
study that defingrobust RIs for plasma dpcMGP using the IDSESYS Ina Kitif
(dp-ucMGP) assay in a metabolically healthy Caucasian population with normal
kidney function. It provides novel indigs on the utility of plasma dpcMGP as a
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biomarker of both DKD and renal function change in adults with DM. Our results
demonstrated that plasma-dpMGP was higher in persons with DKD compared to
those with DM without DKD and HV and in decliners compli@nondecliners. We

also found that plasma dEMGP was a measurable indicator of DKD and renal
function decline. Significant negative linear relationships existed between LN plasma
dp-ucMGP and eGFR as well as rate of change in renal function andificaigt
positive linear relationship existed betweerudIGP and uACR in participants with

DM with and without DKD.

In previous comparable studies, Cranenburg et al. reported reference values for dp
UCMGP measured using deatibody ELISA of 477£199 pol/L in a healthy
reference population (n=78p). In our study, the median value fop-dcMGP
measured using a different platform was 318 pmol/L among HVs and 434 pmol/L
among those with DM without DKD. In contrast to our study, the authors noted that
as age increased plasmauwpMGP levels increased. Within this cohort, however,
20% and 9%had known diagnoses of hypertension and hypercholesterolaemia,
respectively, with frequencies that increased with age. As vascular calcification is
linked to hypertension and hypercholesterolae(3@, 37) the impact of these
conditions on dpucMGP values is likely to be significant. The useadifferent
platform for measuring dpcMGP together with the prevalence of significant co
morbidities and less strict inclusioriteria for the healthy reference population may
explain why dpucMGP levels are higher among the cohort reported by Cranenburg et
al. (35)compared to our HVs and participaatsh DM without DKD. Increasing age

was also associated with increasingutpIGP among a random sample of inhabitants

in two regions and one city in Switzerland and in participants with T2DM. In the Swiss
study, the proportion of participants with DM, hyiemsion, cardiovascular disease,
reduced eGFR and elevated SBP, DBP, pulse wave velocity and BMI increased from
the low to the medium to the high tertile ofdpMGP(38). Among participants with
T2DM, in a multivariable model following adjustment for ethnicity, eGFR and
warfarin use, the association between age andcGP wa no longer statistically
significant(17). Thus, our strict inclusion and exclusion criteria may explain why no
association was observed between age arbMiGP in our study. Thisuggests that

age per se (as opposed to medical conditions that become more prevalent with age)
likely does not significantly influence plasma-dpMGP concentration.
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We noted that plasma dcMGP was higher in females than males while Cranenburg
et al.found gender had no effe@5). Both studies had different subject numbers and
characteristics which could explain the gender differences, suggesting that additional
studies are required to determine whether genpecific RIs are necessary. It is of
interest that, even in a reference plapion selected for metabolic health and BMI
03 2. 2 kvgdbsarved significant (albeit mild) correlations between LN plasma dp
ucMGP and BMI as well as LN CRP, eGFR and LN uACR. This suggests that vitamin
K status and plasma dMGP have the potentitd be important predictors of long

term vascular health among large populations. Notably, in the Longitudinal Aging
Study Amsterdam (LASA), which evaluated commuatyelling older adults aged

>55 years, free of CVD at baseline, vitamin K insufficiencgssessed by high plasma
dp-ucMGP was associated with increased risk of CVD independent of the classical
risk factors (39). In contrast, in the Health ABC (Health,gikg, and Body
Composition) Study of communigwelling adults aged 789 years without CVD,
Shea et al. observed that low circulating phylloquinone but naictyGP was
associated with higher CVD risk in older adults treated for hyperte(@&n

In keeping with results published by oth€ds 9, 10) we observed that plasma-dp
ucMGP increased as renal function deteriorated. Existing studies note that plasma dp
ucMGP levels increased progressively from CKD 2/3 to CKD 4/5 to CKD 5 on
dialysis (10) and from eGFR >90mL/min/1.73mo CKD 2 to CKD 35 (9).
Unsurprisingly, plasma dpcMGP is higher in patients on haemodialysis compared

