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Summary of Contents 

Kidney disease due to diabetes (Diabetic Kidney Disease (DKD)) is the leading cause 

of chronic kidney disease worldwide. It is an underappreciated, often under-

recognised component of the overall burden of diabetes. People with diabetes and 

kidney disease are at increased risk of all cause and cardiovascular mortality compared 

with those with diabetes (and no kidney disease), kidney disease (and no diabetes) and 

those without kidney disease or diabetes. There is an unmet clinical need for 

biomarkers to allow the early identification of those at risk of developing DKD. Early 

identification would allow for earlier intensive targeted interventions. My thesis aims 

to assess the prevalence of and factors associated with DKD and rapid decline in renal 

function among people with diabetes, explore the association between potential novel 

biomarkers and the onset and progression of DKD and establish reference intervals 

(RIs) for novel and routinely used biomarkers.  

Firstly, I determined the prevalence of DKD and rapid renal function decline among 

adults attending a Diabetes Centre in Northern Europe. I identified clinical and 

laboratory indices that were associated with rate of decline in renal function. Secondly, 

I developed 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 novel biomarkers in predicting decline in renal function in people 

with diabetes [The BioDIG (Biomarkers in Diabetes in Galway) study]. From this 

database, I examined the utility of plasma dephosphorylated-uncarboxylated matrix 

gla-protein (dp-ucMGP) to distinguish people with DKD from those with diabetes and 

no DKD and healthy volunteers. I explored the ability of dp-ucMGP to identify people 

with diabetes at risk of rapid decline in renal function. I examined the role of serum 

growth differentiation factor-15 (GDF-15) in distinguishing people with DKD from 

those without. In 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 senescence-associated protein Activin A in people from 

the BioDIG study and people recruited in the Mayo Clinic. Next and for the first time 

in a human study, I determined the impact of sodium glucose co-transporter-2 (SGLT-

2) inhibition on aldosterone, renin and the aldosterone renin ratio in people with type 

2 diabetes. Finally, I established RIs for widely used biochemical and haematological 
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parameters and novel biomarkers such as dp-ucMGP and GDF-15 in a healthy Irish 

Adult Caucasian population.  

The published work described in this thesis provides important new information from 

a public 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 potential 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 follow-up 

increases.  
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1.1 Diabetes 

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

blood glucose levels over a period of time. 

1.2 History of Diabetes 

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

disease resulting in ñtoo great emptying of the urine (1)ò. The word diabetes itself was 

first used by Aretaeus of Cappadocia (81-133AD), a Greek physician. Aretaeus 

described diabetes as ña liquefaction of the flesh and bones into urine (2)ò. He 

suggested that ñwhen the disease is at its height, they urinate constantlyò and ñfluids 

do not remain in the body, but use the body only as a channel through which they may 

flow out (2)ò. As a result, the term ñdiabetesò meaning ñsiphonò (in Greek) was used. 

Diabetes was originally thought of by Galen (129-200AD), a Greek physician and 

philosopher, as an ñailment of the kidneys (3)ò. Interestingly, due to Galenôs status at 

the time, diabetes was viewed as a disease of the kidneys for the next 1,500 years (4).  

In 1674, the English physician Thomas Willis (1621-1675) observed that the urine of 

people with diabetes tasted sweet, ñas if imbued with honey and sugarò and that this 

sweetness first appeared in blood (4). Willis coined the term diabetes mellitus ï 

mellitus from the Greek word meaning ñlike honeyò (5). These observations paved the 

way for a series of studies by Robert Wyatt (1774) and the English physician Matthew 

Dobson (1732-1784) (6, 7). These studies showed that sweetness of urine was 

preceded by a similar sweetness in the blood of people with diabetes. In 1815, this 

sweetness was found to be due to the sugar, glucose by the French chemist, Michel 

Eugène Chevreul (1786-1889) (4). The initial observation that diabetes could in fact 

be a disease of the pancreas was made by the British physician Thomas Cawley (8) in 

1788 and confirmed by the German physicians Oscar Minkowski (1858-1931) and 

Josef von Mering (1849-1908) in 1899 (4, 9). This observation paved the way for the 

pioneering discovery of insulin by the Canadian physician and scientist Frederick 

Banting (1891-1941), the American-Canadian scientist Charles Best (1899-1978), the 

Canadian biochemist James Bertram Collip (1892-1965) and the Scottish biochemist 

and physiologist John MacLeod (1876-1935) (9).  

As diabetes was originally felt to originate from the kidney, the search for renal 

pathological irregularities was ongoing for centuries. The German pathologist 
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Bernhard Naunyn (1839-1935) (4) and the Canadian physician William Osler (1849-

1919) (10) among others, observed that albuminuria was a poor prognostic indicator 

in people with diabetes. It was not until 1936 that the German-American pathologist 

Paul Kimmelstiel (1900-1970) and the British nephrologist Clifford Wilson (1906-

1983) discovered nodular glomerulosclerosis (Kimmelstiel-Wilson disease) (4). In 

addition to these pathological lesions, Kimmelstiel/Wilson observed a myriad of 

related clinical features in people with diabetes including proteinuria, altered renal 

function, high blood pressure and pedal oedema (4). This combination of symptoms 

is what we now know as diabetic kidney disease (DKD) (diabetic nephropathy, chronic 

kidney disease (CKD) in patients with diabetes). 

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 I diabetes mellitus (T1DM) ï autoimmune ɓ-cell destruction, absolute 

deficiency in insulin, idiopathic. 

2. Type II diabetes mellitus (T2DM) ï ɓ-cell dysfunction, insulin resistance, 

progressive loss of ɓ-cell insulin secretory function, complex metabolic 

phenotype. 

3. Specific types of diabetes due to other causes (12):  

a. Genetic Defects of ɓ-cell function: MODY1 (HNF-4Ŭ), MODY2 

(GCK), MODY3 (HNF-1Ŭ), MODY4 (IPF-1), MODY5 (HNF-1ɓ), 

MODY6 (ND1), other rarer forms of MODY (Transient neonatal 

diabetes, Permanent neonatal diabetes, Mitochondrial diabetes). 

b. Genetic defects in insulin secretion: Type A insulin resistance, 

Leprechaunism, Rabson-Mendenhall syndrome, Lipoatrophic 

diabetes. 

c. Diseases of the exocrine pancreas: pancreatitis, trauma/ 

pancreatectomy, neoplasia, cystic fibrosis, haemochromatosis. 

d. Endocrinopathies: phaeochromocytoma, somatostatinoma, 

hyperaldosteronism. 
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e. Drug or chemical induced: immune checkpoint inhibitors, 

glucocorticoids, thyroid hormone, diazoxide, statins, ɓ-adrenergic 

agonists. 

f. Infections: congenital rubella, cytomegalovirus.  

g. Other genetic syndromes: Downôs syndrome, Klinefelterôs syndrome, 

Turnerôs syndrome, Wolfram syndrome, Friedreich ataxia, Myotonic 

dystrophy. 

4. Gestational diabetes mellitus ï diabetes that is diagnosed during the second or 

third trimester of pregnancy. The person does not have overt diabetes prior to 

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 reduction strategies. 

1.4 Prevalence of Diabetes 

It is estimated that 537 million adults (aged 20-79 years) have diabetes worldwide; 

representing 10.5% of all adults in this age group (13). The number of people with 

diabetes in this age group is expected to rise to 643 million by 2030 (11.3% of adults 

aged 20-79 years) and to 783 million (12.2% of adults aged 20-79 years) by 2045. In 

2021, it was estimated that approximately 6.7 million people aged 20-79 years died 

due to diabetes or its complications (13). Diabetes is more prevalent in high-income 

countries (11.1%) compared to middle-income countries (10.8%) and low-income 

countries (5.5%) ï although the difference between high- and middle- income 

countries is narrowing each year (13). 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%) (13). 

Diabetes Ireland estimates that 266,664 people are living with diabetes in Ireland and 

this figure is expected to continue to rise (14). Approximately 28,800 people have type 

I diabetes, representing 10 to 15% of all those with diabetes in Ireland (14). These 

estimates are based on data modelled from the Scottish Diabetes Register as there is 

no National Diabetes Register in Ireland (14).  
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1.5 Diagnosis of Diabetes 

The American Diabetes Association (2021) has outlined the following criteria for a 

diagnosis of diabetes (15): 

¶ Fasting (no calorific intake for Ó 8 hours) plasma glucose Ó7.0 mmol/L or 

¶ Oral glucose tolerance test (OGTT) 2-hour plasma glucose Ó11.1mmol/L ï 

OGTT conducted in accordance with World Health Organization (WHO) 

recommendations or 

¶ HbA1c Ó48 mmol/mol (measurement carried out in a laboratory using a 

National Glycohemoglobin Standardization Program (NGSP) certified method 

and standardized to the Diabetes Control and Complications Trial (DCCT) 

assay) or 

¶ A random plasma glucose Ó11.1 mmol/L in a person with classical symptoms 

of hyperglycaemia or a 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 long-term 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 risk test are available to identify those in whom it is appropriate to perform 

a diagnostic test (15). Risk factors for developing T2DM include but are not limited 

to: elevated body mass index (BMI) , 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 Diabetes Mellitus  

The global increase in the prevalence of diabetes is paralleled by an increase in its 

reported complications, the associated reduction in quality-of-life, increased health 

service demand and both individual and global economic costs (16). Complications of 

diabetes include macrovascular (ischaemic heart disease, cerebrovascular disease, 

peripheral vascular disease), microvascular (diabetic retinopathy, diabetic neuropathy, 

DKD) or other (bone disease, dementia, malignancy, non-alcoholic fatty liver disease) 
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(Figure 1). Acute and potentially life-threatening complications directly related to the 

management of glucose can occur and include hypo or hyperglycaemia, diabetic 

ketoacidosis and hyperosmolar hyperglycaemic state. 

 

 

Figure 1: Complications of Diabetes Mellitus 
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1.6.1 Macrovascular Complications 

These include ischaemic heart disease, cardiomyopathy, stroke, peripheral vascular 

disease, sudden death and arrhythmias. Cardiovascular disease (CVD) is a leading 

cause of mortality in people with T1DM. Risk factors for CVD include persistent 

hyperglycaemia, hypertension, hypercholesterolaemia, DKD, smoking, obesity and 

insulin resistance (17, 18). Approximately 40% of United Kingdom (UK) adults with 

T1DM aged over 65 years have macrovascular disease (19). In a meta-analysis of 10 

observational studies of 166,027 people with T1DM, compared with healthy controls, 

people with T1DM had a 5.09, 9.38, 6.37, 4.29, 1.36 and 4.08 relative 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 suffered from CVD (29.1% atherosclerosis, 21.2% 

coronary heart disease, 14.9% congestive cardiac failure, 14.6% angina, 10.0% 

myocardial infarction, 7.6% stroke) (21). In some countries, it has been reported that 

the prevalence of CVD is decreasing among patients with T2DM (22). Of import, 

while the prevalence of CVD may be decreasing, the absolute number of people 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 to improve cardiovascular outcomes and glycaemic control (23-27), there is a 

growing awareness of the importance of risk factor modification including blood 

pressure management, dyslipidaemia and smoking cessation (28).  

1.6.2 Microvascular Complications 

1.6.2.1 Diabetic Retinopathy 

Diabetic retinopathy is an eye condition that occurs because of diabetes and is one of 

the main causes of visual loss and blindness worldwide (29).  Among people with 

diabetes, 22.27% have diabetic retinopathy while 6.17% have vision threatening 

diabetic retinopathy (30). There are two types of diabetic retinopathy: proliferative 

and non-proliferative (31). Non-proliferative diabetic retinopathy is characterised by 

intra-retinal haemorrhages, damage to nerve fibres (cotton wool spots) and 

microvascular irregularities such as micro-aneurysms. Proliferative diabetic 

retinopathy is characterised by neovascularisation around the optic disc and retinal 



Chapter 1 

9 
 

vessels. People with proliferative diabetic retinopathy can develop pre-retinal and 

vitreous haemorrhages, fibrosis and retinal detachment. The severity of both 

proliferative and non-proliferative diabetic retinopathy can be characterised as mild, 

moderate or severe. Both proliferative and non-proliferative diabetic retinopathy can 

lead to the development of macular oedema ï a common and important cause of visual 

loss in diabetic retinopathy (31). Each person with 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 

nervous 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 small-fibre predominant neuropathy 

(34). There is considerable heterogeneity in the reported prevalence of diabetic 

neuropathy ranging from 7% to 46.5% (35-37). 

1.6.2.3 Diabetic Kidney Disease (DKD) 

Diabetes is a leading cause of CKD worldwide (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 introduction. Frequency and overall burden of DKD 

is sometimes incompletely appreciated at a clinical level by non-nephrologists (38).  

1.7 Diagnosis of Diabetic 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 laboratory 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. DKD can be staged based on the Kidney Disease 
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Improving Global Outcomes (KDIGO) 2012 Clinical Practice Guideline for the 

Evaluation and Management of CKD (39) (Figure 2). This guideline classifies people 

based on prognosis of CKD by GFR and albuminuria categories. This classification 

can be used to guide the suggested frequency of monitoring, referral for specialist 

nephrology opinion and risk of future adverse outcomes (39).  

People with T1DM usually have diabetes for >10 years before DKD develops (40). 

As people with T2DM often have diabetes for >6 years before a diagnosis of T2DM 

is made (41) in addition to other associated co-morbidities, DKD can already be 

present at diagnosis (40). Currently, the American Diabetes Association recommends 

that people with diabetes have a uACR and eGFR measured annually if they have had 

T1DM for Ó5 years. For all people with T2DM, annual uACR is recommended 

regardless of duration (40).  
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1.8 Stages of Diabetic Kidney Disease 

(39, 40, 42) 

Table 1 outlines the different stages of DKD. Figure 3a illustrates a normal 

glomerulus. Figure 3b illustrates the impact of progressive DKD on the glomerulus 

(43).  

Table 1: Stages of DKD (44, 45) 

Stage Description Renal and Pathological manifestation 

I Hyperfiltration/ hyperfunction Increased GFR (Ó150ml/min/1.73m2) 

Normoalbuminuria (<3mg/mmol) 

II  Silent nephropathy Normal GFR 

Normoalbuminuria (<3mg/mmol) 

Mild thickening of the glomerular 

basement membrane and focal mesangial 

proliferation 

III  Incipient 

nephropathy/microalbuminuria 

Normal to decreased GFR 

Microalbuminuria (3 mg/mmol to 30 

mg/mmol) 

Moderate to severe thickening of the 

glomerular basement membrane and 

variable mesangial sclerosis 

IV  Overt nephropathy Decreased GFR (<60 ml/min/1.73m2) 

Macroalbuminuria (>30 mg/mmol) 

Significant thickening of the glomerular 

basement membrane and diffuse 

mesangial sclerosis (±nodular 

glomerulosclerosis/ Kimmelstiel-Wilson 

disease) (Figure 3b) 

Hypertension 

V End stage renal disease 

(ESRD) 

GFR <15ml/min/1.73m2 

Decreased urine albumin 

Progressive severe diabetic 

glomerulosclerosis 

(tubulointerstitial/vascular lesions) 

Hypertension ï often difficult to control 
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1.9 Excess mortality associated with Diabetic Kidney Disease 

There is a strong association between DKD and CVD (46). People with T2DM have 

an increased risk of all-cause and cardiovascular mortality. In the third National Health 

and Nutrition Examination Survey (NHANES III) in the United States (US), the 10-

year cumulative mortality in people with diabetes and different degrees of kidney 

disease was explored. Among people with diabetes, the 10-year cumulative all-cause 

and cardiovascular mortalities were 19.1% and 11.2%, respectively, compared with 

8.6% and 4.0% among those who did not have diabetes (adjusted for age sex and race). 

Interestingly, the 10-year cumulative all-cause mortality 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 disease (47). Among 3,211 African Americans recruited to the 

Jackson Heart Study, the excess risk of stroke, coronary heart disease and 

cardiovascular mortality was 2.6, 2.6 and 2.4 per 1,000 person-years, respectively, 

among those with diabetes, compared to 2.5, 2.4 and 7.3 per 1,000 person-years, 

respectively, among those with CKD and 13.8, 12.8 and 14.8 per 1,000 person-years, 

respectively, among those with diabetes and CKD (48). In a cohort of older adults with 

diabetes recruited to the Cardiovascular Health Study, albuminuria and impaired GFR 

have been shown to be additive, independent risk factors 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 T1DM. The Finnish Diabetic 

Nephropathy (FinnDiane) study of 4,201 participants with T1DM found that, during 

a seven-year follow-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 disease, respectively (50). Compared with the 

general population, excess mortality was only observed in those people with diabetes 

who had evidence of CKD (50). Glomerular filtration rate was also associated with 

mortality ï increased in those with hyperfiltration and those with impaired renal 

function (50). People with T1DM and hyperfiltration are 2.7 times more likely than 

those with normofiltration to develop incipient kidney disease (51). In the Pittsburgh 

Epidemiology of Diabetes Complications Study, among patients with T1DM during a 

20-year follow-up, the standardised mortality ratio was 2.0, 6.4, 12.5 and 29.8 for 
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patients with T1DM and normoalbuminuria, microalbuminuria, overt nephropathy 

and end stage renal disease, respectively. For participants with T1DM and 

normoalbuminuria 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 population (53). Microalbuminuria compared with normoalbuminuria is 

an independent predictor of all-cause and cardiovascular mortality (54). 

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, CKD- mineral and bone disorder (CKD-MBD), accumulation of 

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

1.10 Risk factors for Diabetic Kidney Disease 

There are multiple risk factors for DKD (Table 2): 
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Table 2: Risk factor for DKD 

Risk Factors for Diabetic Kidney Disease 

Demographic 

Age Older age independent of diabetes duration (55-

57) 

Gender Male (55, 58) 

Race/Ethnicity Black, Hispanic, Asian (59), Pacific Islanders (60) 

Sedentary lifestyle  

Hereditary  

Family history of DKD Positive family history associated with increased 

risk (61) 

Genetic factors  

Systemic conditions 

Hyperglycaemia  The landmark UK prospective diabetes study 

(UKPDS) and DCCT found that 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 T1DM (64) and 

T2DM (65) associated with increased risk of DKD 

Obesity Abdominal obesity associated with increased odds 

of DKD (66, 67) 

Association in T1DM and T2DM (67)  

Hypertension Elevated systolic blood pressure (SBP) (57) 

Baseline SBP is a better predictor of renal 

outcomes than diastolic blood pressure (DBP) in 

T2DM (68) 

Hypercholesterolaemia T1DM esp. high triacylglycerol (69) 

Higher low-density lipoprotein (LDL), very-low-

density lipoprotein (VLDL ) and triglycerides and 

lower high- density lipoprotein (HDL) (70) 

Diabetic Retinopathy 

 

Non-proliferative diabetic retinopathy 2.9 times 

higher risk of progression; proliferative diabetic 

retinopathy 16.6 times higher risk of progression 

(57, 71) 

Kidney injuries  

Acute kidney injury Episodes of AKI are independently associated 

with the risk of developing advanced CKD (72) 

Toxins  

Smoking Ever having smoked (57, 73)  

Dietary factors 

High protein intake Dietary protein intake of <0.8g/kg/day is 

associated with a slower rate of decline in renal 

function and lower levels of urinary protein (74) 
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Subsequent chapters in this thesis will explore the risk factors of DKD among a 

predominantly Caucasian population attending a hospital-based diabetes centre in 

Northern Europe.  

1.11 Prevalence of Diabetic Kidney Disease 

Despite rapid improvements in the management of diabetes and associated 

complications, the prevalence of DKD unlike other complications of diabetes has not 

declined over the last 30 years (75). The reasons for this are multifactorial and include 

improved prognosis of people with DKD (76, 77) (leading to longer life expectancy 

following diagnosis) combined with rapidly increasing numbers of people with 

diabetes (13). However, it is difficult to compare estimates of the prevalence of DKD 

among people with diabetes due to the different methods and terminologies used to 

define DKD. Furthermore, the different estimating equations for GFR (which have 

been shown not to directly correlate with each other (78)) can make accurate 

comparisons 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 expensive 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 of these data depends on the origin of the sample from 

which the results were derived (primary v secondary care, complex tertiary referral 

centre versus community clinic). Lower prevalence may be driven by less intensive 

diabetes case-finding, whereby those with earlier diabetes are not identified until 

complications develop. In the International Society of Nephrology's Kidney Disease 

Data Center (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 disease (79). 

