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SUMMARY

Diabetic vasculopathy (DV) is the most important consequence of chronic hyperglycemia in
patients with diabetes mellitus (DM). This thesis explores the interaction of blood, bone and
kidney in the pathogenesis of DV by i) reviewing the current understanding of pathogenesis of
macrovascular and microvascular diseases in DM to identify gaps in literature and generate
hypotheses relating to various facets of DV ii) undertaking a series of prospective studies to
examine these hypotheses iii) analysing the findings and integrating any new information
obtained from the clinical studies into the current knowledge base and iv) generating

hypotheses upon which future work might be based.

The literature search was carried out with the aim of understanding current concepts of
pathogenesis of DV and its potential modulators. The original reviews resulting from this
process are presented in chapters 2 to 4. A series of pilot studies reported in chapters 7 to
11, were then carried out to interrogate hypotheses originating from this process. The first
study was carried out in healthy individuals to define the biological variation of potential
modulators of DV, namely erythropoietin (EPO), parathyroid hormone, 25 hydroxyvitamin D
and 1, 25-dihydroxyvitamin D to facilitate the design and interpretation of subsequent studies.
It revealed a wide biological variation of these modulators in the healthy population thus,

emphasizing the need to have a control group in the subsequent study population.

To examine whether tubulointerstitial dysfunction occurs before the onset of
microalbuminuria, a measurement of the above mentioned parameters was carried out along
with markers of tubulointerstitial injury in patients with type 1 and type 2 DM without
microalbuminuria and in non-diabetic controls. It was found that tubulointerstitial dysfunction
with low levels of EPO and 1, 25-dihydroxyvitamin D and higher excretion of tubular injury
markers, occurs before the onset of microalbuminuria. Subsequently, diabetic and
nondiabetic chronic kidney disease (CKD) patients with EPO deficiency anaemia were

examined to study the effects of EPO therapy on the excretion of tubular injury markers.
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However, in these patient groups, we were unable to demonstrate an effect of EPO therapy

on the markers of tubular injury in spite of a beneficial haematological response.

To examine whether vascular calcification (VC) and bone mineral density (BMD) were linked
in patients with diabetes mellitus and to explore their relationship to modulators of DV, an
assessment of VC and BMD was undertaken in patients with type 2 DM with different
degrees of proteinuria and normoalbuminuria. VC was assessed by CT scan and BMD by a
DEXA scan. Modulators of DV were measured including serum Osteoprotegerin (OPG) and
receptor activator of nuclear factor kappa-p-ligand (RANKL). The findings were i) a high
prevalence of VC and osteopenia in normoalbuminuric type 2 DM patients with normal serum
creatinine ii) a weak inverse relationship between VC and osteopenia iii) proteinuric patients
had worse VC but not osteopenia iv) weak relationships between OPG levels and both VC
and osteopenia, masked by age in multivariate analysis. The final study examined the
relationship between modulators of DV, including OPG and RANKL, and the degree of CKD.
It was found that abnormalities of OPG and RANKL occur before the onset of
microalbuminuria and progress with deterioration of renal function. Compared to non-
diabetics, DM patients have higher OPG levels in the predialysis phase and lower levels in
haemodialysis phase, a phenomenon that might indicate endothelial exhaustion in dialysis

patients with DM.

The derangements associated with DV seem to occur earlier than previously thought. Further
work is required to untangle these complexities and to define the contribution of factors such
as the adverse blood milieu, the vasculature, abnormal bone and mineral metabolism, and
early tubulointerstitial damage. The findings from the studies reported here may help in the

formulation of new hypotheses, which might contribute to future work in this area.
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SECTION |
CHAPTER 1

DIABETES MELLITUS AND ITS COMPLICATIONS
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DIABETES MELLITUS AND ITS COMPLICATIONS

1.1 Introduction

Diabetes Mellitus (DM) is a metabolic disorder of multiple aetiology characterized by
chronic hyperglycemia with disturbances of carbohydrate, fat and protein metabolism
resulting from defects in insulin secretion, insulin action, or both. ' DM has been
known to physicians since antiquity. Initially, the disease was described as Diabetes
(greek- syphon) literally meaning passing huge amounts of water, by Aretaeus, the
Greek physician. Mellitus (latin- honey) was added by Thomas Willis, an English

physician, to signify ‘sweet urine’ passed by these patients.