to agematched controls with normal renal functi@tlL). There are well established
associations between plasmawWMGP and concomitant levels of renal function
across the CKD spectrum. In this study, we showed that there is also a relationship
between plasma dpcMGP and rate of change in renal functiondcall at ed using 02
values sampled over 7+ years) in adults with DM. Perhaps consistenpuwvith
findings, Wei at al. showed, in a general population after 8.9 years faifpwhat
plasma dpucMGP increased by 23% while eGFR decreased by 4.05mL/min/A.73m
(42), also indicating a timéependent relationship. In that study, which included
follow-up data from only a single tir@oint, baselie plasma ducMGP predicted

new onset microalbuminuria and eGFR <60mL/min/1.Z3mour study, the strength

of association between rate of change in renal function and LNcHIGP was
stronger and the proportion of participants classified as declineasegravhen %
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rather than absolute change in renal function was used. This finding indicates that
small absolute changes in renal function at lower eGFRs have a greater impact on dp
ucMGP levels than similar magnitude changes at higher eGFRs. Use of #dhathe
absolute change may be a more sensitive method of identifying decliners, although
further study is required. Thus, regardless of current eGFR, renal function decline
appears to associate with increased plasmactfilGP. Importantly, high plasma dp
UCMGP is associated with increased CVD risk among patients with T2DM, in
particular those with peripheral artery disease and heart f§d@)eand those with
increasing severity of chronic heart fail\#e). High circulating levels of ducMGP

have also been shown to be associated with arterial stiffness after adjustment for
common cardiovascular risk factors, renal function and (8§¢ suggesting that
interventions targeting the mechanisms underlying high plasriaM®GP may bef
distinct clinical benefit. In this regard, it has been proposed that vitamin K therapy has
potential to slow vascular calcificatiq@0). In a trial of 17 haemodialysis patients,
daily supplementation for 6 weeks with vitamin K2 fésdi in a 27% reduction in
plasma dpucMGP(41). A further study of 38 patients with CKD 4/5 demonstrated a
10.7% redudbn in plasma ducMGP following supplementation with 90 pg of
Vitamin K2 for 270+12 day$45). Additional trials are needed to evaluate the {ong
term impact of vitamin K therapy on dmMGP, cardiovascular morbidity and

mortality as renal function declines.

Plasma dpucMGP proved to have predictive value for participants with D&&
opposed tahosewith DM without DKD and HVs. Of note, when plasmadgVGP

was used to distinguish those with DKD from those with DM without DKD (and not
HVs) there was a modest decrease in the AUCimsdnsitivity. In our study, DKD

was diagnosed based the currentaboratorygold standardhat iseGFR and uACR

which granted have some flaws with analytical issues around serum creatinine and the
variation of eGFR when relayed to measured GF&R47) Renal biopsy is considered

the true gold standard but is poactical or necessary in all patients in clinical practice
(48) i as the information gained frorbiopsy does not always alter patient
management. Consequently, it is possible that the prevalence of DKD may be under
or over estimated; depending on the accuracthefcurrentaboratorygold standard.

The inclusion and exclusion criteria for HVs wetact and thus it is unlikely that any
participants in this group had DM or any significant kidney disease which would lead
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to their misclassification. Misclassification of some participants with or without DKD
may explain why the AUC and sensitivity giisma dpucMGP decreased when HVs
were removed from the analysis. Thus, the accuracy-ottfGP inthedetection of

DKD may be influenced by imperfect gold standard bias; which could make plasma
dp-ucMGP appear better (same errorsagent laboratorgold standard) or worse

(performs better thacurrent laboratorgold standard) than it truly is.

The RIs in our study were established in a healthy Northern European Caucasian
population which limits their generalisability to other ethnicities. Our observaf
higher plamsa dpcMGP in metabolically healthy females compared to males
requires definitive confirmation and partitioning of the reference range according to
sex. As 39.0% of the reference population had values <LLoQ, more sensitive assays
are neessary to determine the clinical relevance of reporting values <300pmol/L.
GFR was estimated using the CKIPI equation; it was not measured using a
reference method. While plasma-dpMGP was found to distinguish HVs and
patients with DM without DKD fronthose with DKD, it was also associated with rate

of change in renal function. However, the absence of a validation cohort to affirm our
findings is a limitation. Detailed data regarding vascular calcification were not collated
as part of the study protdgdhowever, associations between MGP and vascular
calcification are elucidated in the literatBs 1720, 38, 39) With a molecular mass