Countries with more robust primary care programmes for the management of risk 

factors for DKD and its early identification (screening), may have lower rates of 

DKD/ESRD (80-82). The odds of identifying kidney disease were significantly 

increased in those with diabetes (adjusted OR 1.75) (79). In many countries, it is not 

possible to estimate the true prevalence of DKD as urine albumin and/or serum 

creatinine tests are lacking (83).  
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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 questionnaire (84). In the Irish 

Longitudinal Study on Ageing (TILDA) 6.1% and 5.1% of adults Ó50years with 

T2DM (diagnosis based on self-report or use of oral hypoglycaemics) had self-

reported proteinuria and kidney damage, respectively (85). Studies have shown that 

self-reported CKD does not correspond with laboratory diagnosed CKD (86). As 

Ireland does not have a National Diabetes Register, it is challenging to give a national 

representative figure of the proportion of people in Ireland who have diabetes or DKD. 

Furthermore, in Northern Ireland (2006-2007), 57,454 people were registered as 

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 of DKD (87). This 

was a 55% increase in the reported prevalence of DKD from 2004-2005 (11.5%) (87). 

It is worth noting that DKD in this study was defined as a uACR >2.5 mg/mmol in 

men and >3.5 mg/mmol in women and that only approximately 80% of participants 

with diabetes had a uACR available ï the total number of people with diabetes was 

used as the denominator for the DKD prevalence calculation (87). The data I 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 2007-2008 found that 42.3% of 

patients with T2DM compared to 32.4% of patients with T1DM (18) had DKD. The 

National Health Service (NHS) audit tool used to compile these data, gathers data from 

primary and secondary care. Although the National Diabetes Audit calculates eGFR 

using the CKD Epidemiology Collaboration (CKD-EPI) equation, serum creatinine 

values in this case were not calibrated to isotope dilution mass spectrometry and 

consequently standardization was required. In Italy, the Renal Insufficiency and 

Cardiovascular Events (RIACE) study group population, comprising 15,773 

individuals with T2DM from 19 hospital-based diabetes clinics, found that 37.6% had 

DKD (88) using the Modification of Diet in Renal Disease (MDRD) equation. The 

RIACE study also found that the proportion of participants with DKD was greater 

when the MDRD equation rather than the CKD-EPI equation was used. The 

differences in the reported prevalence of DKD is particularly obvious from the 

NHANES data set reports. Among those with DM in US NHANES (1999-2004), the 

prevalence of DKD varied from 6.1% in those aged 20-39 years to 11.7% in those 
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aged 40-59 years and to 39.2% in those Ó60 years (89). In US NHANES (1999-2006), 

39.6% of those with diagnosed DM and 41.7% of those with undiagnosed DM aged 

Ó20 years had DKD (90). In US NHANES (1999-2013), 43.5% of patients with T2DM 

had DKD (91). In NHANES III, 42.3% of participants with diabetes had kidney 

disease compared to 9.4% of those without diabetes (47). On a clinical laboratory 

database maintained by LabCorp®, US, 44.3% of those with T2DM and 31.6% of 

those T1DM had DKD (92). 

Other reports of the prevalence of DKD in Europe include 27.9% (93) to 34.1% (94) 

of patients with T2DM attending primary care in Spain, >29% of patients with T2DM 

on a French medical insurance fund database (95) and 68.6% of patients with T2DM 

attending primary care in Finland (96). Of particular interest in the Finnish study was 

the lack of awareness of DKD, with only half of those patients who had T2DM and 

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

In Asia, 27.1% of people with T2DM attending the Shanghai Diabetes Centre, 

Shanghai Jiaotong University-Affiliated Sixth Peopleôs Hospital, China had evidence 

of DKD (97). In urban primary care practices in China, 38.8% of people with T2DM 

had DKD (98) compared with 29.6% T2DM in the Shanghai Diabetic Complications 

Study (SHDCS) (99). In a multistage random sampling survey in Shanghai, China, 

30.9% of those with diagnosed diabetes and 28.5% of those with undiagnosed diabetes 

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

years recruited by randomised cluster sampling had DKD (101). In two major referral 

hospitals in India, the prevalence of DKD was 62.3% (83). In Japan, 46.0% of those 

with T2DM and 19.1% of those with T1DM Ó20 years had DKD (102). In Singapore, 

53.0% of those with T2DM aged 21-89 years at a diabetes centre of a single acute care 

public hospital or a primary care polyclinic had DKD (103). As evidenced by data 

from Japan and the US, DKD appears more common in people with T2DM than 

T1DM (92, 102). Naser et al. in their systematic review and meta-analysis report that 

the prevalence of CKD in the Middle East varies from 10.8% to 60.78% with a pooled 

average of 28.96% (104). Accurate prevalence data on DKD in Africa is more limited: 

83.7% of people with any type of diabetes attending a diabetes clinic in Bugando 

Medical Centre in Mwanza, Tanzania were reported as having DKD (105). In 

Ethiopia, a systematic review and meta-analysis found that 18.22% of people with 

diabetes had CKD (106). Despite major differences in the reported prevalence of 
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DKD, the significance of its global public concern cannot 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 is also considerable heterogeneity in the prevalence of ESRD among people 

with diabetes (80). Narres et al. in their systematic review and meta-analysis of 32 

studies found that the 30-year cumulative incidence of ESRD among people 

withT1DM varied from 3.3% to 7.8% (80). The incidence rate of ESRD due to all 

causes or due to DKD varied 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 observed (80). The age and sex adjusted relative risk of ESRD among 

people with diabetes was between 6.2 and 12 times that of those without diabetes (80). 

Based on UK Renal Registry data, in people with diabetes, the need for RRT increased 

from 12.3 to 27.6 people per million population between 1995 and 2009 ï an almost 

2.5 fold increase (107).  

Subsequent chapters in this thesis will explore the prevalence of DKD among a 

predominantly Caucasian population attending a hospital-based diabetes centre in 

Northern Europe. 

1.12 Decline in Renal Function 

Considerable heterogeneity exists in the literature regarding the classification of 

patients as decliners versus non-decliners (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 renal function is expressed on the absolute scale (change in mL/min/1.73m2/year) 

and/or percentage scale (% change/year) (108). Renal function (eGFR) itself is 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 functional decline. 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 decline among individuals with 

diabetes has been defined by some authors as a sustained eGFR loss of Ó3.3% per year 

(109, 110). A decline in eGFR of Ó3.3%/year in a general population is equal to the 

2.5th percentile of the distribution of yearly renal functional loss (111). On the absolute 

scale, some authors define progressive renal functional decline as a sustained rate of 

reduction in eGFR of Ó3.5mL/min/1.73m2/year (112). 

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 function (112). Declining renal 

function is associated with a complex milieu of both modifiable (hyperglycaemia, 

hypertension, dyslipidaemia, insulin resistance, smoking, albuminuria, anaemia, 

microvascular complications) and non-modifiable (age, gender, ethnicity, family 

history, duration of diabetes, genetics) risk factors (113) ï similar to the risk factors 

for the presence or absence of DKD as outlined above. Independent predictors of 

eGFR decline include albuminuria (greatest), advancing age, hypertension, insulin 

treatment and a lower eGFR at baseline (56). At present, in clinical practice, single 

values for eGFR (an estimation of renal 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 ESRD (112). Together, their predictive ability 

from the onset and progression of DKD is modest (114). The use of kidney failure risk 

equations which incorporates routinely measured clinical and biochemical data 

(including eGFR and uACR) can help predict which people with stage 3-5 CKD will 

progress to renal failure within 2 or 5 years (115, 116). Declining renal function is also 

associated with a higher risk of CVD in patients with and without CKD (117) and of 

mortality in Chinese patients with T2DM (118). There is an urgent unmet clinical need 

for the identification of more reliable indices that would serve to identify people with 

diabetes at greatest risk of rapid decline in renal function. Given the increasing 

prevalence of diabetes, prediction of decline in renal function in patients with T1DM 

and T2DM remains a very important public policy challenge (119).  

In the Joslin 1 and 2 studies involving people with T1DM, 9-10% and 31-32% with 

normoalbuminuria (<30ɛg/min) and microalbuminura (0-299 ɛg/min), respectively, 

(112, 120) were classified as decliners (cystatin c eGFR loss or combined 

creatinine/cystatin c eGFR loss Ó3.3%/year). In people with T1DM, Krolewski noted 
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that approximately 50% of those with proteinuria (uACR Ó300 ɛg/min) were decliners 

(112). In Pima Indians with T2DM, 32% of those with normoalbuminuria (uACR<30 

mg/g), 42% of those with microalbuminuria (30-299 mg/g) and 74% of those with 

macroalbuminuria (uACR Ó300 mg/g) had Ó3.3%/year decline in renal function (serial 

GFR measurements by iothalamate clearance) (121). When a threshold of >4%/year 

was used in an Italian cohort with T2DM, 15.6% of the total cohort were classified as 

rapid decliner. Absolute rate of renal functional decline increased progressively from 

normoalbuminuria (-0.2 ± 0.2 mL/min/1.73m2/year) to microalbuminuria (-1.3 ± 0.2 

mL/min/1.73m2/year) to macroalbuminuria (-2.7 ± 0.4 mL/min/1.73m2/year) (65). In 

a prospective observational cohort study of people with T2DM (baseline eGFR 

Ó60ml/min/1.73m2), 15.6% of participants had eGFR decline of >4.0% per year. This 

resulted in an average eGFR decline of ī5.8Ñ3 ml/min/1.73m2 per year in people 

classified as rapid decliners (>4.0% loss of renal function per year) and ī0.6Ñ2 

ml/min/1.73m2 per year in people classifi ed as non-decliners (Ò4.0% loss of renal 

function per year).  

Subsequent chapters in this thesis investigate the rate of renal functional decline and 

the proportion of decliners and non-decliners in a predominantly Caucasian population 

attending a hospital-based diabetes centre in Northern Europe. 

1.13 Pathophysiology of Diabetic Kidney Disease 

DKD is a complex multifactorial disease driven by multiple pathophysiological 

processes that may contribute to a relatively silent onset and occasionally rapid 

progression (75). The pro-inflammatory diabetic milieu coupled with renal 

haemodynamic changes, over-activation of the renin angiotensin aldosterone system 

and ischaemia leads to the development of renal fibrosis (122) (Figure 4 (123)). 
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1.13.1 Metabolic Pathways 

Hyperglycaemia is a well-recognised cause of DKD (Figure 4). In the KORA 

(Cooperative Health Research in the Augsburg Region) F4-Study, compared to those 

who did not have dysglycaemia (diabetes or prediabetes), prediabetes was associated 

with increased uACR, reduced eGFR and a higher chance of CKD, supporting the 

suggestion that even small changes in glucose regulation may have a negative impact 

on renal function (124). In the DCCT study, intensive glucose therapy in people treated 

with insulin reduced the risks of microalbuminuria by 39% and albuminuria by 54% 

(125). After a median follow-up period of 22 years, intensive therapy reduced the risk 

of developing impaired GFR by 50% (126). The rate of change of eGFR was 1.27 

ml/min/1.73m2/year in the intensive therapy compared to 1.56 ml/min/1.73m2/year in 

the conventional therapy (p<0.001) (126). In people with T2DM in UKPDS, each 1% 

reduction in HbA1c was associated with a 33% decrease in the risk of 

microalbuminuria (127).  

Multiple metabolic pathways driven by hyperglycaemia contribute to the onset and 

progression of DKD. 

1.13.1.1 Glycolysis 

To understand, how hyperglycaemia contributes to the onset and progression of DKD, 

we must first understand how glycolysis works. Glycolysis is the process by which 

glucose is broken down by cells to generate energy (128). Firstly, glucose on entry 

into a cell, is phosphorylated by hexokinase (enzyme) to form glucose-6-phosphate 

(an irreversible step that consumes adenosine triphosphate (ATP) with the production 

of adenosine di-phosphate (ADP)). Through a reversible reaction, the conversion of 

glucose-6-phosphate to fructose-6-phosphate is catalysed by glucose phosphate 

isomerase. Fructose-1,6-bisphosphate is generated by the phosphorylation of fructose-

6-phosphate by phosphofructokinase -1 (irreversible and consumes ATP with the 

production of ADP). Fructose-1,6-bisphosphate is cleaved by the enzyme aldolase to 

form dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. 

Dihydroxyacetone phosphate can be readily interconverted to glyceraldehyde-3-

phosphate by triosephosphate isomerase. Thus, 2 molecules of glyceraldehyde-3-

phosphate can proceed through the glycolysis pathway at this point. Glyceraldehyde-

3-phosphate is oxidized to form 1,3-bisphosphoglycerate (catalysed by 
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glyceraldehyde-3-phospahte dehydrogenase). In this step, nicotinamide adenine 

dinucleotide (NAD+) (co-enzyme) is reduced to give NADH (nicotinamide adenine 

dinucleotide (NAD) and hydrogen (H)) (yields 2 NADH per molecule of glucose). A 

phosphate group is enzymatically transferred from 1,3-bisphosphoglycerate to ADP 

by phosphoglycerate kinase. This generates ATP and 3-phosphoglycerate (2 

molecules of ATP can be generated from one glucose molecule). Next, 3-

phosphoglycerate is isomerized to form 2-phosphoglycerate by phosphoglycerate 

mutase. Phosphoenolpyruvate is generated from 2-phosphoglycerate (converted to by 

enolase). Finally, phosphoenolpyruvate is enzymatically converted to pyruvate 

(irreversibly) by pyruvate kinase with the generation of ATP (each glucose molecule 

can result in the generation of 2 molecules of ATP) (128).  

1.13.1.2 The Polyol Pathway 

The polyol pathway is considered one of the most important pathways for initiation of 

DKD (129). Upregulation of the polyol pathway occurs because of hyperglycaemia. 

The enzyme hexokinase becomes saturated and as a result, all 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 in a two-step 

enzymatic process to fructose (glucose reduced by aldose reductase to sorbitol which 

is subsequently oxidized by sorbitol dehydrogenase to fructose) (129). The reduction 

of glucose to sorbitol involves the oxidation of Nicotinamide Adenine Dinucleotide 

Phosphate (NADPH) to NADP+. NADPH is a key cofactor that is required for the 

generation of glutathione (antioxidant) and is a core anti-ROS (Reactive Oxygen 

Species) defence (130). ROS (non-radical and radical oxygen species) are generated 

by a partial reduction in oxygen (131). When the anti-ROS defence mechanisms are 

overwhelmed (increase in the production of ROS or decrease in the antioxidant 

capacity at a cellular level) oxidative stress occurs (131). Hyperglycaemia can result 

in NADPH and consequently, glutathione deficiency. Pathological production of ROS 

mediated by hyperglycaemia initiates renal inflammation through the recruitment of 

inflammatory cells (macrophages and T-cells) and the release of inflammatory 

cytokines, growth factors and transcription factors contributing among other things to 

renal fibrosis and progression of DKD (132). Indeed, fructose itself may contribute to 

the development of DKD (133). 
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1.13.1.3 The Hexosamine Pathway 

Fructose-6- phosphate is diverted from the glycolysis pathway to the hexosamine 

pathway. Under normal physiological conditions approximately 2-5% of fructose-6-

phosphate proceeds along this pathway (134). This appears to be increased in the 

presence of hyperglycaemia and increased fatty oxidation (hyperglycaemia results in 

a decrease in glyceraldehyde-3-phosphate dehydrogenase activity as a result of 

increased production of ROS in the mitochondria (135) and a simultaneous greater 

than 2-fold increase in activity in the hexosamine pathway (136)). Fructose-6-

phosphate is converted by glutamine:fructose 6-phosphate amidotransferase to 

glucosamine 6-phosphate which is then converted to uridine-5-diphosphat-N-

acetylglucosamine (UDP-GlcNAc). UDP-GlcNAc is the substrate for proteoglycan 

synthesis and for O-linked glycosylation of some proteins (137). UDP-GlcNAc 

modulates transcription factors such as specificity protein 1 (SP1) that induce 

plasminogen activator inhibitor-1 (PAI-1) and transforming growth factor beta 1 

(TGF-ɓ1). Studies have shown that inhibiting glutamine:fructose 6-phosphate 

amidotransferase, thus reducing the generation of glucosamine 6-phosphate and UDP-

GlcNAc, prevents the hyperglycaemia induced increase in PAI-1 (136), TGF-Ŭ and 

TGF-ɓ1(138). PAI-1, TGF-Ŭ and TGF-ɓ1 have all been shown to be key mediators 

for the progression of DKD (139-141). 

1.13.1.4 Advanced Glycation End Products (AGE) 

Methylgloxal (MGO), an Ŭ-oxoaldehyde metabolite and important precursor of AGE 

(142), is generated primarily from the spontaneous degradation during glycolysis of 

dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. Formation of MGO 

increases in diabetes (143). Minor contributors to MGO production include 

degradation of glycated proteins (144), threonine catabolism (145) 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 proportionate to the quantity of free 

sugar (147).  

The irreversible rearrangement of Schiff bases and Amadori products results in the 

formation of AGE. This is a slow process that can take weeks to months. Glycolytic 

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 (RAGE (receptor for advanced 

glycation end products)) are crucial to the pathogenesis of DKD, triggering oxidative 

stress (nicotinamide adenine dinucleotide phosphate oxidase-induced reactive oxygen 

and nitrogen species) and inflammation (148). Serum AGE index is associated with 

impaired renal function in people with diabetes (149). When AGE was given to mice, 

it was associated with proteinuria and glomerular dysfunction (149). In people with 

T2DM, AGE predicts decline in renal function (150). 

1.13.1.5 The Diacylglycerol (DAG)-Protein Kinase C (PKC) Pathway 

Hyperglycaemia can result in increased levels of DAG through the conversion of 

glyceraldehyde-3-phosphate into dihydroxyacetone phosphate (DHAP) and finally 

DAG. DAG is a cofactor of PKC activation (151). Activation of DAG-PKC pathway 

is associated with:  

¶ Glomerular hyperfiltration - increase in/mediating the action of angiotensin 

(152), prostaglandins (153), nitric oxide (154) and vascular endothelial growth 

factor (VEGF) (155),  

¶ Thickening of the glomerular basement membrane and accumulation of 

extracellular matrix (ECM) (Figure 3b) - through increased production of 

fibronectin and type IV collagen (151) as well as PKC mediated activation of 

fibrotic growth factors and isoforms of NADPH (151),  

¶ Vascular permeability and albuminuria - through its action on the proteins that 

form the intracellular endothelial cell junctions (156) and via the expression of 

growth factors such as VEGF (151) and isoforms of PKC (endocytosis of 

nephrin, which is a critical molecule in the prevention of albuminuria, is 

regulated by the interaction of the isoform PKCŬ with ɓ-arrestin2-nephrin 

which is enhanced in the presence of hyperglycaemia (157)). 

1.13.2 Haemodynamic Pathways 

The concept of glomerular hyperfiltration was proposed by Brenner et al. in 1996 

(158). Glomerular hyperfiltration is an increase in GFR ï a uniform definition is 

lacking (159). Throughout the literature a variety of thresholds for hyperfiltration have 

been selected ï some studies report single thresholds while others report gender and 
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age specific thresholds (160). It is typically reported as between 130 and 140 ml/min 

per 1.73 m2 (161). Glomerular hyperfiltration is associated with more rapid decline in 

renal function and albuminuria in people with T1DM (162, 163) and T2DM (164). 

The prevalence of hyperfiltration varies and depends in part on the definition used. 

Reported prevalence varies between 10% and 67% in people with T1DM and 6% and 

73% in people with T2DM (165). As hyperfiltration may precede decline in renal 

function, early recognition and targeted intervention may slow the rate of subsequent 

decline. 