The prevalence of DM is increasing worldwide with estimated projection of
approximately 300 million patients worldwide by year 2025.2 My own country, India
has been recognised as the diabetes capital of the world by the international diabetes
federation with approximately around 40.9 million people affected by diabetes as of
2006. This number is projected to rise to 69.9 million by 2025.% In the Indian diabetes
population, the prevalence of macrovascular complications such as coronary artery
disease and peripheral vascular disease has been reported as 21.4 and 6.3%
respectively. * In the same population, the prevalence of microvascular complication
such as microalbuminuria and diabetic nephropathy was reported as 26.9 and 2.2%

respectively. °

In ancient times, DM was recognised as incurable and the prognosis was poor. The

history of investigation into the pathology and treatment of DM is as long as the
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disease itself. Aretaeus described the disease as "a melting down of the flesh and
limbs into urine."® For centuries, was thought to be a disorder of the kidneys and
bladder. The ultimate cause and source for ‘sweet urine’ kept eluding clinicians and
researchers until the late nineteenth century. It was left to Joseph von Mering and his
colleague Oskar Minkowski, who, successfully demonstrated development of

diabetes mellitus in a dog, following pancreactomy.’

When the pancreas was identified as source of the ‘substance’ that was vital for
controlling the sweetness in the blood, the search then focused on isolating this
‘substance’. The efforts of researchers finally paid off in the first half of twentieth
century, with discovery of Insulin, isolated from a pancreatic extracts by Frederick
Banting and Charles Best. The crude insulin was purified by JUR Macleod and James
Collip and was finally ready for use in 1921.  Banting and Macleod received the
Nobel Prize for the discovery of insulin in 1923, which they shared with their

colleagues, Best and Collip.

With the discovery of Insulin, DM was no more perceived as an imminent death
sentence. Whereas, Insulin provided a new and rational treatment for DM, it did not
take long for the physicians to realise that Insulin was not the cure for the disease but
only a means of reducing blood glucose levels. Furthermore, the disease had a
progressive course with patients ending up with complications of diabetes not
previously appreciated. This was due to the fact that previously, patients with
diabetes died early even before developing complications. Insulin prolonged the lives
of patients, which resulted in patients ending up with increased morbidity, as a result

of complications of diabetes.
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The appreciation of these new complications gave an impetus to new research to look
into the pathophysiology of diabetes. There were suggestions that the disease may
not be a singular entity, based on the observations that, not all patients required
insulin to maintain their blood glucose levels. These observations lead to
characterisation of the disease by Himsworth in 1936, who proposed the terminology
of Insulin sensitive and Insulin insensitive types, ° to denote the need of insulin for

glucose control.

1.2 Classification of Diabetes Mellitus

With increased understanding of the pathophysiology of DM, new variants of the
disease were noticed over time. To incorporate the new understanding about the
disease and to overcome the chaotic situation about classification, the World Health
Organisation (WHQO) proposed and published the first widely accepted classification
of DM in 1980 '° and, in modified form, in 1985."" The 1980 WHO Expert Committee
proposed two major classes of DM and named them, insulin dependent diabetes
mellitus (IDDM) or type 1 DM, and non-insulin dependent diabetes mellitus (NIDDM)
or type 2 DM. In the 1985 Study Group Report the terms type 1 and type 2 were
omitted, but the classes IDDM and NIDDM were retained, and a class of Malnutrition—
related DM (MRDM) was introduced. In both the 1980 and 1985 reports other classes
of DM included Other Types and Impaired Glucose Tolerance (IGT) as well as

Gestational DM (GDM).

The WHO classification of DM was further revised in 1997 by ADA (American

Diabetes Association).'? The new classification incorporates both, the staging of DM
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based on clinical descriptive criteria (Figure 1.1) and a complementary aetiological

criteria (Table1.1).