of 10kDa, the increase in eicMGP as eGFR declines (both in HVs and participants
with DM) could be attributed wholly or in part to reduced excrefid) rather than
being induced byhe specific pathophysiological effects of DKD. Miyata et al. have
shown that baseline eGFR negatively correlated with glomerular and tubulointerstitial
MGP mRNA levels among patients recruited the Nephrotic Syndrome Study
Network (NEPTUNE). Furthermore, independent of eGFR, tubulointerstitial MGP
was strongly associated with interstitial fibrosis, tubular atrophy, acute tubular injury
and interstitial inflammation49). This together with the fthier association we
observed between plasma-dpMGP and rate of loss in renal function, provides
evidence that plasma dgMGP among adults with DM is dictated by more than
simple filtration. Nonetheless, as our study is observational in nature, conslusio

regarding causality cannot be drawn.
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4.6 Conclusions

Rls for plasma ducMGP in a metabolically healthy Caucasian population with
normal kidney function were established using the-I9%S platform. Plasma dp
ucMGP was found to distinguish HVs and pateanith DM without DKD from those

with DKD with a good level of accuracy, a finding that may reflect the increased risk
of vascular calcification that occurs as renal function declines. PlasonaMIpP was

also shown to be associated with rate of changenal function among adults with

DM with a wide range of current eGFR values. Interestingly, this association was
stronger when change in eGFR was expressed in terms of % change per year rather
than absolute change per year (ml/min/1.78ear). Accurate efinitions of Ris and

of the relationships between plasmauiMGP concentrations and indices that reflect
the severity of CKD in the setting of DM provide an important platform for integrating
this robust biomarker into future studies on the rolevibkhmin K status and
supplementation in cardiovascular health and on the role of the MGP system in renal

function decline at a molecular level.
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4.8 Tables

Table 1: Baseline characteristics and inclusion criteria for reference population
(n=141): correlation of characteristics with LN-dpMGP

Inclusion Median Correlation p-
Parameter Criteria (Range) Coefficient* | value
- 30.0
Age (years) 018 (18.1-62.2) | 0109 | 0.198
R 24.0
2
BMI (kg/m) 032. 5] 167-324) 0.305 | <0.001
Pulse (beats per min) N/A 68 (22- 108) 0.123 0.145
SBP (mmHg) <146 123 (93- 145) 0.143 0.091
DBP (mmHg) <89 75 (49- 88) 0.165 0.051
HbA1c (mmol/mol) 20-42 32 (2139) -0.014 0.876
CRP (mg/L)* <10 0.7 (0.5- 8.9) 0.33 <0.001
Sodium (mmol/L) 134146 141 (134145) -0.041 0.63
Potassium (mmol/L) 3.55.2 4.3 (3.6-5.0) -0.062 0.463
Chloride (mmol/L) N/A 101 (94- 105) 0.034 0.686
Urea (mmol/L) N/A 5.0 (2.5-9.3) -0.111 0.191
Creatinine (umol/L) 45110 76 (47- 110) -0.038 0.651
eGFR (ml/min/1.73r%) 060 99 (65- 133) -0.198 0.019
: . i 2.31
Adj. Calcium (mmol/L) 2.152.51 (2.17- 2.45) 0.078 0.361
1.14
Phosphate (mmol/L) 0.7-1.5 (0.71- 1.46) -0.064 0.454
Total Bilirubin (umol/L) 023 8 (2-23) -0.094 0.267
ALP (U/L) <130 59 (29-111) -0.001 0.986
<1.5x URL (40) ]
ALT (U/L) or <60 18 (7- 48) 0.044 0.605
<3x URL (35) or
GGT (UL~ <105 16 (6- 83) 0.133 0117
Cholesterol (mmol/L) N/A 4.6 (2.9-7.0) 0.125 0.139
Triglycerides (mmol/L)* N/A 0.9 (0.3-4.7) 0.056 0.509
HDL-C (mmol/L) N/A 1.6 (0.7- 3.1) -0.004 0.959
LDL-C (mmol/L) N/A 2.3(1.1-4.2) 0.132 0.119
i 16.1 ]
Free T4 (pmol/L) 10.524 (11.3- 24.0) 0.075 0.374
{ 1.92
TSH (mIU/L) 0.27-4.78 (0.28-4.71) 0.159 0.06
: 30.7
N -
iPTH (ng/L) <65 (8.1- 62.3) 0.07 0.406
25-hydroxyvitamin D (ng/mL)" 025 52 (25- 118) -0.145 0.086
hsTnT(ng/L)* <14 4 (4-10) -0.089 0.297
NT-proBNP (ng/L)" 0150 23.7 (9- 150) 0.158 0.062
0.63
N
UACR (mg/mmol) NIA (005-195) | 019 | 002
WCC (10%/L) 3-12 6.3 (3.1- 11.6) 0.181 0.033
. . 13.7
Haemoglobin (g/dL) M >13; F >11 (11.3- 16.8) -0.044 0.608
( 248 (129
Platelet Count (1CfL) 128450 421) 0172 0043
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BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure;
HbA:c glycated haemoglobin; CRP:1@active protein; eGFR: estimated glomerular
filtration rate (CKDEPI); Adj. Calcium: adjusted -calcium, ALP: alkaline
phosphatase; ALT: alanine aminotransferase; GGT: Gaglmtamy! transferase;
HDL-C: highdensity lipoprotei cholesterol; LDEC: low-density lipoprotein
cholesterol; T4: thyroxine; TSH: thyroid stimulating hormone; IPTH: intact
parathyroid hormone; 25(0OH)D: 25 hydroxycholecalciferol; hsTnT: sigisitivity
troponin T; NTFproBNP: nterminal pro btype natriurat peptide; WCC: white cell
count; UACR: urine albumin:creatinine ratio. ~ Data is represented as median (range)
to indicate the spread of r esvwalugsare * Pea
highlighted in bold. ~ correlation between LN of the vaeahnd LN dpucMGP.
fincludes both the minimum and maximum value.
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Table 2: Stepwise regression to determine which variables were associated with LN
dp-ucMGP among healthy volunteers and participants with DM with and without
DKD