Hyperfiltration can occur at the level of the ñwhole-kidneyò or at the level of a ñsingle 

nephronò. ñWhole-kidneyò hyperfiltration is typically reported when the eGFR is 

җ130-140 ml/min per 1.73 m2 and the person has two kidneys that are functioning 

(161). Hyperfiltration can also occur at the level of a ñsingle-nephronò, even in people 

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

the associated irreversible damage to an increasing number of glomeruli, the 

remaining nephrons strive to keep ñwhole-kidneyò filtration within a normal range 

leading to glomerular and tubular hypertrophy (structural and functional) (166). This 

may be the precursor to intraglomerular hypertension which can lead to albuminuria 

(167).  

The pathophysiology of hyperfiltration is complex and multifactorial (165). Obesity 

and hyperglycaemia mediated cytokine and growth factor release may contribute to 

ultrastructural changes (especially proximal tubular hypertrophy) which can occur 

early, after the onset of diabetes (165). According to the vascular theory of 

hyperfiltration, a mismatch between factors that cause a reduction in afferent arteriolar 

resistance (e.g. nitric oxide (NO), angiotensin (1-7)é) and/or increase in efferent 

arteriolar resistance (e.g. angiotensin II (ANG II), reactive oxygen species (ROS)é) 

can contribute to hyperfiltration (165) particularly at the level of the individual 

nephron. The tubular theory of hyperfiltration suggests that an increase in GFR can 

occur through inhibition of tubuloglomerular feedback, mediated by the impact of 

hyperglycaemia on the sodium-glucose cotransporters (SGLTs). There is an 

established body of evidence on the benefit of renin angiotensin aldosterone system 

(RAAS) blockade and a growing body of evidence supporting the use of 

antihyperglycaemic agents (such as SGLT-2is) to ameliorate hyperfiltration (165). 
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Activation of the RAAS is associated with hypertension and the onset and progression 

of DKD (Figure 4). Hyperglycaemia activates the RAAS (168) through activation of 

the G-protein-coupled receptor 91 (GPR91), expressed in the juxtaglomerular 

apparatus of the kidney and the subsequent release of renin (169-171). There is an 

association between hyperglycaemia and renin release (168, 170, 172). Activation of 

the RAAS leads to increased vascular resistance and mean arterial pressure (173). 

Furthermore, the glycosylation of p53 as a result of hyperglycaemia (174) is associated 

with prolonged upregulation of RAAS (175). Increased activation of RAAS results in 

increased production of ANG II. ANG II causes efferent arteriolar vasoconstriction, 

oxidative stress and vascular inflammation (174) which can contribute to glomerular 

hyperfiltration. ANG II is a critical mediator in the development and progression of 

albuminuria (176) and of renal injury due to diabetes (177, 178).  

In UKPDS, over a median of 15 years after diagnosis of T2DM, SBP was 

independently associated with microalbuminuria (Hazard Ratio (HR) 1.15), 

macroalbuminuria (HR 1.15), reduced creatinine clearance (HR 1.11) and doubling of 

plasma creatinine (HR 1.38) (73). The proportion of people with diabetes achieving 

target SBP tends to decrease as eGFR decreases and uACR increases (18). The 

Reduction of Endpoints in Nonïinsulin-dependent diabetes mellitus with the 

Angiotensin II Antagonist Losartan (RENAAL) study in 1513 people with T2DM 

showed that a baseline SBP of 140-159mmHg 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% for every 10mmHg rise in baseline SBP (68). 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 with a >2 fold increase in the risk of ESRD or doubling of serum creatinine 

(179). Angiotensin-converting enzyme (ACE)-inhibitors and angiotensin receptor 

blockers (ARBs) have been shown to be protective against decline in renal function in 

people with diabetes ï through the inhibition of ANG II  and a reduction in glomerular 

pressure (180). The Collaborative Study Group has shown that captopril protects 

against decline in renal function and improves blood pressure control in people with 

insulin treated diabetes (181). The RENAAL study investigators found that the benefit 

of Losartan therapy in terms of reducing adverse renal outcomes in people with T2DM 

far outweighed the 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 effective in reducing progression of kidney disease in T2DM, 

independent of the beneficial effect that a reduction in blood pressure alone would 

cause (183). 

1.13.3 Inflammatory Pathways 

The various inflammatory pathways that comprise the pro-inflammatory diabetic 

milieu are crucial to the onset and progression of DKD (Figure 4). The inflammatory 

milieu can cause local and/or systemic inflammation (184).  

1.13.3.1 Macrophages 

Macrophages are a type of white cell that are involved in phagocytosis. They remove 

unwanted cellular debris and are involved in the destruction of harmful organisms. 

Accumulation of macrophages in the glomeruli and interstitium of the kidneys in 

people with diabetes is associated with decline in renal function (185). Increased 

production of AGE leads to increased expression of MCP-1 (Monocyte 

Chemoattractant Protein-1) and ICAM-1 (Intercellular Adhesion Molecule 1) in the 

kidney leading to the recruitment of macrophages; which results in increased secretion 

of inflammatory cytokines, ROS, TGF-ɓ and matrix metalloproteinases from the 

recruited macrophages (184, 186). Macrophage depletion studies in mice with diabetes 

have shown that the absence of macrophages is 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 subsets ï M1 macrophages and M2 macrophages. 

M1 macrophages are pro-inflammatory and closely associated with diabetic renal 

injury. They produce ROS, nitric oxide (NO), IL(interleukin)-12, tumour necrosis 

factor-alpha (TNF-Ŭ), IFN (interferon)-ɔ, IL-1ɓ, IL-18 and MCP-1 which can lead to 

renal damage (188). M2 macrophages on the other hand are anti-inflammatory and 

associated with the release of regulatory cytokines such as IL-10 and TGF-ɓ (189). 

The administration of mesenchymal stromal cells (MSC) to modulate the balance of 

M1 and M2 macrophages in the kidney are a promising therapeutic avenue for DKD 

(123). 
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1.13.3.2 T-cells and B-cells 

T-cells and B-cells are the key effectors of the adaptive immune system. For T-cells, 

both the quality (more pronounced in the CD8+ subset) and quantity (more pronounced 

in the CD4+ subset) of cells decrease as renal disease progresses. Studies have shown 

a significant increase in T-cell immunosenescence as well as a decrease in the absolute 

number of T-cells in people with T2DM and eGFR <60 mL/min/1.73m2 (190). T cells 

(CD4+ and CD8+) infiltrate the renal interstitium of mice with proteinuric nephropathy 

and streptozocin-induced diabetes and of people with T2DM (191). The number of 

CD4+ T-cells and CD20+ B-cells are associated with the degree of proteinuria. These 

T-cells produce and highly express TNF-Ŭ and IFN-ɔ (191). Investigation of the role 

of T-cells in DKD remains incomplete and warrants further study.  

The role of B-cells in the pathophysiology of diabetes and DKD is also poorly 

understood. However, there is growing evidence to suggest these cells play an 

important role ï more evidence in T1DM (192) than T2DM (193). B-cells may 

contribute to DKD pathophysiology through immune complex deposition in the 

kidney and through the activation of complement, which can trigger an inflammatory 

response (192). Activation of B-cells due to chronic inflammation can result in 

increased production of IL-6 (194) and TNF-Ŭ (195) by effector B cells and IL-10 

(196) by regulatory B cells ï causing a further escalation of inflammatory components 

in the development and progression of DKD. 

1.13.3.3 Cytokines 

Cytokines are small protein molecules that are important in cell-to-cell 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 survival (198). Chemokines are secreted proteins that are members 

of the cytokine family and induce cell migration (198). Increased levels of pro-

inflammatory cytokines and chemokines have been frequently reported in the serum 

and kidneys of experimental models of DKD and in people with diabetes (184).  

1.13.3.4 Tumour Necrosis Factor-Ŭ (TNF-Ŭ) 

TNF-Ŭ is one such pro-inflammatory cytokine that can amplify the inflammatory 

cascade leading to renal injury. It is a key regulator of immune cells and is primarily 



Chapter 1 

32 
 

produced by monocytes and macrophages. Chen et al., in their systematic review, 

found that TNF-Ŭ was significantly increased in the serum of people with T2DM and 

that there was a greater increase in those with DKD than those without (199). 

Furthermore, people with diabetes and tubulointerstitial injury have greater intra-renal 

expression of TNF-Ŭ mRNA than those who do not (200). Inhibition of TNF-Ŭ in rat 

models reduces albuminuria, tubular and glomerular injury, and expression of the 

pyrin domain-containing protein 3 (NLRP3) inflammasome and IL-6 and IL-17A 

mRNAs in tubules (200-202).  

1.13.3.5 Monocyte Chemoattractant Protein-1 (MCP-1) 

MCP-1 (also referred to as CCL2) is a chemokine produced by cells such as 

monocytes, mesangial cells, tubular epithelial cells and glomerular endothelial cells in 

response to TNF-Ŭ and other inflammatory cytokines and is a potent chemotactic 

factor for monocytes (203, 204). Urinary MCP-1 is higher in people with diabetes and 

micro- or macro- albuminuria compared to those with normoalbuminuria and healthy 

volunteers (203, 204). The increase in urinary MCP-1 in people with diabetes and 

kidney disease is likely multifactorial (203). Increased production may be stimulated 

by increased renal tubule exposure to plasma protein, hyperglycaemia and the 

consequent increase in AGE, mechanical stretch, ANG II and aldosterone and nuclear 

factor binding near the ə light-chain gene in B cell (NF-əB) activation (203). 

Interestingly, ACE- inhibitors have been shown to decrease MCP-1 expression and 

improve renal function (205). In apolipoprotein E (ApoE) knockout mice with 

diabetes, 4 weeks of treatment with mouse-specific NOX-E36 (an inhibitor of MCP-

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

glomerular endothelial glycoalyx and barrier function (206). 

1.13.3.6 Interleukin 6 (IL-6) 

IL -6 is an important pro-inflammatory cytokine. It has been proposed that 

hyperglycaemia may stimulate the production of the pro-inflammatory IL-6 (207) in 

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

may increase the production of ANG II, which can then stimulate the secretion of IL-

6 (208, 209). IL-6 is associated with progression of DKD (210). It is expressed in 

glomerular epithelial cells, mesangial cells and Bowmanôs capsule as well as some 
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tubular epithelial and infiltrating immune cells in DKD (211). Its expression may be 

specifically associated with mesangial proliferation (211). 

1.13.3.7 Macrophage Migration Inhibitory Factor (MIF) 

MIF is a pleiotrophic cytokine that is an important regulator of the immune and 

inflammatory response (212). Sanhez- Niño et al. have shown that, in both human and 

experimental animal models of DKD, the expression of the receptor for MIF (CD74) 

is increased (212). Furthermore, in vivo and in vitro CD74 is expressed by both 

podocytes and tubular epithelial cells. Through CD74, MIF signals an increase in 

MCP-1 and TNF related apoptosis-inducing ligand (TRAIL) (212)ï both of which 

have been implicated in DKD (213, 214).  

1.13.3.8 Adhesion Molecules 

Endothelial dysfunction plays a key role in the development of DKD (215). 

Upregulation of cell surface markers such as VCAM-1 (Vascular Cell Adhesion 

Molecule-1) and ICAM-1 (Intercellular Adhesion Molecule-1) may promote the 

adhesion and/or transmigration 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 micro- and macro- vascular complications (216).  

1.13.3.9 Intercellular Adhesion Molecule 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)ICAM-1 in the serum of people with 

diabetes and ICAM-1 gene expression in animal models of diabetes is increased 

compared to non-diabetic controls (218, 219). The presence of hyperglycaemia is 

associated with increased nuclear ICAM-1 gene transcription and ICAM-1 protein on 

the surface of endothelial cells (218). Mice with diabetes that are ICAM-1 deficient 

have decreased levels of albuminuria, glomerular and interstitial leukocytes and 

reduced glomerular hypertrophy, glomerular hypercellularity and tubular damage 

compared to mice who are not ICAM-1 deficient (220). The levels of sICAM-1 in the 

serum and urine of rats with diabetes is increased compared to those without (221). 
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Furthermore, serum and urine sICAM-1 concentrations correlate with urinary albumin 

excretion rate (uAER) (221).  

1.13.3.10 Vascular Cell Adhesion Molecule-1 (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 sVCAM1 are raised in people with T1DM and overt 

nephropathy (222). In Japanese people with T2DM, sVCAM-1 was higher in those 

with more advanced DKD. A significant correlation existed between sVCAM-1 and 

uAER (log) in people with normal creatinine levels. Furthermore, there was a 

significant correlation between creatinine (log) and sVCAM-1 concentrations (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 and becomes 

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

cells demonstrate increased expression of VCAM-1 (224). 

1.13.3.11 NOD-, LRR- and Pyrin Domain-Containing Protein 3 (NLRP3) 

Inflammasome 

The NLRP3 inflammasome is a protein complex involved in the regulation of the pro-

inflammatory cytokines IL-1ɓ and IL-18 (225). ROS and NF-əB can activate the 

NLRP3 inflammasome in podocytes exposed to cellular stressors such as high glucose 

concentration or AGE (226, 227). Activation of the inflammasome leads to the 

generation of caspase-1, maturation of IL-1ɓ and IL-18 and increased recruitment of 

inflammatory cells (228). In mouse models of DKD, increases in IL-1ɓ and IL-18 and 

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 DKD (226). Serum and urine IL-

18 concentrations correlate with uAER in people with T2DM (229). Mice that are 

deficient in NLRP3 are protected against DKD (226). Importantly, inhibition of the 

NLRP3 inflammasome reduces renal inflammation and fibrosis in DKD (230).  

1.13.3.12 Nuclear factor binding near the ə light-chain gene in B cells (NF-əB) 

The NF- Bˁ family of proteins constitutes the components of an intracellular signalling 

pathway involved in the regulation of the inflammatory response including cytokine 
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production and cell cycle regulation (Figure 4). In T2DM for example, obesity results 

in chronic low-grade inflammation that causes activation not only of NF-əB but also 

inflammasomes (231). Use of NF-əB inhibitors such as celastrol for 2 months in a 

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 mesangial expansion and suppressed the expression 

of type IV collagen, PAI-1 and TGFɓ1 in renal tissue (232). Treatment of apoE (-/-) 

mice with and without diabetes with pioglitazone (a peroxisome proliferator-activated 

receptor ɔ agonist) reduced increases in serum creatinine compared to untreated 

controls. In this study, pioglitazone was shown to inhibit the activation of NF-əB, the 

NLRP3 inflammasome and the AGE/RAGE axis and their consequent downstream 

increases in the activation of caspase-1, IL-1ɓ, and IL-18 (227). 

1.14 Biomarkers 

The U.S. Food and Drug Administration (FDA) describes a biomarker as ña defined 

characteristic that is measured as an indicator of normal biological processes, 

pathogenic processes, or biological responses to an exposure or intervention, including 

therapeutic interventions (233).ò A biomarker can come from a variety of sources such 

as radiological, blood or histological. It can be quantified in different ways such as via 

imaging or via an in vitro diagnostic platform. The BEST (Biomarkers, Endpoints, and 

other Tools) resource describes categories of biomarkers as diagnostic, monitoring, 

pharmacodynamic/response, predictive, prognostic, reasonably likely surrogate 

endpoints, safety and susceptibility/risk (234). 

1.15 Characteristics of a good biomarker 

¶ Sensitive ï the sensitivity of a test can be defined as the proportion of people 

with a disease in whom the test is positive (235). A perfect diagnostic 

biomarker would have a sensitivity of 100% (235).  

¶ Specific ï the specificity of a test can be defined as the proportion of people 

without a disease in whom the test is negative (235). A perfect diagnostic 

biomarker would have a specificity of 100% (235). 

¶ Objective ï is based on evidence and not on an individualôs opinion. 

¶ Efficient ï is inexpensive and easily obtainable. 

https://en.wikipedia.org/wiki/PPAR%CE%B3
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¶ Appropriate ï is able to provide useful clinical information. 

¶ Responsive ï the biomarker needs to respond to a treatment very rapidly. Slow 

response to treatment can limit the utility of a clinical biomarker for monitoring 

the response to that treatment. 

¶ Comparable ï the biomarker must be comparable to established diagnostic 

tests. 

¶ Acceptable ï the means of measuring or obtaining the sample for biomarker 

analysis is convenient and acceptable to the person from whom the biomarker 

measurement is being obtained. 

¶ Easily obtainable with minimum discomfort and risk to the person ï a good 

biomarker, regardless of its clinical use, should be easy to obtain and non-

invasive. For this reason, serum, plasma and urine provide the ideal media for 

biomarker discovery (obtained in routine clinical care); while a biopsy-based 

biomarker may only be suitable when the biopsy is being obtained as part of 

routine clinical care - for example, while obtaining a tissue sample may be 

appropriate to confirm or exclude a diagnosis of cancer, repeatedly obtaining 

kidney tissue samples to evaluate a personôs renal function would not. 

¶ Easily quantifiable ï is easy to measure and provides rapid results with 

standardized assays. 

¶ Biologically plausible ï is consistent with information about the underlying 

disease process and pinpoints the location of disease. 

¶ Highly reproducible ï is measured by standardized assays with easily 

reproducible results (i.e., the same result is obtained if the test is performed 

numerous times on the same sample). 

¶ Risk stratification/prognostication ï provides important information regarding 

a personôs risk of a specific disease or outcome and/or can provide information 

on a personôs long-term prognosis. 

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 Diabetic K idney Disease? 

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 treatment can be initiated 

sooner. 

3. To determine which people with diabetes will develop rapid decline in renal 

function so that more intensive treatment and closer follow-up can be 

implemented. 

4. To predict who will develop end stage renal disease and will require renal 

replacement therapy so that more intensive risk reduction strategies can be 

implemented. 

5. To identify those with diabetes and kidney disease who will develop adverse 

cardiovascular events to allow intensive risk factor reduction. 

6. To identify people with diabetes 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 personôs response to a particular therapy so that people who are 

not benefitting from a particular 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 clinical trials in 

DKD. A surrogate endpoint in a clinical trial has been defined by the FDA as ña 

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 rather is expected to predict that clinical benefit or harm based on 

epidemiologic, therapeutic, pathophysiologic or other scientific evidence (233)ò. For 

the majority of clinical trials investigating renal endpoints in diabetes, either ESRD, 

doubling of serum creatinine or death are used as hard endpoints (236). Consequent to 

the selection of these hard endpoints a priori and the lack of biomarkers to predict who 
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will develop these hard endpoints, some trials fail due to being inadequately powered 

and or due to insufficient follow-up to reach an adequate number of events (236). This 

impacts on the cost of developing drugs for prevention and treatment of DKD, 

restricting the number of agents that can advance from drug discovery to large scale 

clinical trials. The identification of a biomarker that accurately predicts those who will 

subsequently develop a renal event/rapid decline in renal function would allow for 

purposeful sampling when recruiting participants to these trials.  

1.17 Current biomarkers of renal function/damage 

1.17.1 Glomerular filtration rate (GFR)  

To diagnose DKD, accurate assessment of GFR is essential (237). At present, 

glomerular filtration rate (GFR) is the cornerstone for assessment of renal function in 

clinical practice (238). The gold standard is measured GFR. In clinical practice, 

measured GFR is not routinely practical and an estimate of GFR is used (eGFR). 

KDIGO clinical practice guideline recommends the use of eGFR rather than the use 

of serum concentration of endogenous filtration markers such as creatinine (239) for 

the definition of CKD. When this result is felt to be inaccurate or when a more precise 

estimate of GFR is required (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 (based on a combination of cystatin C and creatinine) 

or measured GFR are advised (239). 