Table 1.1 Etiologic classification of Diabetes Mellitus

1. Type 1 diabetes (B-cell destruction, usually leading to absolute insulin
deficiency)

A. Immune mediated
B. Idiopathic
2. Type 2 diabetes (may range from predominantly insulin resistance with
relative insulin deficiency to a predominantly secretory defect with
insulin resistance)
3. Other specific types
A. Genetic defects of B-cell function
2. Chromosome 12, HNF-1a (MODY3)
Chromosome 7, glucokinase (MODY?2)

Chromosome 20, HNF-4a (MODY1)

o ~ w

Chromosome 13, insulin promoter factor-1 (IPF-1;
MODY4)

Chromosome 17, HNF-13 (MODY5)
Chromosome 2, NeuroD1 (MODY®6)
Mitochondrial DNA

© ®©® N o

Others

B. Genetic defects in insulin action
a. Type A insulin resistance
b. Leprechaunism
c. Rabson-Mendenhall syndrome
d. Lipoatrophic diabetes
e. Others

C. Diseases of the exocrine pancreas
a. Pancreatitis

b. Trauma/pancreatectomy
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g.

Neoplasia

Cystic fibrosis
Hemochromatosis
Fibrocalculous pancreatopathy

Others

D. Endocrinopathies

a.

b.

Acromegaly
Cushing's syndrome
Glucagonoma
Pheochromocytoma
Hyperthyroidism
Somatostatinoma
Aldosteronoma

Others

E. Drug- or chemical-induced

j-

k.

Vacor

Pentamidine

Nicotinic acid
Glucocorticoids
Thyroid hormone
Diazoxide
B-adrenergic agonists
Thiazides

Dilantin

a-Interferon

Others

F. Infections

a.

b.

Congenital rubella

Cytomegalovirus

25



c. Others
G. Uncommon forms of immune-mediated diabetes
a. “Stiff-man” syndrome
b. Anti—insulin receptor antibodies
c. Others
H. Other genetic syndromes sometimes associated with diabetes
a. Down's syndrome
b. Klinefelter's syndrome
c. Turner's syndrome
d. Wolfram's syndrome
e. Friedreich's ataxia
f.  Huntington's chorea
g. Laurence-Moon-Biedl syndrome
h. Myotonic dystrophy
i. Porphyria
j. Prader-Willi syndrome
k. Others

4. Gestational diabetes mellitus (GDM)

1.3 Type 1 Diabetes Mellitus

Type 1 DM, which was previously recognised as IDDM (insulin dependent diabetes
mellitus), based on absolute insulin requirement for survival, is now classified on the
basis of aetiopathogenesis of the disease. It is an autoimmune disorder characterized
by loss of the insulin-producing beta cells in the islets of Langerhans, in the pancreas,
resulting in deficiency of insulin. The autoimmune destruction of the beta cells is

induced by CD4+ and CD8+ T cells and macrophages infiltrating the islets.™

26



Type 1 DM accounts for about 10% of the total occurrence of DM, while the majority
of DM comprises of type 2 DM. It typically affects young children and generally
manifests before the of age 40, although there may be exceptions. Due to the
frequent occurrence in children, previously it was also termed as “juvenile diabetes",
although the term is now obsolete. Among the various racial groups, type 1 DM is
most common in caucasians. The overall incidence of type 1 DM is on a rise with

current rate of 3% and is expected to be much higher in future. ™

Genetic studies have provided newer insights in the aetiopathogenesis of type 1 DM.
An association of HLA (human leucocyte antigen) on chromosome 6 in patients with
type 1 DM has been implicated in the susceptibility of these individuals for DM. A vast
majority of type 1 DM patients may have either of the combinations of HLA genes,
DR4-DQ8 or DR3-DQ2."® It is widely believed that environmental factors such as
enteroviruses,'” rotavirus'® and rubella '® may play an important role in precipitation of

the disease in genetically susceptible patients, however, this is far from proven.

The autoimmune reaction in type 1 DM patients encompasses the binding of
antibodies to sections of pancreatic islets. These antibodies are termed as islet cell
antibodies. These antibodies may bind to either of the three major autoantigens,
namely glutamic acid decarboxylase (GAD 65),2° a protein tyrosine phosphatase-like
molecule (IA-2) #' and insulin.?* Up to 90% of the patients with new onset type 1 DM
have autoantibodies directed against atleast one of these three autoantigens.' There
may be variable humoral response in these patients. Young children with new onset

type 1 DM have higher prevalence of autoantibodies directed against insulin.?® The
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levels of IA-2 antibodies may gradually taper after diagnosis; >* however, antibodies