Healthy Volunteers (n=141) Diabetes Mellitus (n=192)
Variable Coefficient | 95% CI b- Coefficient | 95% CI b-
value Value
Constant 4.964 (5462:?263 <0.001 3.11 (509292) 0.035
BMI (kg/m?) 0.010 (()9'5’2(3(% 0.048 | 0017 ((;)_'5’2067)’ <0.001
SBP (mmHg) -0.004 ('8.'88%' 0.017
DBP (mmHg) 0.005 ((')%01%' 0.078
'(*rméj/mol) 0.012 ((')%%20?' 0.059 |  0.003 gggé’ 0.081
CRP (mg/L)* 0.042 ((')%%%%' 0.055 | 0.076 (g_fzzg)’ 0.003
(Srr?gliglr/nL) 0.027 ggf%’ 0.006
A oo | (991 | aoo
rrogpa ot | Q33| oo
GGT (U/L)» 0.085 (g'_cl)é())’ 0.027
T oore | G5 [ o
TSH (mIU/L) 0.032 ((')%%%c))' 0.05
iPTH (ng/L)* 0.12 (g'zolzgo)’ 0.019
('\:]L}E;SBNP 0.057 gfgg’ 0.03
?rﬁg/?nmoly 0.03 ((_)(.)6%%' 0.111
'(*g";‘ggog"’bi” 0.06 (00..1001(?)’ 0.004 | -0.055 ('8.'832)" 0.004
Male Gender -0.173 ('8_'33%' <0.001| -0.101 (6(?621114)1, 0.079

All variables detailed in table 1 (except creatinine) and gender were included in the
model. BMI: bodymass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HbA: glycated haemoglobin; CRP:=-1@active protein; eGFR: estimated
glomerular filtration rate (CKEEPI); GGT: gammaglutamyl transferase; HDLC:
high-density lipoprotein cholestel; T4: thyroxine TSH: thyroid stimulating
hormone; IPTH: intact parathyroid hormone; 44f0OBNP: nterminal pro bktype
natriuretic peptide; uACR: urine albumin:creatinine ratio. ~ LN of variable used in the
model.
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Table 4: Comparison of baseline biochemical and haematological parameters of the
reference population, participants with DM and no DKD and participants with DKD