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 measurement method (238). The equation that uses both creatinine 

and cystatin C (eGFRcr-cys) is more accurate than either of the equations that just uses 

creatinine or cystatin C (240) ï but this is not routinely done in most clinical 

laboratories. For creatinine- or cystatin C-based GFR measurement, the use of non-

standardized creatinine assays or the use 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 creatinine-based 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 (CKD-EPI) equation. In recent years, the MDRD 
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equation has been phased out in favour of the CKD-EPI equation in many centres 

worldwide. These equations allow the estimation of GFR using the concentration of 

endogenous filtration markers. Non renal factors which may impact on the 

concentration of serum filtration markers include the rate at which the filtration marker 

is produced (i.e., the metabolic rate) and the potential for non-renal sources of 

excretion (238). In addition, in people with diabetes, compared with normoglycaemia, 

the presence of hyperglycaemia can contribute to an increased GFR result (241, 242). 

Estimating equations can factor in readily available variables (surrogates for these 

non-renal 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 racism (240). Endogenous filtration markers are only accurate in those 

with stable renal function i.e., not a good representation of renal function in acute 

kidney injury. Biological and analytical variation of the filtration marker (e.g., 

creatinine) can lead to significant variation and uncertainty in eGFR measurement 

(243). This uncertainty has the greatest impact at decision thresholds (243); such as 

the diagnosis of DKD, referral to a nephrologist or the withdrawal of a medication 

because the eGFR has fallen below a pre-defined threshold. The current most widely-

used estimating equations for GFR do not provide a reliable estimate of change in 

GFR over time in people with diabetes (78). GFR is often underestimated by the 

MDRD and CKD-EPI study equations (78) especially when GFR Ó 60ml/min/1.73m2 

(237). Reduced accuracy and precision of eGFR in people with diabetes can result in 

a missed opportunity to identify those at risk of renal disease at an earlier stage (237) 

ï when more focussed interventions may lead to improved outcomes. More accessible, 

accurate and precise screening methods (such as novel biomarkers) are warranted to 

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

1.17.1.1 MDRD Equation ï Limitations 

Limitations of the MDRD study equation include imprecision and bias. The MDRD 

study equation has lower bias and higher precision at eGFR <60 ml/min/1.73m2 than 

at Ó60 ml/min/1.73m2 (245). This has the potential to lead to misclassification of 

people as having DKD just below the reported DKD threshold of 60ml/min/1.73m2 

due to imprecision and underestimation of GFR (245). Race can impact the accuracy 

of the equation particularly in those of Asian ethnicity with the MDRD study equation 
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underestimating measured GFR (mGFR) in Chinese people and overestimating mGFR 

in Japanese people ï query impact of muscle mass (245). Like all other equations that 

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, chronic illnesses 

or malnutrition (245).  

1.17.1.2 CKD EPI Equation ï Limitations 

While it is recognised that the CKD-EPI equation likely improves GFR estimations, it 

is not without its limitations. When applied to the general population, use of CKD-EPI 

as opposed to MDRD resulted in a 10% reduction in the number of people classified 

as having CKD (246). In younger people, use of CKD-EPI as opposed to MDRD 

eGFR resulted in a longer time to classification of CKD while, in older people (>80 

years of age), use of CKD-EPI as opposed to MDRD eGFR resulted in earlier and 

more frequent classification of CKD (246). Use of CKD-EPI eGFR also led to earlier 

classification of CKD in men and African Americans (246).  

Both equations have limitations in estimating GFR among Asian populations and a 

coefficient for Asian ethnicity has not been routinely factored in to improve the 

accuracy of the equations (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 equations (248). The search for a better estimating equation that does not 

discriminate based on ethnicity or race is ongoing (240). While CKD-EPI equation is 

more accurate at predicting risk of mortality and ESRD than the MDRD equation at a 

population level (249), 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 uACR is measured 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 

challenging 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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creatinine ï an adjustment that factors in hydration status to reduce the risk of false 

positives and negatives compared to measurement of urine albumin concentration 

alone (251). Both patient-specific and sample-specific pre-analytical 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 hyperglycaemia, menstruation, marked hypertension, fever and posture 

(251). These have the potential to cause a falsely elevated uACR independent of renal 

damage (40). Indeed, on an individual level up to a 40% day-to-day variability has 

been reported in urinary albumin concentrations (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 3-6 month period. From a sampling perspective, variables that may affect the 

result include collection type, storage temperature, sample clarity and absorption to 

plastic (251). Furthermore, uACR is often viewed as a categorical (normo-, micro-, 

macro- 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 morbidity and mortality 

(253). In recent years, the advent of Sodium-Glucose Co-Transporter-2 (SGLT-2) 

inhibitors and Glucagon-like Peptide-1 Receptor Agonists (GLP-1 RAs) and the closer 

focus on RAAS blockade, DKD with normal uACR (normoalbuminuric DKD) has 

become more common (254). 

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 detected (45). In the UKPDS, 51% of people with 

diabetes who developed an estimated creatinine clearance <60 ml/min/1.73m² never 

had positive albuminuria (255). In the DCCT/EDIC study, of those people with T1DM 

who developed an eGFR <60 ml/min/1.73 m2, 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 with diabetes at an earlier stage who 

are at risk of developing progressive nephropathy. 

In current clinical practice, DKD is often diagnosed based on single values for eGFR 

and uACR at a given point in time. These single values are often used to guide 

treatment strategies. Individually, these indices provide limited prognostic information 
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on rate of decline in renal function or duration of time to ESRD (112). In people with 

T2DM for example, data from the Ongoing Telmisartan Alone and in combination 

with Ramipril Global Endpoint Trial (ONTARGET) and Outcome Reduction with 

Initial Glargine Intervention (ORIGIN) (a derivation and validation cohort) were used 

to develop two risk prediction models (clinical and laboratory) for the outcome state 

alive with CKD or death after 5.5 years of follow-up (114). Predictors in the laboratory 

model included uACR, eGFR, stage of albuminuria, gender and age. Predictors in the 

clinical model included uACR, eGFR, stage of albuminuria, gender, age, diabetes 

duration, fasting LDL-C, glucose, cardiovascular co-morbidities, and number of 

antihypertensives. The externally validated c-statistic was 0.68 and 0.69 for the 

laboratory and clinical models, respectively ï uACR and eGFR were the most 

important predictors in these models (114). Despite the inclusion of uACR and eGFR 

in addition to other important variables, the c-statistic appears low. This suggests that 

there are other pertinent, yet unidentified or unaccounted for factors, that maybe 

associated with progression of DKD (114). There is an urgent unmet clinical need for 

the identification of more reliable indices, that 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 targeted, personalised management structure. Importantly, it 

is known that timely intervention following onset of progressive renal function decline 

can delay the onset of ESRD (112). Moreover, the duration of delay depends on the 

time from onset of progressive decline to intervention (112). Declining renal function 

is also associated with a higher risk of CVD in patients with and without CKD (117) 

and of mortality in Chinese patients with T2DM (118). Early prediction of decline in 

renal function in people with T1DM and T2DM remains an important unmet clinical 

need and public policy challenge (119).  

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 (above that provided 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)-Ŭ - Soluble TNFR1 

and Soluble TNFR2 

As described above, TNF is a pro-inflammatory cytokine that mediates inflammation 

and apoptosis. 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 NF-əB. The transmembrane domain of 

the TNFRs can be cleaved by a proteolytic enzyme known as TNFŬ converting 

enzyme (TACE/ADAM17) 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 unknown (258) but their quantification in the blood has been shown 

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

In 106 Japanese people with T2DM who were not obese, in univariate analyses serum 

concentrations of both sTNFR1 and sTNFR2 were associated with CKD stage 3. 

When multivariate logistic regression analyses were used, only serum sTNFR2 

showed a significant association with CKD stage 3 (Odds Ratio (OR) 1.003) (259). 

Vendrell et al. found that in 345 people with T2DM, plasma sTNFR1 and sTNFR2 

was higher in those with micro- or macroalbuminuria compared with those with 

normoalbuminuria (260). In a longitudinal study of 193 Native Americans with T2DM 

(of whom 62 developed ESRD and 25 died without ESRD) during a median follow-

up period of 9.5 years, the age- and gender-adjusted 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 sTNFR2, 

respectively (261). Serum sTNFR1 and 2 were measured in 1,237 of 1,441 people with 

T1DM (free of albuminuria and CVD at baseline) enrolled in the DCCT/ 

Epidemiology of Diabetes Interventions and Complications (EDIC) cohort. Following 

adjustment for covariates such as retinopathy status, duration of diabetes and gender, 

increasing levels of serum sTNFR-1 and -2 were associated with an increased risk of 

progression to macroalbuminuria (HR 1.38 and 1.34, respectively) (262). In the 

second Joslin Kidney Study, involving 363 people with normoalbuminuria and T1DM 

and 304 with microalbuminuria and T1DM, serum sTNFR1 and 2 independently 

correlated with eGFR (estimated using cystatin C) (258). Niewczas et al., in 410 

people with T2DM during 12 years of follow-up, found that plasma sTNFR1 and 2 
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were associated with 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% after 12 years compared to only 3% in the other 

quartiles (263). Godha et al., in two cohorts including a total of 628 people with T1DM 

and no renal disease, found that after 12 years of follow-up, concentrations of plasma 

sTNFR1 and sTNFR2 were strongly associated with risk of early decline in renal 

function. In the highest quartile of plasma sTNFR2, 60% had an eGFR 

<60ml/min/1.73m2 after 12 years compared to 5-19% in the 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 long-term studies are needed to determine the added benefit of these 

biomarkers above standard predictors of renal function decline - current eGFR and 

rate of change of renal function at the time of sampling (236). 

1.18.2 Kidney Injury Molecule-1 (KIM -1) 

KIM -1 is a transmembrane glycoprotein. It is found on the apical membrane of 

proximal tubular epithelial cell (265) where its ectodomain can be cleaved and 

secreted in the urine (266). It is almost undetectable in healthy kidneys and is a 

sensitive and specific biomarker of injury to the proximal tubule (266). In 602 people 

with T2DM and eGFR Ó 30mL/min/1.73m2, both serum and urine KIM-1 were 

positively associated with uACR and negatively associated with eGFR. However, in 

a multivariate model, both serum and urine KIM-1 remain associated with increased 

albuminuria (>30 mg/g Cr) but only serum KIM-1 was associated with an eGFR 

<60mL/min/1.73m2 (265). In 659 people with T1DM and varying degrees of 

albuminuria, lower levels of urinary KIM-1 were associated with regression of 

microalbuminuria over the subsequent 2 years (266). Urinary KIM-1 was lowest in 

people without diabetes, increased in people with T1DM but without albuminuria and 

was highest in those who had T1DM and microalbuminuria (266). In a 3-year 

intervention study of Losartan in 63 people with T1DM 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 renal function this no longer holds true (267).  
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1.18.3 Neutrophil Gelatinase-Associated L ipocalin (NGAL)  

NGAL, a 25 kiloDalton (kDa) protein and an emerging tubular biomarker of DKD, is 

expressed by epithelial cells and neutrophils in most tissues (267) and may be released 

in response to renal tubular injury (267). It is involved in inflammation, the innate 

immune system and metabolic homeostasis (268). 

In people with T2DM, a duration of diabetes of >5 years and normoalbuminuria, those 

with eGFR <60 ml/min/1.73m2 had higher urine NGAL concentrations than those with 

an eGFR Ó60 ml/min/1.73m2. There was a significant independent negative 

correlation between eGFR and NGAL (269). 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 

normoalbuminuria (270). In their systematic review, He et al. reported that the pooled 

sensitivity 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 0.74, respectively (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 in people with T1DM and T2DM 

(272). Satirapoj et al. found that the urine NGAL to creatinine ratio had an Area Under 

the Curve (AUC) of 0.64 for identifying people with T2DM who had an annual eGFR 

decline Ó25% from baseline (273). In a 3-year intervention study of Losartan in 63 

people with T1DM 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 true (267). 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 significantly associated with the development of ESRD (HR 1.59) and 

mortality (HR 1.39) following adjustment for co-variates (274). Interestingly, this was 

not the case for urinary KIM-1/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 the identification of new 

individual biomarkers or panels of biomarkers, that 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. Identification of biomarkers 

that reflect the different pathological domains in DKD and combining them in a single 

panel maybe one such strategy (236). One obstacle to the identification of suitable 

biomarkers is the time to the development of important hard outcomes ï doubling of 

creatinine, ESRD or death (236). This can take years to decades. At present, a lot of 

clinical biomarker studies do not have the requisite follow-up for the development of 

the number of hard end points required to adequately power the study (236). These 

studies often rely on surrogate and often imperfect outcomes such as the development 

of albuminuria or stage 3 CKD (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 reports (275). They typically represent the 95% of the central distribution 

of values found in healthy people (275). High quality, accurate, validated RIs are 

important as they can reduce 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 with an as-yet-undiagnosed 

condition undergo appropriate, timely investigations. RIs can aid the healthcare 

practitioner to distinguish those with a disease from those who do not have a disease 

or assist in assessing responses to a specific treatment. Given the important role of 

RIs, some authors argue that the accuracy of the RI 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 population from which the RIs were derived. Best practice, however, would 

dictate that locally determined RIs are established/validated in each laboratory in 

which the analyte is measured. This allows for methodological differences among 

laboratories and differences 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 (EP28-A3c) (277), which mandates that 

samples from 120 suitably qualified individuals are required to establish appropriate 



Chapter 1 

47 
 

RIs. Careful selection of the reference population determines the quality of the RIs 

(275) and can, thus, have a significant impact on the day-to-day interpretation of 

laboratory values in patient care. A ñhealthy volunteerò is defined by The Royal 

College of Physicians as ñan individual who is not known to suffer any significant 

illness relevant to the proposed study, who should be within the ordinary range of body 

measurements (278)ò. Of note, and not surprisingly, there is a dearth of RIs reported 

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 attending a hospital-based diabetes centre in Ireland and 

(b) Identify biomarkers that are most closely associated with the presence of DKD and 

with decline in renal function. 

At the initiation of this thesis, most of the relevant studies in the literature reported on 

single biomarkers (236). However, then and at the time of writing, no novel single-

biomarker assay 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. Thus, I set out to develop a clinical database linked to a 

collection of serum, plasma, 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 (Biomarkers in Diabetes in Galway)]. Elements of the 

programme of work completed during my PhD fellowship include: 

1. Defining the prevalence of DKD and rapid renal function decline among adults 

attending a hospital-based Diabetes Centre and determining the clinical and 

laboratory indices associated with this decline. 

2. Establishing reference intervals for routinely used biochemical and 

haematological biomarkers as well as novel biomarkers. 

3. Identifying and exploring the associations between a series of potential novel 

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 of my PhD thesis 

Chapter 2: I determined the prevalence of DKD and rapid renal function decline 

among adults attending the hospital-based Galway Diabetes Centre. Among this 

cohort of adults with diabetes, I identified the indices that were associated with rate of 

decline in renal function. 

Chapter 3: In this chapter, I described the methodology for establishing the BioDIG 

study. Chapters 4-6: I investigated novel biomarkers with associations to DKD. In 

Chapter 4, in a prospective cohort study, I determined the association between plasma 

dephosphorylated-uncarboxylated matrix gla-protein (dp-ucMGP) and a range of renal 

indices. I examined the ability of dp-ucMGP to distinguish people with DKD from 

those with diabetes and no DKD and healthy volunteers. I distinguished those with 

rapid decline in renal function from those who did not have rapid decline. I also 

established Reference Intervals (RIs) for dp-ucMGP among a healthy reference 

population. In Chapter 5, in a cross-sectional study, I determined RIs for serum 

Growth Differentiation Factor-15 (GDF-15) and reported a preliminary determination 

of the utility 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 cross-sectional study to test the hypothesis that DKD is associated with 

increased production of the senescence-associated 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 were also determined 

in this study. 

In Chapter 7, in a prospective cohort study, I determined for the first time, the 

influence of Sodium Glucose Co-Transporter-2 (SGLT-2) inhibition on aldosterone, 

renin and the aldosterone renin ratio in people with T2DM. Importantly, the 

aldosterone renin ratio is used in case detection of primary aldosteronism and 

misdiagnosis may result from the unrecognised effects of pharmacological agents on 

the RAAS. 
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In Chapter 8, in a cross-sectional study, I established RIs for commonly-used 

biochemical and haematological parameters in a Healthy Irish Adult Caucasian 

population. This important work has led to the introduction of institution specific RIs 

in Galway University Hospitals. The RIs are available to all hospitals in the Republic 

of Ireland. 

Finally, in Chapter 9, I reflected on the knowledge I gained from the work carried out 

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

Additional outputs from the work performed during my PhD fellowship are 

summarised in Appendix 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 with this decline 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/staging of chronic kidney 

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). Indices independently associated 

with rapid eGFR decline included older age, greater number of antihypertensives, 

higher log-normalized urine albumin to creatinine ratio (LNuACR), serum alkaline 

phosphatase, thyroid stimulating hormone, variability in systolic blood pressure and 

variability in LNuACR, lower glycated hemoglobin, high-density lipoprotein 

cholesterol and diastolic blood pressure, and lack of ACE inhibitor/angiotensin 

receptor blocker prescription. 

Conclusions: 

DKD (using the KDIGO 2012 classification) and rapid eGFR decline were highly 

prevalent among adults attending a hospital-based diabetes clinic in a predominantly 

Caucasian Northern European country. The burden was greater for adults with type 2 

diabetes. Expected as well as potentially novel clinical predictors were identified. 
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2.2 Significance of this study 

What is already known about this subject? 

¶ Diabetes mellitus is the leading cause of chronic kidney disease in the 

developed world. 

¶ Potentially modifiable risk factors include poor glycaemic control, 

hypertension, hypercholesterolemia, smoking, obesity, sedentary lifestyle, 

metabolic syndrome and insulin resistance. 

What are the new findings? 

¶ Diabetic kidney disease was identified in 42% of adults with diabetes (23.4% 

(type 1 diabetes), 47.9% (type 2 diabetes) and 32.6% (other diabetes)). 

¶ 14.3% and 28.5% of patients with diabetes were classified as órapid declinersô 

based on absolute and per cent rate of decline, respectively. In addition to 

established risk factors, less well-recognized risk associations 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 clinical practice? 

¶ The relatively high prevalence of diabetic kidney disease and órapid declinersô 

in a well-managed cohort of adults with diabetes highlights the need for urgent 

public health intervention and for optimization of diabetic kidney disease 

prevention and treatment strategies. 

¶ 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 (DM)(1). This is expected 

to rise to 693 million adults by 2045 (1). Diabetes mellitus is the leading cause of 

chronic kidney disease (CKD) in the developed world (2), accounting for 30-50% of 

all people with CKD (3). Chronic kidney disease due to DM, referred to as diabetic 

kidney disease (DKD), is defined as abnormal renal function (estimated glomerular 

filtration rate (eGFR) <60mL/min/1.73m2) and/or the presence of persistent 

albuminuria [urine albumin creatinine ratio (uACR) >3mg/mmol] (4). The reported 

prevalence of DKD among individuals with DM varies by region and type of DM: 

27.9% (T2DM) in Spain (5); 32.4% (T1DM)/ 42.3% (T2DM) in the UK (6); 47.0% 

(T2DM) in France (7) and 63.9% (T2DM) in Shanghai, China (8). While this is, in 

part, due to the true variance in the prevalence of DKD among different populations, 

it also reflects the heterogeneity of the populations under study (T1DM v T2DM v 

DM due to other causes; primary v secondary care; medical insurance fund v national 

databases), the equations used to calculate eGFR (9), the availability of laboratory 

services to routinely measure serum creatinine and urinary albumin and the lack of 

uniformity in defining DKD. There are no accurate prevalence data for DKD in 

Ireland; previous reports focused on the prevalence of self-reported DKD (10) or 

audits of albuminuria (11). 

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

with most of the excess all-cause and cardiovascular mortality in patients with DM 

(13). In NHANES III, 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 31.1% among patients with T2DM and kidney disease (14). 