to GAD may persist longer.®

The rate of pancreatic beta cell destruction as a result of autoimmune reaction is
highly variable. 2 The rapidly progressive form is more commonly seen in children, %
whereas the slow onset form usually occurs in adults, where it is sometimes referred
as latent autoimmune diabetes in adults (LADA). ?® Type 1 DM patients may also
have associated other autoimmune disorders such as Graves’ disease, Hashimoto’s

thyroiditis and Addison’s disease.?®

Stages | Normoglycemia Hyperglycemia

Types Normal glucose regulation | Impaired Glucose Tolerance :  Diabetes Mellitus
or f
Impaired Fasting Glucose Notinsulin ~ Insulinrequiring  Insulin requiring
(Pre-Diabetes) * requiring  for control for survival

m:
Type 1* :
Type? _
Other Specific Types** _
Gestational Diabetes ** — T — "_:

Figure 1.1 Disorders of glycemia: Etiologic types and stages
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Legend

-Even after presenting in ketoacidosis, these patients can briefly return to
normoglycaemia without requiring continuous therapy (i.e., "honeymoon" remission);
~in rare instances, patients in these categories (e.g., Vacor toxicity, type 1 diabetes

presenting in pregnancy) may require insulin for survival.

1.4 Type 2 Diabetes Mellitus

Type 2 DM is a metabolic disorder characterized by hyperglycemia as a result of
insulin resistance and/or relative insulin deficiency. Upto 90% of patients with DM
have type 2 DM. It was formerly recognized as non insulin dependent diabetes
mellitus (NIDDM) or adult-onset diabetes. Type 2 DM may remain undiagnosed for
long periods because the hyperglycemia in these patients may not be severe enough

to precipitate severe symptoms of DM.?

The aetiopathogenesis of type 2 DM is multifactorial and often associated with strong
familial and genetic predisposition. *° The incidence of type 2 DM differs in various
racial/ethnic groups.®' The relative risk of developing type 2 DM increases with family
history of diabetes,* obesity,*® lack of exercise or sedentary lifestyle, ** prior history
of gestational diabetes (GDM) in woman,*® hypertension, % smoking® dyslipidemia®®
and age.®® A vast majority of patients with type 2 DM are obese or have higher
abdominal distribution of fat. Obesity promotes insulin resistance and this may play a

crucial role in the pathogenesis of type 2 DM in obese individuals. *°

The pathogenesis of type 2 DM is characterised by peripheral insulin resistance

and/or impaired regulation of hepatic glucose production and declining B-cell function,
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eventually leading to pancreatic B-cell failure.*' Unlike type 1 DM where there may be
absolute deficiency of Insulin, patients with type 2 DM may have inadequate insulin
response or hyperinsulinemia, which may make these patients insulin resistant.*® The
other contributing factors in the pathogenesis of type 2 DM are i) increased hepatic
glucose production (e.g. from glycogen degradation),*® decreased insulin-mediated
glucose transport in the muscle and adipose tissues (receptor and post-receptor

defects) ** and loss of early phase of insulin release in response to hyperglycemia. *°

1.5 Complications of Diabetes Mellitus

From the initial understanding of DM being an incurable condition, improved medical
care and scientific advancements in treatment of diabetes has helped in prolonging
the lifespan of diabetics like never before. lronically, increased survival, potentially,
predisposes a patient with diabetes to long-term vascular complications of diabetes.
The onset of these complications reduces the overall quality of life in a diabetic
patient. “® There has been an increasing awareness of the magnitude of the problem

presented by diabetic complications in the last few decades.

Diabetic vascular complications or diabetic vasculopathy (DV) broadly comprises of
microvascular and macrovascular complications. The microvascular complications of
diabetes include diabetic neuropathy, diabetic nephropathy (DN) and diabetic
retinopathy (DR). The macrovascular complications of diabetes are cardiovascular
disease (CVD), cerebrovascular disease and peripheral vascular disease (PVD).
Cardiovascular Disease (CVD) is the leading cause of death worldwide. *’ Patients

with DM have two-fold increased risk of cardiovascular mortality compared to
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nondiabetics. *® Results from recent studies ** *°

provide ample evidence for the
beneficial effects of early intervention to improve outcomes in people with diabetes
and given the high prevalence of CVD in this population, an estimation of absolute
cardiovascular risk evaluation of all patients with DM is desirable.