HV No DKD DKD p-value
No
Hv | Hv | DKkD
Parameter
VS VS VS
No ) )
n=141 | n=92 | n=100 | oKD' | DKD' | DKD' | Overall*
318 (299 | 434 (299] 729 (299
N
dp-ucMGP (pmol/L) 698) | -1251) | 4938) | <0.001| <0.001|<0.001| <0.001
HbAL (mmol/mol)* 32(3) | 62(16) | 64 (17) | <0.001] <0.001] 0.478 | <0.001
0.7(05 | 1.8(05 | 2.4(05-
7A
CRP (mg/L) 8.9) 46.6) 473) | <0.001| <0.001| >0.999| <0.001
Sodium (mmol/L)* 120 (2) | 139 (2) | 139(3) | 0.003 | 0.003 | 0.996 | <0.001
Potassium (mmol/L)* 43(03) | 44(03)| 4.7(0.5) | 0.156 | <0.001] <0.001| <0.001
Chioride (mmol/L)* 101(2) | 99 (3) | 100(3) | <0.001] 0.004 | 0.145 | <0.001
Urea(mmol/L)* 5.0(13) | 55 (1.8) | 10.3(4.9) | 0.509 | <0.001| <0.001| <0.001
Creatinine (umol/L) 76 (13) | 74(16) | 136 (60) | 0.87 | <0.001] <0.001| <0.001
eGFR (m/min/1.73%* | 100 (15) | 95(20) | 53(27) | 0.129 | <0.001] <0.001| <0.001
— - 235
Adj. Calcium (mmol/L)* | 31 g6)| (0.09) | 2.35 (0.08)| 0.002 | 0.001 | 0.998 | <0.001
N 1.00
Phosphate (mmol/L) 1.12(0.17)| (0.18) | 1.08(0.19)| <0.001| 0.217 | 0.008 | <0.001
Total Bilirubin (umol/L)* | 8.8 (3.9) | 8.5 (4.9)| 7.4(6.3) | 0.909 | 0.078 | 0.258 | 0.085
ALP (U/L)* 61(16) | 82(22) | 88(30) | <0.001] <0.001] 0.12 | <0.001
ALT (U/L)* 20(8) | 26(16) | 24(13) | 0.001 | 0.052 | 0.459 | 0.001
- 24(8- | 26(0-
GGT (UL) 16 (6-83) | 279) 782) | <0.001| <0.001| 0.345 | <0.001
Cholesterol (mmol/L)* 46(0.8) | 41(0.9) | 4.0(1.1) | <0.001] <0.001| 0.933 | <0.001
— 09(03 |13(03 | 1.8(06
N
Triglycerides (mmol/L) 4.7) 6.9) 8.2) | <0.001| <0.001| 0.003 | <0.001
HDL-C (mmol/L)* 17(0.4) | 1.4 (05)| 1.2 (0.4) | <0.001] <0.001]| <0.001| <0.001
LDL-C (mmol/L)* 2.4(0.7) | 20(0.7)| 2.0(0.9) | <0.001] <0.001| 0.995 | <0.001
- 165
FT4 (pmol/L) 1622.2) | 30) | 1643.1)] 0743 | 0703 | 0.339 | 0.372
- 2.03
TSH (mlU/L) 2.09(0.99)| (1.13) | 2.48(1.63) 0.93 | 0.047 | 0.036 | 0.022
26.9
iPTH (ng/L)" 30.7(8.1 | (10.2- | 41763
62.3) 90.8) | 311.1) | 0.245 | <0.001| <0.001| <0.001
52 (25- | 55 (14- | 52 (14-
25 (OH) D(ng/mL) 118) 165) 125) | 0562 | 0833 | 0.903 | 0583
hsTnT (ng/L)* 4(4-10) | 6(4-11) | 21 (5-78) | <0.001| <0.001| <0.001| <0.001
23.6 (9.0 | 37.7(9.0] 2239 (9.0
- N
NT-proBNP (ng/L) 150.0) | -811.2) | -13509.0)| 0.01 | <0.001| <0.001| <0.001
0.63(0.05 | 0.7 (0.2- | 10.0 (0.4
N
UACR (mg/mmol) 19.5) 15.3) | 4847) | 0.89 | <0.001|<0.001| <0.001
WCC (10%/)* 6.4 (1.6) | 6.9(1.9)| 8.0(2.4) | 0.124 | <0.001| <0.001| <0.001
. - 13.9
Haemoglobin (g/dL) 13921 | (@3 | 13008 | 0.984 | <0.001] <0.001| <0.001
Platelet Count (107" | 252 (51) | 248 (68) | 249 (85) | 0.864 | 