Patients who progress to ESRD have approximately a 20% annualised mortality rate 

(15). In the Finnish Diabetic Nephropathy (FinnDiane) study, participants with T1DM 

but no CKD have a standardized mortality ratio similar to that of the general 

population, irrespective of duration of diabetes, whereas, increasing severity of DKD 

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

risk factors include poor glycaemic control, hypertension, hypercholesterolaemia, 

smoking, obesity, poor socioeconomic circumstances, sedentary lifestyle, metabolic 

syndrome, insulin resistance, vitamin 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 understood, progression 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 versus percentage change) (17). Tools for 

the early identification of patients at risk of rapid progression to ESRD would permit 

a more intensive targeted multidisciplinary approach to renal and cardiovascular 

protection as well as better-designed 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 hospital-based Diabetes Centre in North 

Western Europe and to determine the clinical and laboratory indices associated with 

this decline.  

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), an electronic clinical DM 

database(18). 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 of DM and age Ó18 years at time of study 

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 last-attended clinic visit on record. Clinical 

demographics, body mass index (BMI), systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) were recorded. Type (T1DM, T2DM, Other forms of DM) and 

duration of DM (as recorded on the electronic patient database) as well as current 

medications were noted. The number of anti-hypertensives 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 for each laboratory parameter closest to the clinic 

date) were obtained following interrogation of GUH electronic patient administration 

system. Values for plasma glycated haemoglobin (HbA1c), serum creatinine, alkaline 

phosphatase (ALP), alanine aminotransferase (ALT), total cholesterol, high density 

lipoprotein cholesterol (HDL-C), free thyroxine (T4) and thyroid stimulating hormone 

(TSH) and uACR were recorded. Estimated glomerular filtration rate(eGFR) was 

calculated using the four-parameter CKD-EPI formula (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 spectrometry (IDMS)-

traceable creatinine 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 DIAMOND® from 2004 to index clinic date 

were recorded. For HbA1c, uACR, total cholesterol and HDL-C, 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 deviation (SD) and was calculated for 

participants for whom Ó2 values were available. To adjust for the intra-individual 

differences in the number of measurements of each variable available, the adjusted SD 

(Adj. SD) was calculated for each variable using the formula: SD/ã[n/(n-1)](20).  

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 the index clinic date. Linear mixed-effects models 

(incorporating random within-subject trajectories of eGFR over time) were used to 

generate individual-specific eGFR slopes. These models were applied to 

untransformed eGFR measurements to estimate absolute change in eGFR 

(mL/min/1.73m2/year), and to log-transformed eGFR measurements to estimate 

percentage change (% change/year). These slopes represent the change in renal 

function over time for each participant incorporating all eGFR measurements. 

Progressive decline in renal function among participants with DM (decliners) was 
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defined as either an absolute reduction in eGFR/year of Ó3.5mL/min/1.73m2/year (21) 

or proportionate eGFR loss/year of Ó3.3% (22). The Kidney Failure Risk Equation 

(KFRE) was used to calculate the 5-year probability of progression to ESRD requiring 

treatment with dialysis or transplant in patients with eGFR <60mL/min/1.73m2 (23, 

24). 

2.4.6 Definition and classification of Diabetic Kidney Disease 

Among participants meeting the inclusion criteria, DKD was defined as uACR 

>3mg/mmol and/or eGFR <60ml/min/1.73m2 (2, 12) at time of enrolment. For 

classification and risk-stratification of CKD, participants were sub-grouped according 

to the KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management 

of CKD classification system which groups CKD by GFR and albuminuria categories 

(4) (Figure 1) and DM aetiology (All, T1DM, T2DM, Other DM).  

2.4.7 Statistical analyses 

Microsoft® Excel 2016, GraphPad® Prism (Version 6.01), Minitab ® 17.1.0 and 

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 prevalence of DKD. Multiple linear regression models were used to 

explore the relationships between explanatory variables and response variables 

(%change eGFR/year). Binary logistic regression analyses were performed using 

decliner status (-3.3% eGFR/year) or uACR >3mg/mmol as the dependent variables. 

Four models each for multiple linear and logistic regression analyses were used: 

[model 1 ïrelevant biochemical and urinary indices, model 2-relevant clinical indices, 

model 3 ïvariability indices and model 4 -stepwise regression using all indices from 

models 1-3 (Ŭ to enter=0.15, Ŭ to remove=0.15)]. For the regression models, changes 

in renal function were assessed on the logarithmic rather than the absolute scale as 

log-eGFR is more likely to be normally distributed and to have linear within-patient 

trajectories compared to untransformed eGFR. Furthermore, 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 eGFR is dependent 

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

analyses. A 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 [T1DM 22.8% 

(n=1,051), T2DM 75.3% (n=3,467), Other DM 1.9% (n=86)]. Aetiologies for Other 

DM category are listed in Supplementary Table 1.  

2.5.1 Prevalence of DKD and DKD-associated 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 for T1DM, T2DM and Other DM subgroups is 

shown in Figures 2A-2D (complete numerical data presented in Supplementary Tables 

2A-2D). Following exclusion of patients receiving RRT, post renal transplant or in 

whom insufficient data were available to assign a DKD subcategory, greater 

proportions of adults with T2DM were in the moderate, high and very high-risk CKD 

subcategories compared to those with T1DM [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 i ndices across DKD subcategories 

For those patients who were not receiving RRT, post renal transplant or who had 

insufficient data to assign a DKD subcategory (n=4,464), trends for HbA1c, duration 

of DM, Age, SBP, DBP, BMI, serum total cholesterol and serum HDL-C were 

determined across the KDIGO subcategories for the total cohort and separately for the 

T1DM and T2DM subgroups (Supplementary Tables 3A-3C to 10A-10C). The 

observed trends for the total cohort were generally in keeping with known associations 

and the physiological effects of DKD (26, 27). For example, mean values for HbA1c, 

SBP, DBP, total cholesterol and HDL-C reflected worsening glycaemic, BP and lipid 

parameters within the cohort as the degree of albuminuria increased. Nonetheless, 

some separate findings for T1DM and T2DM subgroups were notable. For example, 

the median duration of DM in those with T1DM with more severe albuminuria and 

lower eGFR was longer than in those with T2DM (Supplementary Tables 4B/C). Also, 

DBP tended to be higher with increasing grade of albuminuria among the T1DM but 

not the T2DM cohort (Supplementary Tables 7B/C). Increasing 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, 

HbA1c was highest among patients with eGFR Ó90mL/min/1.73m
2 (p<0.001) and 

increased as stage of albuminuria progressed (p<0.001) (Supplementary Tables 3A). 

Fifty-nine (1.3%) participants were non-Caucasian. 

2.5.3 Rate of change of renal function/risk of ESRD 

Sufficient data were available to calculate rate of change in renal function in 87.25% 

(3894/4464) of participants. Participants in whom only one eGFR values was available 

were not included (12.75% (570/4464)). The median duration of time from baseline 

eGFR value to index clinic visit was 5.48 (0.12-6.00) years. The 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 12A-12D) increased with higher eGFR category and degree of 

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, when 5-year risk of ESRD was calculated for participants with index 

eGFR <60mL/min/1.73m2 using the KFRE, a higher proportion of those with T1DM 

were categorised 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 the total cohort (Table 2) and 

separately for those with T1DM 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), alkaline phosphatase (p=0.001), TSH (p=0.006), 

age (p<0.001), number of antihypertensive agents (p<0.001), variability in SBP 

(p=0.043) and variability in (LN)uACR (p=0.001), and lower values for HbA1c 

(p=0.003), ALT (p=0.0036), HDL-C (p<0.001) and DBP (p<0.001) and not being on 

an ACE-i/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 status (-3.3% decline in 

eGFR/year) (Table 3). In the final model (Model 4, Table 3), higher total 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 HbA1c (p=0.006) and variability in (LN)uACR 

(p<0.001) and lower baseline eGFR (p<0.001), ALT (p=0.002), HDL-C (p<0.001) and 

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 

abnormal albuminuria (>3mg/mmol) (Table 3). Using stepwise regression (Model 4), 

as HbA1c (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 year in 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 ACE-i/ARB (p=0.009) were more likely to have a uACR 

>3mg/mmol than females or those not on ACE-i/ARB. 

2.6 Discussion 

In our study, 42% of adults attending a hospital-based 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 T1DM had CKD associated with moderate 

to very 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 data were derived (e.g., primary v secondary care, public v 

private healthcare) and how DKD is defined. Patients with DM are at higher absolute 

risk of ESRD, all-cause and cardiovascular mortality than those who do not have 

diabetes across the different stages of kidney disease (28). The prevalence data 

reported in our study in conjunction with the known adverse outcomes of DKD 

highlights its public health importance and need to optimise DKD prevention and 

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 adults. In studies among comparable sized cohorts of predominantly 

people with T2DM from the UK, Italy, Spain, France, Finland and the US, the 

prevalence of DKD varied from 23% to 69% (5-7, 29-32). When making comparisons, 

the nature and management characteristics of the cohorts studied must be taken into 

account (e.g., primary vs. secondary care). Even 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 adverse patient 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 to multi-

disciplinary specialist care. At our institution, a diabetes renal clinic 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 in renal function 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 aetiologies (33). The 

diabetes renal clinic improves care for patients with DKD, facilitates earlier 

interventions with targeted therapies such as SGLT-2 inhibitors (34) and GLP-1 RAs 

(35) and promotes access to new therapy trials. 

In the total cohort, 28.5% and 14.3% were classified as ñrapid declinersò based on 

percent and absolute rate of eGFR decline, respectively. The frequency of rapid 

decline was higher for T2DM than for T1DM. Consistent with results published in 

Japan (36) and the US (37), DKD itself is more common among patients with T2DM 

compared to T1DM. Although reported/known duration of DM appeared shorter in 

adults with T2DM, it has been well established that there is a substantial delay 

(>6years) between onset and diagnosis (38). 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 age (39), this may have 

contributed to the more advanced DKD observed in those patients. Predictably, 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 disease ï the subset at greatest risk of cardiovascular 
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mortality (40). Poor SBP control in this context may be multifactorial and reflects the 

difficulties in adequately controlling BP in progressive DKD, poor medication 

adherence and/or less stringent SBP targets in patients with co-morbidities and/or 

advancing age. In patients with T1DM, HbA1c was 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 meet glycaemic (T1DM>T2DM) 

and BP targets (6). As shown in previous studies (27), more advanced DKD is 

associated with a lower HDL-C profile. The adverse metabolic phenotype associated 

with DKD highlights the need for more intensive, targeted and personalised risk 

reduction strategies such as multidisciplinary diabetes renal clinics (33). 

There is ongoing debate regarding the most clinically relevant 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/1.73m2 compared to 30mL/min/1.73m2 (41). 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 loss constitute rapid versus expected decline with age (17). In our study, we 

used linear mixed-effects models (incorporating random within-subject trajectories of 

eGFR over time) to provide a best estimate of rate of change. Despite these points of 

contention, knowledge of the rate of change in renal function is as important as the 

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/1.73m2/year (42). Rate of change in renal function is not 

readily available on most electronic patient data systems, hindering a physicianôs 

ability to identify those currently undergoing rapid decline.  

Our results indicate that decline in renal function or being classified as a decliner are 

associated with multiple known, potentially modifiable risk factors (uACR, total 

cholesterol, HDL-C, age, DBP). By identifying those with a current rapid rate in renal 

function decline, intensive targeted risk factor management 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 change/year 

suggests that earlier referral to nephrology care and preferential clinical 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 follow-up period 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 well-recognised 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 diabetes (43, 44). 

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 visit-to-visit variability in SBP may be a less well-

recognised therapeutic intervention to slow rate of decline in renal function (43). 

Greater variability in (LN)uACR reflects a greater change in uACR 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 status suggests, 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 albuminuria. Alkaline 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 of arterial stiffness (47). Increased arterial 

stiffness is associated with more rapid decline in renal function (48) ï 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 patients (50) ï 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 (all-cause, cardiovascular, infection-related) (51). In patients with biopsy 

confirmed DKD and nephrotic-range 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 non-diabetic patients with newly-diagnosed untreated 

hypertension, ALP is associated with a reduction in eGFR, potentially mediated 

through low-grade inflammation, endothelial dysfunction, vascular calcification and 

modulation of blood pressure (53). 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 tissue-nonspecific ALP in a rat aortic calcification 

model, found a reduction in vascular calcification (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 have found low levels of ALT in CKD 

with ALT decreasing as CKD progressed (55). 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 pyridoxal-5ô-phosphate are likely 

contributory (56). 

Our study found an association between increased TSH and decline in renal function. 

The effect of thyroid dysfunction on the kidney is multifactorial ï change in water and 

electrolyte balance (especially sodium), alteration of the renin angiotensin aldosterone 

system, decreased renal blood flow and decreased eGFR (57). As eGFR declines the 

prevalence of subclinical or clinical hypothyroidism increases (58, 59). In 24 patients 

with 29 episodes of iatrogenic hypothyroidism, renal function has been shown to 

improve following thyroid hormone replacement (60). In 113 patients with subclinical 

hypothyroidism and CKD, replacement with thyroid hormone reduced the rate of 

decline in renal function (61) ï suggesting that decline in renal function may be a 

consequence of decreasing TSH rather than vice versa. Conversely, it is postulated 

that CKD is a risk 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 syndrome (62). In 

patients with T1DM and a TSH of 2.5-4.4 mU/l the odds ratio of having a GFR 

<60mL/min compared to those with a TSH of 0.4-2.5mU/l was 2.3 (63). While it has 

long been clear that patients with overt hypothyroidism require treatment and that 

patients with diabetes require regular thyroid function tests, a state of clinical 
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equipoise exists regarding the target TSH for patients at risk of DKD progression. 

Larger clinical trials are needed to answer this relevant clinical question. 

We acknowledge that this is a retrospective study with potential for reverse causation, 

particularly in regard to clinical variables associated with retrospective analyses of 

change in renal function. This study cannot definitively answer if the variables 

associated with decline 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%) ï limiting the generalisability of our findings. The 

regression analyses presented in the main manuscript primarily focus on the total 

diabetes cohort (rather than the T1DM 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 

observed at a population level in the US and Asia ï emphasising 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 for identifying different clinical characteristics and management 

trends and for analysing rates of renal functional loss among adults with T1DM and 

T2DM that span the clinical spectrum of DKD. While routinely used by nephrologists 

worldwide, the KDIGO framework 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 DKD-related research across the 

different medical specialties. The DIAMOND 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 practitioner inputting 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 contributed 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 valuable insights 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 advanced DKD. 

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 

numbers and time-frames 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 specialist-delivered diabetes care, may be 

greater than 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 2 ï legend: R-sq(adj): R-squared (adjusted), uACR: urine albumin:creatinine 

ratio, HbA1c: 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 stimulating 

hormone, 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 model 1 ï relevant biochemical and urinary indices, multivariate model 

2- relevant clinical indices, multivariate model 3 ï variability 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 uACR >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 

HbA1c (mmol/mol) 0.99 (0.99, 1) 0.006 1.02 (1.01, 1.02) <0.001 

Baseline eGFR (per 

10ml/min/1.73m2) 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 2) 1.02 (0.97, 1.07) 0.357 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) 

0.073 

0.82 (0.46, 1.44) 

0.71 Type of DM (2 v Other) 0.54 (0.31, 0.94) 0.88 (0.51, 1.53) 

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 HbA1c 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 per year in eGFR  N/A 0.92 (0.9, 0.94) <0.001 

HbA1c (mmol/mol)  1.02 (1.01, 1.02) <0.001 

Baseline eGFR (per 

10ml/min/1.73m2) 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 2) 

  

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) 

0.026 

  

Type of DM (2 v Other) 0.44 (0.23, 0.86) 

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 HbA1c 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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^includes all variables in Model 1-3 ï nonsignificant variables in all 3 categories not 

listed 

* event v non-event. uACR: urine albumin:creatinine ratio, HbA1c: 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 stimulating hormone, 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 model 1 ï relevant 

biochemical and urinary indices, multivariate model 2- relevant clinical indices, 

multivariate model 3 ï variability indices, multivariate model 4- stepwise regression 

using relevant biochemical, urinary, clinical and variability indices. In total, provided 

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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Figure 2: 

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

transplant or insufficient data to subcategorise).p 

B) Prevalence of DKD among patients with T1DM (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 Analyses: Summary statistics for normally distributed continuous variables 

were represented as the mean (±SD) and median (min-max) for non-normally 

distributed data. Categorical data were represented as frequencies (percentages). For 

normally distributed data, comparison of means was made using analysis of variance 

(ANOVA) with Tukeyôs post hoc multiple comparison test. For non-parametric data, 

Kruskal-Wallis multiple comparison test with Dunnôs post hoc multiple comparison 

test was used. Comparison of proportions was performed using a chi-squared test with 

post-hoc pairwise testing. 

Supplementary Results: 

End-Stage Renal Disease (Dialysis/Transplantation): 

Of those on haemodialysis (n=41), n=36 (87.8%) were on in-hospital haemodialysis, 

n=1 (2.4%) home haemodialysis and n=4 (9.8%) peritoneal dialysis. Of those who 

underwent transplantation (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 days. To calculate variability, the number of values which were available 

for the following variables are (median (min ï max)): HbA1c (9, 2-106), uACR (7, 2-

56), total cholesterol (7, 2-52), HDL-C (7, 2-52), BMI (8, 2-81), SBP (8, 2-80) and 

DBP (8, 2-80).  
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Supplementary Table 1: Causes of Other DM 

 

 

 

 

 

 

 

 

 

 

DM ï Diabetes Mellitus, MODY ï Maturity onset diabetes of the young, NODAT ï 

New-onset diabetes after transplantation, DIDMOAD - diabetes insipidus, diabetes 

mellitus, optic atrophy, and deafness, LADA - Latent autoimmune diabetes in adults.  

  

Other DM  

Cause No (%) 

DM secondary to Pancreatic 

Insufficiency 

29 (34.5) 

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 (2.4) 

DIDMOAD 2 (2.4) 

DM secondary to Acromegaly 1 (1.2) 

Wernerôs syndrome 1 (1.2) 

Ketosis prone diabetes 1 (1.2) 

Mitochondrial DM 1 (1.2) 

LADA  1 (1.2) 
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Supplementary Table 14A ï legend: R-sq (adj): R-squared (adjusted), uACR: urine 

albumin:creatinine ratio, HbA
1c
: glycated haemoglobin, eGFR: estimated glomerular 

filtration rate, ALP: alkaline phosphatase, ALT: alanine aminotransferase, Cholesterol: 

Total Cholesterol, HDL-C: 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/ARB: angiotensin converting 

enzyme inhibitor/angiotensin receptor blocker, Adj SD: adjusted standard deviation. 

Multivariate model 1 ï relevant biochemical and urinary indices, multivariate model 

2- relevant clinical indices, multivariate model 3 ï variability indices, multivariate 

model 4- stepwise regression using relevant biochemical, urinary, clinical and 

variability indices. 
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Supplementary Table 14B ï legend: R-sq (adj): R-squared (adjusted), uACR: urine 

albumin:creatinine ratio, HbA1c: glycated haemoglobin, eGFR: estimated glomerular 

filtration rate, ALP: alkaline phosphatase, ALT: alanine aminotransferase, 

Cholesterol: Total Cholesterol, HDL-C: 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/ARB: 

angiotensin converting enzyme inhibitor/angiotensin receptor blocker, Adj SD: 

adjusted standard deviation. Multivariate model 1 ï relevant biochemical and urinary 

indices, multivariate model 2- relevant clinical indices, multivariate model 3 ï 

variability indices, multivariate model 4- stepwise regression using relevant 

biochemical, urinary, clinical and variability indices. 
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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 an early stage and at predicting 

those with and without DKD who will have a rapid rate of decline in renal function 

(1). Many of the ever-increasing number of novel biomarkers lack validation, and 

questions exist regarding the sensitivity and specificity of these biomarkers (1). 