Various models for estimation of cardiovascular risk such as Framingham, °'

% and

Prospective Cardiovascular Munster (PROCAM), *? Lipid Research Clinic
UKPDS ** have been proposed. Whereas the other models are more applicable to the
general population, the UKPDS model is diabetes specific model which takes into
account several known risk factors such as glycaemia, systolic blood pressure, lipid

levels, age, sex, ethnic group, smoking status and time since diagnosis of diabetes,

and hence more appropriate for people with diabetes.

Chronic hyperglycemia in Type 1 *° and Type 2 DM *® is an important predictor of
development of premature cardiovascular disease. DM is the leading cause of
patients requiring renal replacement therapy, blindness under the age of 65 and non-
traumatic amputation worldwide and reduces life expectancy by about 5-10 years in
these patients.>” The onset of diabetic complications puts an extra burden on the

individual and society in terms of reduced quality of life and the cost of treatment.

1.6 Conclusions

There has been a worldwide impetus on diabetes research, given the high cost of
treatment and increased morbidity and mortality in these patients. Vascular

complications of DM are progressive in nature and a major cause of concern in DM.
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One of the important aspects of containing the pandemic of DM is to prevent and/or
arrest the progression of DV. A better understanding of the pathophysiology of DM
and DV may help us to devise methods for early intervention and treatment to prevent

the progression and hopefully reduce morbidity and mortality.

The aim of this thesis is to study the relationship between blood, bone and kidney in
the genesis and progression of Diabetic Vasculopathy. To achieve this, a detailed
literature search was undertaken to comprehend the basic concepts and the current
understanding about DV. Various lacunae in the literature were identified about the
genesis, progression and complications of DV. The relationship of the triad (blood,
bone and kidney) is complex and there is not enough literature on the combined role
of these components in the genesis and progression of DV. In an attempt to address
some of these issues and to fill some of the gaps in the current literature, several

hypotheses were generated, which were subsequently tested.

Chapters 2 to 5 encompass the literature review of DV. Chapter 6 discusses the
general methodology applied to all the clinical studies. Chapters 7-11 discuss the
clinical studies carried out to examine the various aspects of DV. Chapter 12
comprises of general discussion, conclusions from the clinical studies and the future

directions for research in this area.

The following chapter discusses the current understanding of the pathogenesis of

diabetic nephropathy, one of the major microvascular complications of DM.

32



CHAPTER 2

DIABETIC NEPHROPATHY: GLOMERULAR OR TUBULAR DISEASE
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DIABETIC NEPHROPATHY: GLOMERULAR OR TUBULAR DISEASE?

2.1 Introduction

The aim of this review is to summarize the role of chronic hypoxia in the
tubulointerstitium as a major factor in the pathogenesis of diabetic nephropathy (DN)
and to explore possible future interventions. Diabetic Nephropathy is the commonest
cause of end stage renal disease (ESRD) and in the UK accounts for around 20% of
all patients requiring renal replacement therapy. °® Five stages of DN have been
defined, the first of which involves the development of glomerular hyperfiltration. This
is followed by silent stage, incipient nephropathy with microalbuminuria, overt
proteinuria and finally ESRD. *° Incipient nephropathy is first manifested by the onset
of persistent microalbuminuria. Over a period of time, progressive microalbuminuria
may lead to persistent proteinuria, also termed as overt diabetic nephropathy. *® The
cumulative risk of renal failure after 5 years of persistent proteinuria has been

estimated around 60% in both type | and type Il diabetes.®

2.2 Histology of Diabetic Nephropathy

The histological changes in DN encompass various structural changes in all the
compartments of the kidney. The earliest morphological change in DN is glomerular
basement membrane (GBM) thickening as a result of mesangial matrix deposition
and hypertrophy of mesangial cells. 8" With the progression of the disease, there is
enhanced deposition of the normal extracellular matrix of types IV and VI collagen,

laminin and fibronectin as a result of enhanced production and/or decreased
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degradation. 2 This results in a diffuse mesangial expansion also termed as diabetic
glomerulosclerosis, which can be associated with nodular lesions consisting of areas
of marked mesangial expansion with a fencing of mesangial nuclei surrounding the
nodule and compression of the associated glomerular capillaries (Kimmelstiel-Wilson

nodules).®!

The changes in the tubulointerstitium such as thickening of tubular basement
membrane intimately parallel that of GBM expansion, suggesting that glomerular
hemodynamic disturbances are not required for these perturbations in the tubules. &
In contrast to the mesangium, initial tubulointerstitial expansion is primarily due to an
increase in the cellular component of this renal compartment. ®* The mesangial
expansion encroaches upon the afferent and efferent arterioles leading to hyalinosis,
which may contribute to glomerular sclerosis, through severe compromise of the
glomerular blood flow. Efferent arteriolar hyalinisation is pathognomonic for DN. * In
the tubulointerstitium, thickening of the tubular basement membrane, tubular atrophy,
interstitial fibrosis and peritubular capillary rarefaction is seen.  In addition, DN is
characterised by presence of fibrin caps, capsular drops and capillary

microaneurysms. &

The pathogenesis of DN is still not clear. It is traditionally considered to be a primarily
glomerular disease. However, the typical findings of glomerulosclerosis are present in
only one-third of type 2 diabetics with microalbuminuria, while another third
demonstrates normal renal structure. The remaining third has minor or absent
glomerular changes but disproportionately severe tubulointerstitial lesions. ¢ It has

68

been widely accepted, and histological studies have confirmed, that the
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deterioration of renal function in chronic renal diseases correlates better with tubular

and interstitial changes than with glomerular changes.®®

2.3 Tubular Handling of Proteins

An understanding of renal handling and excretion of various proteins in normal and
diseased kidneys is vital for diagnosis and monitoring the progression of proteinuria in
patients with kidney disease. Renal excretion of any substance is a balance between
glomerular filtration, tubular reabsorption and tubular secretion. Albumin with a
molecular size of 65 kDa constitutes about 60 % of the plasma proteins and is a
major protein molecule excreted in urine. "° The amount of urinary albumin excretion
is influenced by glomerular filtration rate, size and electrical charge of the molecule,

with more that 95% of the filtered albumin being reabsorbed by the tubules. "

In healthy individuals daily albumin excretion is about 25 mg/day or less. The
endocytic uptake of albumin and other proteins is subjected to a complex hormonal
and enzymatic regulation in the tubular milieu. Two major cellular pathways: the
degradation pathway and the retrieval pathway are recognised in the handling of
albumin. Most of the albumin is returned to the blood supply by the retrieval pathway,
which works through the process of endocytosis. “° This process is carried out by two
major protein-binding receptors such as Megalin and Cubulin along with other low-
molecular-weight binding proteins, on the tubular surface. These receptors bind to
various proteins in the glomerular ultrafiltrate such as albumin, transferrin and vitamin
carrier protein molecules. "® The remaining albumin in the ultrafiltrate is excreted

through the degradation pathway.
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N-acetyl-beta-glucosaminidase (NAG) is a large protein of the size between 130 -150
kDa and is present in the serum in very low concentrations. Its presence in the urine
invariably signifies tubular damage as due its large size, it is not filtered by the
glomerulus, but is released in the tubular lumen with proximal tubular damage. "
Urinary NAG levels reflect the activity of the lysosomal system, which is modulated by
the process of endocytosis, in the tubular lumen. Hence higher excretion of NAG is
considered as a reflection of tubular damage and dysfunction. ”* RBP is a 21 kDa
carrier protein for Retinol (Vitamin A) in the serum. It is bound to pre-albumin and
retinol, but once retinol is delivered to the target cells, it is filtered through the
glomerulus and rapidly reabsorbed by the process of endocytosis in the tubular

lumen. Higher excretion of RBP reflects tubular dysfunction. "°

2.4 Tubular Dysfunction in Diabetes

The early proteinuria seen in patients with DN comprises of glomerular and tubular
components. “® Tubular dysfunction has been reported in patients with diabetes in the
absence of microalbuminuria. Urinary excretion of NAG, a tubular enzyme, is
elevated in type 2 diabetic patients. " In addition the excretion rate of NAG and RBP
has been reported to be higher in normotensive, normoalbuminuric type 1 diabetic

subjects than in normal controls.

These findings suggest a pivotal role of the tubulointerstitium in the development of
diabetic nephropathy. ”” Tubular hypertrophy, reduced organic ion transport, and other
tubular changes are already apparent before the onset of proteinuria in diabetes.