Studies have focused on the predictive ability of these biomarkers rather than change 

in their absolute value overtime as kidney function improves/disimproves. Identifying 

people who are at high risk of accelerated decline in renal function, allows for targeting 

those who will benefit the most from more intensive DKD management and will 

facilitate the enrichment of DKD clinical trials with participants who are at higher risk 

of adverse renal outcomes (1). I established the Biomarkers in Diabetes in Galway 

(BioDIG) study as part of my PhD project to create a cohort of people with diabetes 

and different degrees of DKD for which I collected granular baseline demographic, 

clinical, haematological and biochemical data. I followed this cohort longitudinally to 

explore factors/biomarkers associated with decline in renal function and adverse renal 

outcomes. In parallel, I collected plasma, serum, urine and peripheral blood 

mononuclear cells (PBMCs) samples from participants at baseline and at subsequent 

follow-up visits. I stored these samples in a biobank that I created and maintained. 

Health Related Quality of Life (HRQoL) data were also collated. In addition to people 

with diabetes, I recruited a cohort of self-reported healthy people without diabetes or 

kidney disease. I collated granular demographic, clinical, haematological and 

biochemical data and stored plasma, serum, urine and PBMCs. This chapter introduces 

the BioDIG cohort and summarises relevant methodologies that I used beyond those 

described in the individual published studies that are presented later in the thesis. 

3.2 Methods 

3.2.1 Ethics 

The BioDIG study was reviewed by the research ethics committees at Galway 

University Hospitals (GUH) and the National University of Ireland Galway (NUIG). 

Ethical approval was granted (Ref GUH: C.A. 1404; Ref NUIG: 16-July-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 of Helsinki. Informed written 

consent was obtained from all participants (Appendices 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 Diabetes, Endocrinology and Metabolism at GUH or the 

Nephrology Clinics at Merlin Park University Hospital were enrolled in this study 

between February 2016 and February 2017. Recruitment was by convenience 

consecutive sampling. Plasma, serum, urine and peripheral blood mononuclear cells 

were stored at baseline and at subsequent scheduled routine clinic follow-up visits 

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

to our longitudinal study. 

Inclusion criteria for people with diabetes with and without kidney disease: 

1. Adult: Age Ó 18 years. 

2. Known diagnosis of diabetes mellitus. 

3. eGFR Ó 15 ml/min/1.73m2 prior to recruitment; patients will not be excluded 

if their eGFR drops <15 ml/min/1.73m2 over the course of the study or if their 

eGFR is <15 ml/min/1.73m2 in 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 sheet (Appendices D, E). 

5. Not severely anaemic: Haemoglobin level Ó 10 g/dl recorded within 3 months 

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 with 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 cross-sectional study. Healthy volunteers were identified using posters 

displayed at GUH and NUIG and by word of mouth between March 2016 and 

December 2018. Plasma, serum, urine and peripheral blood mononuclear cells were 

collected and stored at the single baseline visit. Healthy volunteers were asked to 

complete a healthy volunteer questionnaire (Chapter 8.10.1 ï Supplementary File 1: 

Health Questionnaire). 

Inclusion criteria for healthy volunteers: 

1. Adult: Age Ó 18 years. 

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

3. Capable of understanding the rationale and procedures for the study as 

described in the information sheet (Appendix F). 

4. Currently well (self-reported). 

5. Not currently being treated for infection, cancer, acute cardiovascular event or 

haematological condition other than anaemia. 

6. Willing and able to provide informed consent. 

Exclusion criteria for healthy volunteers: 

1. Age < 18 years. 

2. Unwilling or unable to provide informed consent. 

3. History of kidney disease, anaemia or other blood disorder. 

4. Currently unwell. 

5. Unable to understand patient information sheet. 
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3.2.3 Data collection 

3.2.3.1 All study participants 

At each visit, clinical demographics were recorded. These included body mass index 

(BMI), systolic blood pressure (SBP) and diastolic BP (DBP). Blood pressure (SBP, 

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 minutes. Smoking status was noted (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 was recorded at each visit.  

3.2.3.3 Rate of change of renal function 

The value for eGFR taken at the baseline (recruitment) visit for those 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 

recorded from the electronic biochemistry database at GUH. Creatinine values were 

collected prospectively from the date of enrolment and were collated up to December 

2021. The eGFR value used to estimate rate of change of renal function was calculated 

using the four-parameter CKD-EPI formula (2). Linear mixed-effects models 

(incorporating random within-subject trajectories of eGFR over time) were used to 

generate individual-specific eGFR slopes. These models were applied to 

untransformed eGFR measurements to estimate absolute change in eGFR 

(mL/min/1.73m2/year), and to log-transformed eGFR measurements to estimate 

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

over time for each participant incorporating all eGFR measurements. Progressive renal 

function decline among participants with DM (decliners) was defined as either an 

absolute reduction in eGFR/year of Ó3.5mL/min/1.73m2/year (3) or proportionate 

eGFR loss of Ó3.3% per year (4, 5). There is a variety of definitions for rapid decline 

in renal function on the absolute scale. We selected the definition proposed by 

Krolewski, a renowned expert in the field, of Ó3.5mL/min/1.73m2/year (3). Similarly, 

there are a variety of definitions for rapid decline in renal function on the percentage 
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scale. In a general population on the percentage scale, a 3.3% loss in renal function 

per year corresponds to the 2.5th percentile of yearly renal function loss (4-6). Thus, 

we selected a loss of Ó3.3% per year as the definition for rapid 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. Prepare the items required for venesection (tourniquet, alcohol swab, 

plaster/gauze, vacutainer, sharps disposal unit, appropriate blood bottles). 

Ensure that pre-cooled cold packs are available. 

2. Pre-label the appropriate number of collection tubes needed for the planned 

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 personôs non-dominant upper arm, which should 

be resting at a comfortable height on a flat surface. 

6. Palpate the personôs veins and select a suitable vein for venipuncture 

(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 package. 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 pre-labelled 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. 
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16. Apply gauze to the venipuncture site and ask the person to apply 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 person is well 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 sample preparation 

1. After collection of blood into appropriate serum separator tubes (2 by 5ml and 

1 by 7.5ml BD Vacutainer serum separator 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 biochemistry 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 300µl aliquots of serum to 10 pre-labelled (participants 

unique identifier, date and study visit number) 0.5 ml cryotubes. 

6. Place the cryotubes in the -80oC freezer in an appropriately labelled box 

pending analyses. 

 

 

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 

(Ethylenediaminetetraacetic Acid) Purple Blood Collection Tubes (Figure 2) 

(5 X 3.5mL in total (2 plasma, 1 for PBMCs, 2 for routine biochemical and 

haematological tests)), maintain the EDTA tubes at 4oC by placing them in a 

rack surrounded by pre-cooled cold packs. 

2. One 3.5mL BD Vacutainer EDTA plasma tube is transferred to the 

biochemistry laboratory to measure glycated haemoglobin (HbA1c), 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 and cells/platelets within 1.5 hours of 

venipuncture. 

4. Carefully transfer 300 µl aliquots of plasma to 10 pre-labelled (participants 

unique identifier, date and study visit number) 0.5 ml cryotubes. 

5. Place the cryotubes in the -80oC freezer in an appropriately labelled box 

pending analyses. 

 

Figure 2: BD Vacutainer EDTA Purple Blood Collection Tubes 

 

3.2.4.4 Peripheral Blood Mononuclear Cells (PBMCs) 

1. After collection of the samples in BD Vacutainer potassium EDTA Purple 

Blood Collection Tubes (5 X 3.5mL ï in total for plasma and PBMCs), 

maintain the EDTA tubes at 4°C by placing in a rack surrounded by pre-cooled 

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

3. Using a transfer pipette, transfer 3.5mL of whole blood from the EDTA tube 

and carefully layer onto the Ficoll®.  

4. Centrifuge the sample at 420xg, 0 brake for 22 minutes at 4°C. 

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

tube.  

6. Wash the sample by making the volume up to 15ml using Phosphate-buffered 

saline (PBS). Mix cells by inverting the tube several times. 

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

on(max)) at 4°C. 

8. Discard supernatant by inverting tube and blotting excess supernatant on tissue 

paper. 

9. Resuspend cell pellet in each tube with 500 µl 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 count as number of cells 

x 106 cells/mL.  

11. Transfer the suspension to a pre-labelled (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 supernatant by inverting tube and blotting excess supernatant on tissue 

paper. 

14. Place the cryotubes in the -80oC 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 

departmental protocol) of up to 100ml using a BD Vacutainer Urine Collection 

system (Figure 3). 
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Figure 3: BD Vacutainer Urine Collection system 

2. Using a BD Vacutainer 4mL Tube, take a sample to send to the routine 

biochemistry laboratory for measurement of the urine albumin:creatinine ratio 

(uACR) and urine sodium. 

3. Following extraction of the sample for uACR analysis, the remainder of the 

sample (up to 100 ml) can be kept at 4oC by placing on top of pre-cooled cold 

packs for up to 60 minutes before further processing. 

4. Without shaking or otherwise mixing the sample, transfer 5 x 1.5 ml aliquots 

to 2 ml cryovials labelled ñuncentrifuged urineò along with the participants 

unique identifier, date and study visit number.  

5. Place these aliquots at 4oC while 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 cryovials labelled ñcentrifuged urineò 

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 at -80°C pending batch 

analyses. 

3.2.5 Routine laboratory analyses 

Each participant had venous whole blood collected into appropriate specimen tubes at 

each visit, one 7.5mL (BD Vacutainer SST Advance Blood Collection Tube) plain 

plastic tube for biochemical tests and two 3.5mL BD EDTA plasma tubes for 

measurement of glycated haemoglobin (HbA1c) and haematological parameters.  
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3.2.5.1 Biochemical parameters 

Biochemical testing included; renal profile (sodium (Na+), potassium (K+), 

bicarbonate (HCO3-), chloride (Cl-), urea and creatinine), liver profile (albumin, total 

protein (T. Prot), bilirubin (T. Bili), alkaline phosphatase (ALP), alanine transaminase 

(ALT) and gamma-glutamyl transferase (GGT)), lipid profile (total cholesterol, 

triglycerides, high density lipoprotein cholesterol (HDL-C) and low density 

lipoprotein cholesterol (LDL-C)), total calcium (T.Ca2+), inorganic phosphate (iPO4
3-) 

and intact parathyroid hormone (iPTH), CRP, uric acid, thyroid function tests (free 

thyroxine (FT4) and thyroid-stimulating hormone (TSH)), N-terminal pro b-type 

natriuretic peptide (NT-proBNP) and high sensitivity troponin T (hsTnT). These were 

measured by standard laboratory methods on the Roche Cobas® 8000 modular 

analyser series (Roche Diagnostics Limited, West Sussex, UK). In addition, serum 

indices (Haemolysis (H), Lipaemia (L) and Icterus (I)) that monitor an instrumentôs 

response to detect and flag pre-analytical interference affecting analyses were 

performed on all samples. HbA1c was measured using capillary electrophoresis on the 

Sebia Capillarys 3 automated haemoglobin analysers and the Sebia HbA1c Kit (product 

number: 2515). The estimated glomerular filtration rate (eGFR) was calculated using 

the Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) formula (2). 

LDL-C was derived using the Friedewald equation (7).  

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), platelets, neutrophils, lymphocytes, monocytes, eosinophils, basophils and 

leucocytes were measured using Advia 2120 platforms within two hours of sample 

receipt.  

3.2.5.3 Biomarkers 

Throughout the subsequent chapters, I will describe how a variety of novel biomarkers 

were measured in serum and plasma. Through our extensive, well curated database 

and biobank, I have fostered collaborations 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 Cell Therapy for Diabetic Kidney Disease) clinical 

trial - a Phase 1b/2a clinical trial of a novel stromal cell therapy in people with diabetic 

kidney disease (www.nephstrom.eu). Future work will involve expanding the number 

of biomarkers measured and developing a panel of biomarkers that have the 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 function, 4-point major adverse cardiovascular events (MACE: 

cardiovascular death, non-fatal myocardial infarction, non-fatal stroke, unstable 

angina requiring hospitalization) and a major renal event (requiring renal replacement 

therapy, sustained decrease in eGFR to <10ï15 mL/min/1.73 m2, a sustained Ó40% 

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

3.2.7 Health Related Quality of Life (HRQoL) data 

In this study, we measured HRQoL using two instruments: EQ-5D-5L (EuroQol 5-

Dimensions 5-Levels) and Kidney Disease and Quality of Life Short Form-36Ê 

(KDQOL-36Ê) questionnaires. The EQ-5D-5L has been used in multiple studies of 

patients with diabetes including the ADVANCE study where it has shown to perform 

well and is simple for patients to use (8). The EQ-5D-5L has also been shown to be 

reliable and responsive in multiple studies of people with diabetes (9-13) and people 

with CKD (13, 14). The KDQOL-36Ê has been used in multiple studies of HRQoL 

in CKD and is a validated quality-of-life instrument that combines the generic SF-36 

instrument with a kidney disease specific instrument (15, 16). Analyses of HRQoL are 

planned with collaborators but are not included in this PhD thesis.  

3.2.8 Statistical Analyses 

Microsoft® Excel 2016, GraphPad® Prism (Version 6.01), Minitab ® 17.1.0, 

Analyse-it® (Version 17), MedCalc® Statistical Software (Version 18.2.1) and R (17) 

were used for data recording and statistical analyses. Updated versions of statistical 

packages were used as updates became available. The statistical methods used to date 

for each manuscript are outlined in subsequent chapters. 

http://www.nephstrom.eu/
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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 haematological data 

are outlined in tables 1 to 4. 

 

Figure 4: Recruitment Schematic 



Chapter 3 

167 
 

T
a

b
le

 1
: C

lin
ic

a
l 
d

e
m

o
g

ra
p

h
ic

s
 o

f 
h

e
a
lt
h

y
 v

o
lu

n
te

e
rs

 a
n

d
 p

a
rt

ic
ip

a
n

ts
 w

it
h

 d
ia

b
e
te

s
 b

a
s
e
d

 o
n

 t
h

e
ir
 

in
d

e
x
 e

G
F

R.
 

          e
G

F
R

: 
E

s
ti
m

a
te

d
 g

lo
m

e
ru

la
r 

fi
lt
ra

ti
o

n
 r

a
te

; 
*m

e
a
n

 (
s
ta

n
d

a
rd

 d
e
v
ia

ti
o

n
);

 
¬

 n
u

m
b

e
r 

(%
);

 ^
 m

e
d

ia
n

 (
ra

n
g

e
);

 B
M

I:
 b

o
d

y
 m

a
s
s
 i
n

d
e

x
; 
S

B
P

: 
s
y
s
to

lic
 

b
lo

o
d

 p
re

s
s
u

re
; 
D

B
P

: 
d

ia
s
to

lic
 b

lo
o

d
 p

re
s
s
u

re
.

 



Chapter 3 

168 
 

T
a

b
le

 2
: B

io
c
h

e
m

ic
a
l 
p

a
ra

m
e

te
rs

 o
f 
h

e
a
lt
h

y
 v

o
lu

n
te

e
rs

 a
n

d
 p

a
rt

ic
ip

a
n

ts
 w

it
h

 d
ia

b
e
te

s
 b

a
s
e
d

 o
n

 t
h

e
ir

 i
n

d
e
x
 e

G
F

R
 

          e
G

F
R

: 
E

s
ti
m

a
te

d
 g

lo
m

e
ru

la
r 

fi
lt
ra

ti
o

n
 r

a
te

; 
*m

e
a

n
 (

s
ta

n
d

a
rd

 d
e
v
ia

ti
o

n
);

 
^
 m

e
d

ia
n

 (
ra

n
g

e
); H

b
A

1
c:
 g

ly
c
a
te

d
 h

a
e
m

o
g

lo
b

in
; 

C
R

P
: 

C
-r

e
a
c
ti
v
e
 

p
ro

te
in

; 
e
G

F
R

: 
e
s
ti
m

a
te

d
 g

lo
m

e
ru

la
r 

fi
lt
ra

ti
o

n
 r

a
te

 (
C

K
D

-E
P

I)
; 

A
d

j.
 C

a
lc

iu
m

: 
a
d

ju
s
te

d
 c

a
lc

iu
m

, 
A

L
P

: 
a
lk

a
lin

e
 p

h
o

s
p

h
a
ta

s
e
; 

A
L
T

: 
a
la

n
in

e
 

a
m

in
o

tr
a
n

s
fe

ra
s
e
; 

G
G

T
: 

G
a
m

m
a

-g
lu

ta
m

y
l 

tr
a
n

s
fe

ra
s
e
; 

H
D

L-C
: 

h
ig

h-
d

e
n

s
it
y
 

lip
o

p
ro

te
in

 
c
h

o
le

s
te

ro
l;
 

L
D

L-C
: 

lo
w

-d
e
n

s
it
y
 

lip
o

p
ro
te

in
 

c
h

o
le

s
te

ro
l. 

 



Chapter 3 

169 
 

e
G

F
R

: 
E

s
ti
m

a
te

d
 g

lo
m

e
ru

la
r 

fi
lt
ra

ti
o

n
 r

a
te

; 
*m

e
a
n

 (
s
ta

n
d

a
rd

 d
e
v
ia

ti
o

n
);

 
^
 m

e
d

ia
n

 (
ra

n
g

e
);

 
T

4
: 
th

y
ro

x
in

e
; 
T

S
H

: 
th

y
ro

id
 s

ti
m

u
la

ti
n

g
 h

o
rm

o
n

e
; 

iP
T

H
: 
in

ta
c
t 
p

a
ra

th
y
ro

id
 h

o
rm

o
n

e
; 
2

5
(O

H
)D

: 
2

5
 h

y
d

ro
x
y
c
h

o
le

c
a
lc

if
e

ro
l;
 h

s
T

n
T

: 
h

ig
h

-s
e
n

s
it
iv

it
y
 t
ro

p
o

n
in

 T
; 
N

T-p
ro

B
N

P
: n

-t
e
rm

in
a
l 
p

ro
 b-

ty
p

e
 

n
a
tr

iu
re

ti
c
 

p
e
p

ti
d

e
; 

T
IB

C
: 

to
ta

l 
ir
o

n
 

b
in

d
in

g
 

c
a
p

a
c
it
y
; 

u
A

C
R

: 
u

ri
n

e
 

a
lb

u
m

in
:c

re
a
ti
n

in
e

 
ra

ti
o

. 
A

b
s
o

lu
te

 
C

h
a
n

g
e

 
a
t 

e
n

ro
lm

e
n

t 

(m
L

/m
in

/1
.7

3
m

2
/y

e
a
r).

 A
b

s
o

lu
te

 a
n

d
 p

e
rc

e
n

ta
g

e
 c

h
a
n

g
e
 i

n
 e

G
F

R
 a

t 
e
n

ro
lm

e
n

t 
c
a
lc

u
la

te
d

 f
ro

m
 s

e
ri
a
l 

e
G

F
R

 v
a
lu

e
s
 o

v
e
r 

6
 y

e
a
rs

 p
ri
o

r 
to

 

e
n

ro
lm

e
n

t. 

T
a

b
le

 3
: A

d
d

it
io

n
a
l 
b

io
c
h

e
m

ic
a
l 
p

a
ra

m
e

te
rs

 o
f 

h
e

a
lt
h

y
 v

o
lu

n
te

e
rs

 a
n

d
 p

a
rt

ic
ip

a
n

ts
 w

it
h

 d
ia

b
e
te

s
 b

a
s
e
d

 o
n

 t
h

e
ir
 i
n

d
e

x
 e

G
F

R
 

           



Chapter 3 

170 
 

e
G

F
R

: 
E

s
ti
m

a
te

d
 g

lo
m

e
ru

la
r 

fi
lt
ra

ti
o

n
 r

a
te

; 
*m

e
a

n
 (

s
ta

n
d

a
rd

 d
e
v
ia

ti
o

n
);

 
^
 m

e
d

ia
n

 (
ra

n
g

e
); W

C
C

: 
w

h
it
e

 c
e
ll 

c
o

u
n

t;
 R

B
C

: 
re

d
 b

lo
o

d
 c

e
ll 

c
o

u
n

t;
 

H
c
t:

 
h

a
e
m

a
to

c
ri
t;
 

M
C

V
: 

m
e

a
n

 
c
o

rp
u

s
c
u

la
r 

v
o

lu
m

e
; 

M
C

H
: 

m
e

a
n

 
c
o

rp
u

s
c
u

la
r 

h
a
e
m

o
g

lo
b

in
; 

M
C

H
C

: 
m

e
a
n

 
c
o

rp
u

s
c
u

la
r 

h
a
e
m

o
g

lo
b

in
 

c
o

n
c
e
n

tr
a
ti
on

. 