Indeed, increased tubulo-glomerular feedback, defective uptake and lysosomal
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processing may independently contribute to hyperfiltration and urinary protein loss,

respectively. "

2.5 Tubulointerstitial Injury and Hypoxia

Tubular cells may be directly damaged by hyperglycemia. Glucose uptake by tubular
cells is independent of insulin, so there is a direct relation between plasma glucose
concentrations and glucose levels within tubular cells. ”® Glucose-dependent
metabolic pathways such as advanced glycation, increased formation of polyols,
activation of the enzyme protein kinase C, and of vasoactive hormones such as
angiotensin |l along with systemic and intra-glomerular hypertension may directly
influence tubular and interstitial cells, leading to renal dysfunction caused by non-

glomerular mechanisms. &

Chronic tubulointerstitial injury (CTIl) encompassing tubular atrophy and interstitial
fibrosis represents one of the major determinants of progression of chronic renal
disease regardless of cause. Peritubular capillaries (PTCs) are essential to maintain
the normal structure and function of renal tubules and CTIl may result from ischemia
induced by PTC loss.®' Ischemia may occur as a result of several mechanisms
including, intra-renal vasoconstriction (secondary to increased local levels of
angiotensin Il and/or endothelin 1, or due to local deficiency of nitric oxide
production), and structural lesions relating to arteriolar damage in conditions such as

diabetes or hypertension. %
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2.6 Oxidative Stress and Interstitial Fibrosis

Diabetes is associated with increased production of reactive oxygen species (ROS) &
and decreased renal oxygen tension. 3 ROS directly interacts with nitrite oxide (NO)
to form peroxynitrite, resulting in reduced bioavailability of NO. ® Reduced NO results
in increased vascular tone and increased oxygen consumption. % Decreased renal
oxygen tension along with reduced bioavailability of NO may increase free radical
damage in the tubulointerstitium. Chronic hyperglycemia may precipitate alterations in

the intra-renal blood flow regulation. &

In addition, chronic hyperglycemia increases
the lactate concentration in the renal medulla with decrease in pH, % which may
result in reduction of oxygen delivery to this region ®° and hamper the degradation of

hypoxia inducible factor-1 (HIF-1)

HIF-1 is one of the main molecular mediators enabling cell adaptation to hypoxia by
facilitating vasculogenesis, increased oxygen delivery as well as alteration of cell

%2 cell

metabolism. %' HIF-1 regulates pathways involved in glucose utilization,
proliferation and apoptosis, *® production of EPO, angiogenic growth factors, such as
vascular endothelial growth factor (VEGF), iron metabolism, cellular proliferation,
differentiation, and viability, pH regulation and extracellular matrix metabolism. % It
has been suggested that HIF-1 may regulate genes involved in fibrogenesis. A
deregulation of gene expression in response to hypoxia within the kidney may

contribute to the development of interstitial fibrosis. *°

Interstitial fibrosis may lead to local ischemia by impairing diffusion from the capillary

to the tubule. The juxtamedullary region and outer medulla are uniquely susceptible to
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hypoxia. The tubules in this region are normally in a borderline hypoxic state due to
the countercurrent circulation and high oxygen demands of the medullary thick
ascending tubules and the S3 segments of the proximal tubules % Hence, even
modest reductions in the renal blood flow may lead to worsening hypoxia in this

region. %

2.7 Abnormal Red Blood Cells in Diabetes

The life span of red blood cells is reduced in Diabetes Mellitus (DM). ¥ In animal
models, metabolic and functional abnormalities of red blood cells have been
described in diabetes and in presence of hyperglycemia. These abnormalities include,
increased sorbitol levels, *® decreased activity of Na/K-ATPase % and altered activity
of acetyl cholinesterase.'® Cell size and osmotic fragility is increased and there is
reduced filterability of red blood cells. Red cell membrane viscosity is increased in
hyperglycaemic subjects. Oxygen affinity is abnormal in the diabetic erythrocyte. %" Al

these factors may contribute to microvascular disturbances in DM (Figure.2.1)