T
a

b
le

 4
: H

a
e
m

a
to

lo
g

ic
a
l 
p

a
ra

m
e

te
rs

 o
f 
h

e
a
lt
h

y
 v

o
lu

n
te

e
rs

 a
n

d
 p

a
rt

ic
ip

a
n

ts
 w

it
h

 d
ia

b
e
te

s
 b

a
s
e
d

 o
n

 t
h

e
ir
 

in
d

e
x
 e

G
F

R
 

        



Chapter 3 

171 
 

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 methods, statistical analyses and results are provided in each chapter. 
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4.1 Abstract 

Recent studies suggest a possible association between dephosphorylated-

uncarboxylated Matrix Gla-Protein (dp-ucMGP) and glomerular filtration rate (GFR). 

This study aimed to establish normative data in an adult Caucasian population and to 

explore the potential utility of dp-ucMGP in patients with diabetes mellitus (DM) with 

and without diabetic kidney disease (DKD). Healthy volunteers (HVs) (cross-

sectional study) and participants with DM (prospective cohort study) were recruited. 

Plasma dp-ucMGP was measured using the IDS®-iSYS Ina Ktif (dp-ucMGP) assay. 

Of the Healthy Volunteers (HVs) recruited (n = 208), 67 (32.2%) were excluded 

leaving a reference population of 141(67.8%) metabolically healthy participants with 

normal kidney function. Plasma dp-ucMGP RIs were <300ï532 pmol/L. There were 

100 eligible participants with DKD and 92 with DM without DKD. For the 

identification of participants with DKD, the area under the receiver operating 

characteristic curve (AUC) for dp-ucMGP was 0.842 (95% CI:0.799ï0.880; 

p < 0.001). Plasma dp-ucMGP demonstrated similar ability to urine 

albumin:creatinine ratio (uACR) to detect participants with and without renal function 

decline. Among patients with DM, there was a negative correlation between natural 

log (LN) dp-ucMGP and eGFR (r = ī0.7041; p < 0.001) and rate of change in renal 

function [%change (r = ī0.4509; p < 0.001)] and a positive correlation between LN 

dp-ucMGP and LN uACR (r =0.3392; p < 0.001). These results suggest the potential 

for plasma dp-ucMGP with well-defined RIs 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 10-kDA secreted protein (1), is a member of the family 

of vitamin K-dependent proteins (Gla [ɔ-carboxyglutamate] proteins) (2). It is 

expressed by arterial medial vascular smooth muscle cells, fibroblasts, chondrocytes 

and endothelial cells (3) in a variety of tissues including the arterial wall, heart, lungs 

and kidneys (4). MGP is a potent inhibitor of vascular calcification (5). Mice that lack 

MGP develop to term but die within two months due to arterial calcification which 

leads to blood-vessel rupture (6). Keutel syndrome, a rare autosomal recessive 

disorder, is caused by a loss-of-function mutation of MGP that results in abnormal 

calcification (7). Increased vascular calcification leads to increased MGP transcription 

and the production of dephosphorylated-uncarboxylated MGP (dp-ucMGP) (8). Post-

translational modification of dp-ucMGP is necessary for it to acquire its full 

calcification inhibitory activity: dp-ucMGP (inactive) undergoes ɔ-glutamate 

carboxylation to form dephosphorylated-carboxylated MGP (dp-cMGP) 

(intermediate) followed by serine phosphorylation to form active phosphorylated-

carboxylated MGP (p-cMGP). Vitamin K hydroquinone is an essential cofactor for 

the enzyme ɔ-glutamylcarboxylase that catalyses the conversion of dp-ucMGP to dp-

cMGP. Plasma concentration of dp-ucMGP is considered to be a better indicator of 

vascular vitamin K status than other components of the MGP system and correlates 

with vascular stiffness in the general population and in patients with chronic kidney 

disease (CKD) (3, 9, 10). 

Patients with diabetes mellitus (DM) have increased risk of cardiovascular morbidity 

and mortality (11, 12). Cardiovascular disease (CVD) affects approximately 30% of 

all persons with type 2 DM (T2DM); reducing life expectancy by up to 10 years (12). 

DM is the leading cause of CKD worldwide (known as diabetic kidney disease (DKD)) 

(13). DM in conjunction with kidney disease is highly associated with vascular 

calcification (14). In the population-based NHANES III study in those with T2DM, 

the subgroup with evidence of CKD accounted for most or all of the excess 

cardiovascular mortality risk compared to those without DM (15). Elevated plasma 

dp-ucMGP was associated with vascular calcification in patients with different 

degrees of kidney disease (10, 16) and independently associated with lower renal 

function (9). Plasma dp-ucMGP was also independently associated with peripheral 

vascular calcification (3), carotid femoral pulse wave velocity (17) and aortic pulse 
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wave velocity (18). Aortic pulse wave velocity is an independent predictor of 

cardiovascular morbidity and mortality (19). Vitamin K supplementation (VKS) has 

been associated with a reduction in vascular calcification and plasma dp-ucMGP 

concentrations although further studies are needed (20). Thus, measurement of plasma 

dp-ucMGP has the potential to be a marker of effective VKS. Finally, vitamin K-

dependent proteins such as dp-ucMGP are associated with the combined endpoint of 

CVD or mortality (20).  

There is a significant unmet clinical need for the identification of biomarkers that serve 

as predictors of renal function decline (21) 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 this biomarker behaves 

in a healthy population with no underlying disease processes. To our knowledge, this 

is the first report to establish robust reference intervals (RIs) for dp-ucMGP measured 

using the IDS®-iSYS, an automated immunoassay analyzer based on 

chemiluminescent technology, in metabolically healthy adults with normal kidney 

function. Previous studies have established RIs for total MGP using a sandwich 

ELISA (enzyme-linked immunosorbent assay) kit (22) and explored the relationships 

between dp-ucMGP concentrations measured using a sandwich dual-antibody ELISA 

and coronary artery calcification and vitamin K status in healthy women (23, 24). The 

primary aims of this study were to establish normative data for dp-ucMGP in an Irish 

Caucasian population and to explore the promise of dp-ucMGP as a new biomarker in 

patients with DKD. The secondary aim was to compare plasma dp-ucMGP and urine 

albumin:creatinine ratio (uACR) in the identification of individuals with rapid decline 

in renal function. 

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: 16-July-05). The ethical principles of this 

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 cross-sectional study was carried out between March 2016 and March 2018 at 

GUH/NUIG to recruit healthy 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 DM, nephrology 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 described (26). In brief, the stringent inclusion criteria for 

establishing RIs in our population (Table 1) included: signed informed consent and 

Caucasian ethnicity. The exclusion criteria included: on prescribed or over-the-counter 

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 previous 2-weeks, non-Caucasian, 

clinical or laboratory parameters outside defined ranges (Table 1) or insufficient 

sample. In addition to the previously described exclusion criteria - any participant 

suspected of having metabolic bone disease at the time of sampling (low 25-

hydroxycholecalciferol (25(OH)D) <25ng/mL and/or high intact parathyroid hormone 

(iPTH) concentrationÓ65ng/L) was also excluded. The number of participants meeting 

the study criteria 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/1.73m2), persistent 

albuminuria (uACR >2.5mg/mmol (males) or >3.5mg/mmol (females) on Ó2 of the 

last 3 uACR measurements) and/or renal hyperfiltration >150mL/min/1.73m2. 

Participants with DM were divided into groups based on the presence or absence of 

DKD. The inclusion criteria were: known diagnosis of DM, age Ó18 years and signed 

informed consent. The exclusion criteria were: under active management for acute 

medical conditions (infection, cancer, acute cardiovascular event or haematological 

conditions) other than anaemia, haemoglobin <10g/dL in the 3 months prior to study 
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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 Methodology 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 minutes. The reference population completed a detailed 

questionnaire 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 current medications 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 years pre-enrolment 

and over the subsequent 2.5 years post-enrolment (or until death, dialysis or 

transplantation) were collated. For these serial serum creatinine values, eGFR was 

calculated using the 4-parameter CKD-EPI 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 (HbA1c), full 

blood count and plasma dp-ucMGP and plain (clotting) tubes for measurement of 

serum C-reactive protein (CRP), sodium, potassium, chloride, urea, creatinine, 

calcium, phosphate, liver function tests, cholesterol, thyroid function tests, iPTH, 

25(OH)D, high sensitivity troponin t (hsTnT) and N-terminal pro b-type natriuretic 

peptide (NT-proBNP). A midstream urine sample was collected for measurement of 

uACR (Supplementary Methodology 2). 

For measurement of plasma dp-ucMGP, whole blood collected in EDTA tubes was 

processed (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 stored at -80°C prior to 

batch analyses.  
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4.3.6 Analytical methods 

The IDS®-iSYS is an automated immunoassay analyzer based on chemiluminescent 

technology. The IDS®-iSYS Ina-Ktif (dp-ucMGP) is a sandwich assay employing a 

magnetic particle, solid-phase capture dpMGP antibody and an acridinium-labelled 

tag ucMGP antibody. The quantity of light (expressed in relative light units) emitted 

by the acridinium label is directly proportional to the concentration of dp-ucMGP in 

the sample and measured by the system luminometer. All analyses were conducted in 

the Clinical Biochemistry Laboratory at GUH (accredited to ISO 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 freeze-thaw cycles on dp-ucMGP measurement were assessed 

(Supplementary Methodology 3). 

4.3.8 Statistical analyses 

Microsoft® Excel 2016, GraphPad® Prism (Version 6.01) and R(28) were used for 

data recording and statistical analyses. 

4.3.8.1 Establishing reference intervals for dp-ucMGP 

The frequency distribution for plasma dp-ucMGP was established. Reference values 

within the IDS-iSYS dp-ucMGP reportable range were used to establish the reference 

intervals. Plasma dp-ucMGP 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 using the D'Agostino-Pearson test. 

Outliers were assessed in accordance with the criteria of Dixon et al. (29) and Reed et 

al. (30) (Supplementary Methodology 4). As the data was not normally distributed, 

the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) 

recommends the non-parametric method to establish the RIs. Plasma dp-ucMGP lower 

and upper reference limits were estimated at the 2.5th and 97.5th percentiles, 

respectively. 
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4.3.8.2 Diagnostic utility of dp-ucMGP in DKD 

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

were normally distributed and median (min-max) for non-normally distributed data. 

For normally distributed data, comparison of means was made using ANOVA with 

Tukeyôs post hoc multiple comparison test or Studentôs T-test. For non-parametric 

data, Kruskal-Wallis multiple comparison test with Dunnôs post hoc multiple 

comparison test and Mann-Whitney U test were used. Categorical data were 

summarized with frequencies (percentages). Comparison of proportions were 

performed using the chi-squared test (with pairwise tests for independence for multiple 

comparisons). Pearsonôs correlation was used to explore the relationships between 

continuous variables and clinical/laboratory parameters among HVs. P-values Ò0.05 

were considered statistically significant. 

Linear mixed-effects models (incorporating random within subject trajectories of 

eGFR over time) were used to generate individual specific eGFR slopes; both absolute 

change (mL/min/1.73m2/year) and percentage change (% change/year). The slopes 

represented the change in renal function over time for each participant incorporating 

all eGFR measurements (before, after and at time of recruitment). Progressive renal 

function decline among participants with DM (decliners) was defined as either an 

absolute reduction in eGFR of Ó3.5mL/min/1.73m2/year (31) or percentage eGFR loss 

of Ó3.3%/year (32, 33). In a general population, a 3.3% reduction in renal function per 

year corresponds to the 2.5th percentile of the distribution of annual renal function loss 

(34). Participants whose rate of eGFR decline was <3.5mL/min/1.73m2/year or <3.3% 

per year were classified as non-decliners. 

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

diagnostic utility of plasma dp-ucMGP in distinguishing participants with DKD from 

participants with DM 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 

hypothesis AUC of 0.5, a ratio of sample sizes in negative/ positive groups of 3.34, Ŭ 

of 0.05 and ɓ of 0.1 (power 90%) was determined 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 non-decliners. 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 differences in plasma dp-ucMGP 

between HVs, participants with DM with and without DKD and between decliners and 

non-decliners (absolute, percentage).  

Separate stepwise regression analyses were carried out on the HVs and the participants 

with DM, to determine which variables best explained the dp-ucMGP level. As dp-

ucMGP was not normally distributed, the LN dp-ucMGP was used as the dependent 

variable. The variables listed in Table 1 (with the exception of creatinine as eGFR was 

included in the model) and gender (male/female) were included in the stepwise models 

for HVs and those with DM. As CRP, GGT, triglycerides, 25-hydroxyvitamin D, 

hsTnT, NT-proBNP 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 plasma dp-ucMGP 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 plasma dp-ucMGP are outlined in 

Table 1. There was no statistically significant difference in plasma dp-ucMGP 

between smokers (n=13; 299 (299-472) pmol/L) and non-smokers (n=128; 299 (299-

698)pmol/L) (p=0.264). However, there was a significant difference in plasma dp-

ucMGP between males (n=59; 301 (299-518)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 further suggested that males had a 

lower plasma LN dp-ucMGP 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 Table 1). Intra-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 Tables 2 a, b, c). Inter-assay precision 

at mean dp-ucMGP concentrations of 981pmol/L, 4397pmol/L and 7296pmol/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 dp-ucMGP 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 of dp-ucMGP compared to baseline 

(HI=7) (Supplementary Table 4). Plasma dp-ucMGP concentrations were stable when 

stored at -80°C over a 9-month period with a recovery of 100 ± 10% (Supplementary 

Table 5). Plasma dp-ucMGP levels were stable for 1 warm-up cycle (24h) (recovery 

100 ± 10%) and for 2 freeze-thaw cycles (recovery 100 ± 10%) (Supplementary Table 

6). 

4.4.2 Reference intervals for plasma dp-ucMGP 

Plasma dp-ucMGP 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%). The D'Agostino-Pearson test rejected 

normality (p-value<0.001). Using the Dixon and Reed approach for detection of 

outliers, none were identified. Using the non-parametric method, the lower (2.5th 

percentile) and upper (97.5th percentile) reference limits for dp-ucMGP were 299 (90% 

Confidence Interval (CI) 299ï299) pmol/L and 532 (90% CI 509-698)pmol/L, 

respectively. As the LLoQ is 300 pmol/L, the data below 300pmol/L is truncated. 

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

4.4.3 Diagnostic performance of plasma dp-ucMGP 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 Tables 3, 4. 

There was a significant, stepwise increase in plasma dp-ucMGP from HVs (318(299-

698) pmol/L) to participants with DM without DKD (434(299-1251) pmol/L) to 

participants with DKD (729(299ï4938) 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 DM over a median of 7.4 (0.5ï11.6) years. Based 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 dp-ucMGP than non-decliners (absolute (784(299ï2611) v 499(299ï

4938)pmol/L, p<0.001); percentage (817(299-4938)pmol/L v 439(299-1385) 

pmol/L), p<0.001) (Figure 3B). In patients with DM, there were significant strong 

negative linear associations between LN plasma dp-ucMGP and eGFR (r=-0.7041, 

p<0.001), absolute change in eGFR (r=-0.3078, 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 dp-ucMGP and LN uACR (r=0.3392, p<0.001) (Figure 3C-F). 

ROC curve analyses were used to determine the ability of plasma dp-ucMGP 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 of 0.842 (95% CI: 0.799 ï 0.880; p<0.001) with a diagnostic sensitivity of 67.0% 

(95% CI 56.9 ï 76.1), a diagnostic specificity of 91% (95% CI 86.1 ï 94.0), positive 

likelihood ratio of 7.10 (95% CI 4.7 ï 10.8) and a negative likelihood ratio of 0.36 

(95% CI 0.3-0.5). The optimum cut-off for identifying participants with DKD was a 

plasma dp-ucMGP concentration >557pmol/L. Further ROC curve analysis compared 

participants with DKD to participants with DM without DKD (Figure 4B). The AUC 

for dp-ucMGP was 0.747 (95% CI: 0.679 ï 0.807; p<0.001) with a diagnostic 

sensitivity of 64.7% (95% CI 54.6 ï 73.9), a diagnostic specificity of 80.0% (95% CI 

70.2 ï 87.7), a positive likelihood ratio of 3.24 (95% CI 2.1 ï 5.0), a negative 

likelihood ratio of 0.44 (95% CI 0.3-0.6) and decision threshold of >570 pmol/L.  

ROC curve analyses were also used to compare the ability of dp-ucMGP and uACR 

to distinguish participants with DM with and without decline in renal function. The 

clinical characteristics of participants classified as decliners (with decline classified as 

based on absolute rate of change in eGFR of Ò-3.5mL/min/1.73m2/year or a % change 

in eGFR of Ò-3.3%/year) and non-decliners are outlined in Supplementary Table 7 and 

8. Plasma dp-ucMGP and uACR had moderate ability to distinguish decliners from 

non-decliners when absolute rate of change in eGFR (Ò-3.5mL/min/1.73m2/year) was 

used (AUC of 0.696 (95% CI: 0.625 - 0.760, p<0.001) versus 0.689 (95% CI: 0.618 - 

0.754, p<0.001) (p = 0.921) (Figure 4C)). Similar findings were observed using lower 
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and higher thresholds to classify decliner status. Using a threshold of Ò-

4.5mL/min/1.73m2, the predictive value of plasma dp-ucMGP was weaker and uACR 

stronger; but there was no significant difference between the two indices (AUC of 

0.627 (95% CI: 0.554 - 0.696, p=0.131) versus 0.751 (95% CI: 0.683 - 0.810, p<0.001) 

(p = 0.231)). Using a threshold of Ò-2.5mL/min/1.73m2, the predictive values of 

plasma dp-ucMGP and uACR were similar (AUC of 0.686 (95% CI: 0.615 - 0.751, 

p<0.001) and 0.690 (95% CI: 0.619 - 0.755, p<0.001) (p = 0.948)).  

However, when decliners were defined based on % change in eGFR (Ò-3.3%/year), 

plasma dp-ucMGP and uACR had greater predictive values but there was no 

significant difference between the two indices (AUC of 0.800 (95% CI: 0.737 - 0.853, 

p<0.001) versus 0.723 (95% CI: 0.654 - 0.786, p<0.001), (p = 0.103) (Figure 4D)). 

Similar findings were observed using lower and higher thresholds to classify decliner 

status. Using a threshold of Ò-4% decline in renal function per year, the predictive 

values of both plasma dp-ucMGP and uACR were similiar (AUC of 0.818 (95% CI: 

0.755 - 0.870, p<0.001) and 0.745 (95% CI: 0.677 - 0.805, p<0.001), (p = 0.150)). 

Using a higher threshold of Ò-2% decline, the predictive values of both plasma dp-

ucMGP and uACR were again similar (AUC of 0.756 (95% CI: 0.689 - 0.816, 

p<0.001) versus 0.708 (95% CI: 0.638 - 0.772, p<0.001), (p=0.308)). 

Similar to HVs, using a stepwise regression model (Table 2) in participants with DM, 

increasing BMI and CRP were associated with increasing LN dp-ucMGP. 

Interestingly, decreasing haemoglobin was associated with increasing plasma LN dp-

ucMGP ï the converse was true for HVs. Other significant explanatory variables 

included SBP, sodium, eGFR, iPTH and NT-proBNP.  

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 the decision 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 establish RIs in a healthy local population. This is the first 

study that defines robust RIs for plasma dp-ucMGP using the IDS®-iSYS Ina Ktif 

(dp-ucMGP) assay in a metabolically healthy Caucasian population with normal 

kidney function. It provides novel insights on the utility of plasma dp-ucMGP as a 
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biomarker of both DKD and renal function change in adults with DM. Our results 

demonstrated that plasma dp-ucMGP was higher in persons with DKD compared to 

those with DM without DKD and HV and in decliners compared to non-decliners. We 

also found that plasma dp-ucMGP 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 and a significant 

positive linear relationship existed between dp-ucMGP 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 dual-antibody ELISA of 477±199 pmol/L in a healthy 

reference population (n=75)(35). In our study, the median value for dp-ucMGP 

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 plasma dp-ucMGP 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 hypercholesterolaemia (36, 37), the impact of these 

conditions on dp-ucMGP values is likely to be significant. The use of a different 

platform for measuring dp-ucMGP together with the prevalence of significant co-

morbidities and less strict inclusion criteria for the healthy reference population may 

explain why dp-ucMGP levels are higher among the cohort reported by Cranenburg et 

al. (35) compared to our HVs and participants with DM without DKD. Increasing age 

was also associated with increasing dp-ucMGP 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, hypertension, cardiovascular disease, 

reduced eGFR and elevated SBP, DBP, pulse wave velocity and BMI increased from 

the low to the medium to the high tertile of dp-ucMGP (38). Among participants with 

T2DM, in a multivariable model following adjustment for ethnicity, eGFR and 

warfarin use, the association between age and dp-ucMGP was no longer statistically 

significant (17). Thus, our strict inclusion and exclusion criteria may explain why no 

association was observed between age and dp-ucMGP in our study. This suggests that 

age per se (as opposed to medical conditions that become more prevalent with age) 

likely does not significantly influence plasma dp-ucMGP concentration.   



Chapter 4 

190 
 

We noted that plasma dp-ucMGP was higher in females than males while Cranenburg 

et al. found gender had no effect (35). Both studies had different subject numbers and 

characteristics which could explain the gender differences, suggesting that additional 

studies are required to determine whether gender-specific RIs are necessary. It is of 

interest that, even in a reference population selected for metabolic health and BMI 

Ò32.5kg/m2, we observed 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 dp-ucMGP have the potential to be important predictors of long-

term vascular health among large populations. Notably, in the Longitudinal Aging 

Study Amsterdam (LASA), which evaluated community-dwelling older adults aged 

>55 years, free of CVD at baseline, vitamin K insufficiency as assessed 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, Aging, and Body 

Composition) Study of community-dwelling adults aged 70-79 years without CVD, 

Shea et al. observed that low circulating phylloquinone but not dp-ucMGP was 

associated with higher CVD risk in older adults treated for hypertension (40).  

In keeping with results published by others (3, 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/1.73m2 to CKD 2 to CKD 3-5 (9). 

Unsurprisingly, plasma dp-ucMGP is higher in patients on haemodialysis compared 

to age-matched controls with normal renal function (41). There are well established 

associations between plasma dp-ucMGP and concomitant levels of renal function 

across the CKD spectrum. In this study, we showed that there is also a relationship 

between plasma dp-ucMGP and rate of change in renal function (calculated using Ó2 

values sampled over 7+ years) in adults with DM. Perhaps consistent with our 

findings, Wei at al. showed, in a general population after 8.9 years follow-up, that 

plasma dp-ucMGP increased by 23% while eGFR decreased by 4.05mL/min/1.73m2 

(42), also indicating a time-dependent relationship. In that study, which included 

follow-up data from only a single time-point, baseline plasma dp-ucMGP predicted 

new onset microalbuminuria and eGFR <60mL/min/1.73m2. In our study, the strength 

of association between rate of change in renal function and LN dp-ucMGP was 

stronger and the proportion of participants classified as decliners greater, when % 
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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 % rather than 

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 plasma dp-ucMGP. Importantly, high plasma dp-

ucMGP is associated with increased CVD risk among patients with T2DM, in 

particular those with peripheral artery disease and heart failure (43) and those with 

increasing severity of chronic heart failure (44). High circulating levels of dp-ucMGP 

have also been shown to be associated with arterial stiffness after adjustment for 

common cardiovascular risk factors, renal function and age (38), suggesting that 

interventions targeting the mechanisms underlying high plasma dp-ucMGP may be of 

distinct clinical benefit. In this regard, it has been proposed that vitamin K therapy has 

potential to slow vascular calcification (20). In a trial of 17 haemodialysis patients, 

daily supplementation for 6 weeks with vitamin K2 resulted in a 27% reduction in 

plasma dp-ucMGP (41). A further study of 38 patients with CKD 4/5 demonstrated a 

10.7% reduction in plasma dp-ucMGP following supplementation with 90 µg of 

Vitamin K2 for 270±12 days (45). Additional trials are needed to evaluate the long-

term impact of vitamin K therapy on dp-ucMGP, cardiovascular morbidity and 

mortality as renal function declines.  

Plasma dp-ucMGP proved to have predictive value for participants with DKD as 

opposed to those with DM without DKD and HVs. Of note, when plasma dp-ucMGP 

was used to distinguish those with DKD from those with DM without DKD (and not 

HVs) there was a modest decrease in the AUC and in sensitivity. In our study, DKD 

was diagnosed based on the current laboratory gold standard that is eGFR and uACR, 

which granted have some flaws with analytical issues around serum creatinine and the 

variation of eGFR when relayed to measured GFR (46, 47). Renal biopsy is considered 

the true gold standard but is not practical or necessary in all patients in clinical practice 

(48) ï as the information gained from biopsy does not always alter patient 

management. Consequently, it is possible that the prevalence of DKD may be under- 

or over- estimated; depending on the accuracy of the current laboratory gold standard. 

The inclusion and exclusion criteria for HVs were strict 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 of plasma dp-ucMGP decreased when HVs 

were removed from the analysis. Thus, the accuracy of dp-ucMGP in the detection of 

DKD may be influenced by imperfect gold standard bias; which could make plasma 

dp-ucMGP appear better (same errors as current laboratory gold standard) or worse 

(performs better than current laboratory gold 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 observation of 

higher plamsa dp-ucMGP 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 necessary to determine the clinical relevance of reporting values <300pmol/L. 

GFR was estimated using the CKD-EPI equation; it was not measured using a 

reference method. While plasma dp-ucMGP was found to distinguish HVs and 

patients with DM without DKD from those 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 protocol, however, associations between MGP and vascular 

calcification are elucidated in the literature (3, 17-20, 38, 39). With a molecular mass 

of 10kDa, the increase in dp-ucMGP as eGFR declines (both in HVs and participants 

with DM) could be attributed wholly or in part to reduced excretion (41) rather than 

being induced by the 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 to 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 inflammation (49). This together with the further association we 

observed between plasma dp-ucMGP and rate of loss in renal function, provides 

evidence that plasma dp-ucMGP among adults with DM is dictated by more than 

simple filtration. Nonetheless, as our study is observational in nature, conclusions 

regarding causality cannot be drawn. 
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4.6 Conclusions 

RIs for plasma dp-ucMGP in a metabolically healthy Caucasian population with 

normal kidney function were established using the IDS-iSYS platform. Plasma dp-

ucMGP was found to distinguish HVs and patients with 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. Plasma dp-ucMGP was 

also shown to be associated with rate of change in renal 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/1.73m2/year). Accurate definitions of Ris and 

of the relationships between plasma dp-ucMGP 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 role of vitamin 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 dp-ucMGP 

Parameter 
Inclusion  Median 

(Range) 

Correlation p-

value Criteria  Coefficient* 

Age (years) Ó18 
30.0  

(18.1 - 62.2)  0.109 0.198 

BMI (kg/m2) Ò32.5 
24.0  

(16.7 - 32.4) 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) 20-42Í 32 (21-39) -0.014 0.876 

CRP (mg/L)  ̂ <10 0.7 (0.5 - 8.9) 0.33 <0.001 

Sodium (mmol/L) 134-146Í 141 (134-145) -0.041 0.63 

Potassium (mmol/L) 3.5-5.2Í 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 (µmol/L) 45-110Í 76 (47 - 110) -0.038 0.651 

eGFR (ml/min/1.73m2) Ó60 99 (65 - 133) -0.198 0.019 

Adj. Calcium (mmol/L) 2.15-2.51Í 
2.31  

(2.17 - 2.45) 
0.078 0.361 

Phosphate (mmol/L) 0.7-1.5 
1.14  

(0.71 - 1.46) 
-0.064 0.454 

Total Bilirubin (µmol/L) Ò23 8 (2 - 23) -0.094 0.267 

ALP (U/L) <130 59 (29 -111) -0.001 0.986 

ALT (U/L)  
<1.5x URL (40) 

or <60 
18 (7 - 48) 0.044 0.605 

GGT (U/L)  ̂
<3x URL (35) or 

<105 
16 (6 - 83) 0.133 

0.117 

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 

Free T4 (pmol/L) 10.5-24Í 
16.1  

(11.3 - 24.0) 
-0.075 0.374 

TSH (mIU/L) 0.27-4.78Í 
1.92  

(0.28 - 4.71) 
0.159 0.06 

iPTH (ng/L)  ̂ <65 
30.7  

(8.1 - 62.3) 
-0.07 0.406 

25-hydroxyvitamin D (ng/mL) ̂ Ó25 52 (25 - 118) -0.145 0.086 

hsTnT (ng/L)  ̂ <14 4 (4 - 10) -0.089 0.297 

NT-proBNP (ng/L)  ̂ Ò150 23.7 (9 - 150) 0.158 0.062 

uACR (mg/mmol)  ̂ N/A 
0.63  

(0.05 - 19.5) 0.196 0.02 

WCC (10*9/L) 3-12Í 6.3 (3.1 - 11.6) 0.181 0.033 

Haemoglobin (g/dL) M >13; F >11 
13.7  

(11.3 - 16.8) -0.044 0.608 

Platelet Count (10*9/L) 128-450Í 
248 (129 - 

421) 0.172 0.043 
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BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; 

HbA1c: glycated haemoglobin; CRP: C-reactive protein; eGFR: estimated glomerular 

filtration rate (CKD-EPI); Adj. Calcium: adjusted calcium, ALP: alkaline 

phosphatase; ALT: alanine aminotransferase; GGT: Gamma-glutamyl transferase; 

HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein 

cholesterol; T4: thyroxine; TSH: thyroid stimulating hormone; iPTH: intact 

parathyroid hormone; 25(OH)D: 25 hydroxycholecalciferol; hsTnT: high-sensitivity 

troponin T; NT-proBNP: n-terminal pro b-type natriuretic peptide; WCC: white cell 

count; uACR: urine albumin:creatinine ratio. ~ Data is represented as median (range) 

to indicate the spread of results. *Pearsonôs correlation. Significant p-values are 

highlighted in bold. ^ correlation between LN of the variable and LN dp-ucMGP. 
Íincludes both the minimum and maximum value. 

  



Chapter 4 

202 
 

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 

All variables detailed in table 1 (except creatinine) and gender were included in the 

model. BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood 

pressure; HbA1c: glycated haemoglobin; CRP: C-reactive protein; eGFR: estimated 

glomerular filtration rate (CKD-EPI); GGT: gamma-glutamyl transferase; HDL-C: 

high-density lipoprotein cholesterol; T4: thyroxine; TSH: thyroid stimulating 

hormone; iPTH: intact parathyroid hormone; NT-proBNP: n-terminal pro b-type 

natriuretic peptide; uACR: urine albumin:creatinine ratio. ^ LN of variable used in the 

model. 

 

  

Variable 

Healthy Volunteers (n=141) Diabetes Mellitus (n=192) 

Coefficient 95% CI 
p-

value 
Coefficient 95% CI 

p-

Value 

Constant 4.964 
(4.296, 

5.632) 
<0.001 3.11 

(0.22, 

5.99) 
0.035 

BMI (kg/m2) 0.010 
(0.000, 

0.020) 
0.048 0.017 

(0.007, 

0.026) 
<0.001 

SBP (mmHg) 

  

-0.004 
(-0.008, -

0.001) 
0.017 

DBP (mmHg) 0.005 
(-0.001, 

0.011) 
0.078 

HbA1c 

(mmol/mol) 
-0.012 

(-0.025, 

0.000) 
0.059 0.003 

(0.000, 

0.006) 
0.081 

CRP (mg/L)^ 0.042 
(-0.001, 

0.085) 
0.055 0.076 

(0.026, 

0.125) 
0.003 

Sodium 

(mmol/L)  

  

0.027 
(0.008, 

0.047) 
0.006 

eGFR 

(ml/min/1.73m2) 
-0.008 

(-0.011, -

0.006) 
<0.001 

Phosphate 

(mmol/L)  
-0.24 

(-0.503, 

0.023) 
0.074 

GGT (U/L)^  0.085 
(0.010, 

0.16) 
0.027   

Triglycerides 

(mmol/L)^  
  -0.072 

(-0.170, 

0.025) 
0.145 

TSH (mIU/L)  0.032 
(-0.000, 

0.064) 
0.05   

iPTH (ng/L)^  

  

0.12 
(0.020, 

0.219) 
0.019 

NT-proBNP 

(ng/L)^  
0.057 

(0.006, 

0.108) 
0.03 

uACR 

(mg/mmol)^ 
0.03 

(-0.007, 

0.066) 
0.111   

Haemoglobin 

(g/dL) 
0.06 

(0.019, 

0.100) 
0.004 -0.055 

(-0.093, -

0.018) 
0.004 

Male Gender -0.173 
(-0.265, -

0.082) 
<0.001 -0.101 

(-0.214, 

0.011) 
0.079 
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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 

Parameter  

HV No DKD DKD p-value 

n=141 n=92 n=100 

HV  HV  

No 

DKD 

Overall¥ 

vs  vs vs 

No 

DKDÍ DKDÍ DKDÍ 

dp-ucMGP (pmol/L)  ̂
318 (299 - 

698) 

434 (299 

- 1251) 

729 (299 - 

4938) <0.001 <0.001 <0.001 <0.001 

HbA1c (mmol/mol)* 32 (3) 62 (16) 64 (17) <0.001 <0.001 0.478 <0.001 

CRP (mg/L)  ̂
0.7 (0.5 - 

8.9) 

1.8 (0.5 - 

46.6) 

2.4 (0.5 - 

47.3) <0.001 <0.001 >0.999 <0.001 

Sodium (mmol/L)* 140 (2) 139 (2) 139 (3) 0.003 0.003 0.996 <0.001 

Potassium (mmol/L)* 4.3 (0.3) 4.4 (0.3) 4.7 (0.5) 0.156 <0.001 <0.001 <0.001 

Chloride (mmol/L)* 101 (2) 99 (3) 100 (3) <0.001 0.004 0.145 <0.001 

Urea (mmol/L)* 5.0 (1.3) 5.5 (1.8) 10.3 (4.9) 0.509 <0.001 <0.001 <0.001 

Creatinine (µmol/L) 76 (13) 74 (16) 136 (60) 0.87 <0.001 <0.001 <0.001 

eGFR (ml/min/1.73m2)*  100 (15) 95 (20) 53 (27) 0.129 <0.001 <0.001 <0.001 

Adj. Calcium (mmol/L)* 
2.31 (0.06) 

2.35 

(0.09) 2.35 (0.08) 0.002 0.001 0.998 <0.001 

Phosphate (mmol/L)* 
1.12 (0.17) 

1.00 

(0.18) 1.08 (0.19) <0.001 0.217 0.008 <0.001 

Total Bilirubin (µmol/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 

GGT (U/L)* 
16 (6 - 83) 

24 (8 - 

279) 

26 (9 - 

782) <0.001 <0.001 0.345 <0.001 

Cholesterol (mmol/L)* 4.6 (0.8) 4.1 (0.9) 4.0 (1.1) <0.001 <0.001 0.933 <0.001 

Triglycerides (mmol/L) ̂
0.9 (0.3 - 

4.7) 

1.3 (0.3 - 

6.9) 

1.8 (0.6 - 

8.2) <0.001 <0.001 0.003 <0.001 

HDL-C (mmol/L)* 1.7 (0.4) 1.4 (0.5) 1.2 (0.4) <0.001 <0.001 <0.001 <0.001 

LDL-C (mmol/L)* 2.4 (0.7) 2.0 (0.7) 2.0 (0.9) <0.001 <0.001 0.995 <0.001 

FT4 (pmol/L)* 
16.2 (2.2) 

16.5 

(3.0) 16.4 (3.1) 0.743 0.703 0.339 0.372 

TSH (mIU/L)* 
2.09 (0.99) 

2.03 

(1.13) 2.48 (1.63) 0.93 0.047 0.036 0.022 

iPTH (ng/L)  ̂ 30.7 (8.1 - 

62.3) 

26.9 

(10.2 - 

90.8) 

41.7 (6.3 - 

311.1) 0.245 <0.001 <0.001 <0.001 

25 (OH) D (ng/mL) 
52 (25 - 

118) 

55 (14 - 

165) 

52 (14 - 

125) 0.562 0.833 0.903 0.583 

hsTnT (ng/L)* 4 (4 -10) 6 (4 -11) 21 (5 - 78) <0.001 <0.001 <0.001 <0.001 

NT-proBNP (ng/L)  ̂
23.6 (9.0 - 

150.0) 

37.7 (9.0 

- 811.2) 

223.9 (9.0 

- 13509.0) 0.01 <0.001 <0.001 <0.001 

uACR (mg/mmol)  ̂
0.63 (0.05 - 

19.5) 

0.7 (0.2 - 

15.3) 

10.0 (0.4 - 

484.7) 0.89 <0.001 <0.001 <0.001 

WCC (10*9/L)*  6.4 (1.6) 6.9 (1.9) 8.0 (2.4) 0.124 <0.001 <0.001 <0.001 

Haemoglobin (g/dL)* 
13.9 (1.1) 

13.9 

(1.3) 13.0 (1.8) 0.984 <0.001 <0.001 <0.001 

Platelet Count (10*9/L)*  252 (51) 248 (68) 249 (85) 0.864 0.925 0.99 0.149 

Rate of Change in Renal Function 

Absolute Change 

(mL/min/1.73m2/year)* N/A 

-0.972 

(1.363) 

-2.496 

(2.472) N/A N/A <0.001 N/A 

Percentage Change (% 

change/year)* N/A 

-1.179 

(2.059) 

-5.179 

(5.478) N/A N/A <0.001 N/A 
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Dp-ucMGP: dephosphorylated-uncarboxylated Matrix Gla-Protein; HbA1c: glycated 

haemoglobin; CRP: C-reactive protein; eGFR: estimated glomerular filtration rate 

(CKD-EPI); Adj. Calcium: adjusted calcium, ALP: alkaline phosphatase; ALT: 

alanine aminotransferase; GGT: gamma-glutamyl transferase; HDL-C: high-density 

lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; T4: thyroxine; 

TSH: thyroid stimulating hormone; iPTH: intact parathyroid hormone; 25 (OH) D: 25-

hydroxycholecalciferol; hsTnT: high-sensitivity troponin T; NT-proBNP: n-terminal 

pro b-type natriuretic peptide; WCC: white cell count; uACR: urine 

albumin:creatinine ratio. ^ Median (minimum to maximum); * mean (standard 

deviation). ¥ p-values represent the significance levels for multiple comparisons 

between the three groups ï Kruskal Wallis for non-parametric data; ANOVA for 

parametric data. Studentôs t test was used to compare rate of change (absolute, 

percentage) between no DKD and DKD group Í Multiplicity adjusted p-values are 

reported for non-parametric (Dunnôs multiple comparison) and parametric data 

(Tukeyôs multiple comparison). 
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4.9 Figures 

 

Figure 1: Recruitment schematic to establish normative data for dp-ucMGP in an Irish 

Caucasian population and to determine its clinical utility in DKD 

DKD: diabetic kidney disease; BMI: body mass index; SBP: systolic blood pressure; 

DBP: diastolic blood pressure; HbA1c: glycated haemoglobin; CRP: C-reactive 

protein; eGFR: estimated glomerular filtration rate (CKD-EPI); ALP: alkaline 

phosphatase; ALT: alanine aminotransferase; T4: thyroxine; TSH: thyroid stimulating 

hormone; iPTH: intact parathyroid hormone; 25 (OH)D: 25-hydroxycholecalciferol; 

WCC: white cell count. 

*Healthy volunteers were excluded sequentially based on a single criterion. 

  




















































































































































































































































































































































































