2.8 Role of Anaemia in Diabetic Nephropathy

Patients with diabetic nephropathy have relatively greater degrees of anaemia than
non-diabetics with similar levels of renal impairment. '°" Erythropoietin (EPO)
deficiency anaemia with renal impairment occurs early in both type 1 and type 2 DM,
although the prevalence may be higher in type 1 DM."" Impaired function of EPO-
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producing fibroblasts is associated with interstitial fibrosis and a defect of
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"anaemia-sensing" mechanisms with autonomic neuropathy.'® At relatively normal
creatinine levels, efferent sympathetic denervation of the kidney may lead to the loss

of EPO appropriate production, thus contributing to EPO deficiency. '%*

t Advanced glycation end products T Endothelial Dysfunction

>
T Reactive Oxygen Species l Oxygen affinity in RBCs
»
* Free radical damage \ / } Renal Oxygen delivery
v

t Oxidative Stress } Lifespan of RBCs

— -
Diabetes Mellitus

| Renal Oxygen Tension . | 2 EPO Resistance

/
5 ; —
l Response to VEGF / ? Functional deficiency of EPO

v Bioavailability of Nitric Oxide l Degradation of HIF- 1

Figure 2.1 Microvascular Disturbances in Diabetes Mellitus

Patients with diabetes suffer from vascular dysfunction secondary to an impaired
ability to respond to tissue ischemia. Diabetes causes defects in both the endothelial
progenitor cell and peripheral tissue responses to hypoxia. % VEGF is an important
survival factor for endothelial cells in hypoxic environments. High glucose
concentrations regulate aspects of VEGF expression in some cell types, including

proximal tubular cells. Hyperglycemia blunts the VEGF response to hypoxia as seen
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in immortalized rat proximal tubular cells, an effect mediated by oxidative stress-
regulated hypoxia-inducible factor (HIF)/hypoxia-responsible element (HRE) pathway.
1% Hence ambient glucose levels may modulate the progression of chronic kidney

disease, especially diabetic nephropathy.

2.9 Early Tubular Proteinuria

Epithelial cells of the proximal tubule are major players in orchestrating events in the
tubulointerstitium in early diabetic nephropathy. Proteinuria may be a marker of
tubulointerstitial injury in early diabetic renal disease and result from an early
dysfunction of charge-dependent tubular reabsorption, which precedes loss of the

glomerular charge barrier. '’

In diabetic nephropathy, oxidant injury and renal tubular damage accompany and
may even precede microalbuminuria. % The post glomerular capillaries may be the
initial location of injury in DN. '® The presence of these abnormalities in the absence
of glomerular proteinuria favours the hypothesis that alterations first occur in the
peritubular microcirculation, which by causing oxidant injury and tubular damage may

initiate diabetic nephropathy.'®

2.10 Sodium Co-Transport and Glomerular Hyperfiltration

Glomerular filtration rate (GFR) is influenced by various factors including the renal

nerves, hormones, the size and condition of the glomerulus and tubulo-glomerular
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feedback (TGF) from the macula densa (MD) mediated by changes in sodium
chloride concentrations in this segment (MD[NaCl]). No single disturbance can affect
GFR without secondarily affecting the MD[NaCl] and vice versa. However, primary
vascular and tubular events that have the same effect on GFR will have contrary
effects on MD[NaCl]. If GFR increases due to a primary vascular effect then
MD[NaCl] must also increase. If GFR increases due to a tubular effect, then

MD[NaCl] must decrease.'™°

In animal models, with recent onset diabetes, increased sodium reabsorption in the
proximal tubule has been shown to reduce sodium concentrations at the macula
densa, which in turn elicited a tubulo-glomerular feedback-dependent increase in
single nephron GFR. """ Stimulation of tubular Na+/glucose co-transport by reducing
the tubulo-glomerular feedback signal at the macula densa may contribute to
glomerular hyperfiltration. This tends to compensate for the rise in fractional tubular
reabsorption to partly restore the electrolyte load to the distal nephron. "' Normal rats
adapt to changes in dietary NaCl primarily by adjusting sodium transport downstream
of the macula densa. In contrast, the presence of diabetes renders reabsorption in the
proximal tubule sensitive to dietary NaCl with subsequent effects on the TGF signal.

This helps to explain the paradoxical effect of dietary NaCl on GFR in early DM. ''2

Sodium retention occurs early in DM. Diabetics who are unable to compensate for
these early changes in sodium handling may be at greater risk of developing
hypertension and progressive nephropathy.’’® The absolute total tubular sodium
reabsorption in type 1 diabetics is increased by approximately 30-40 per cent, as is

the filtered sodium load. " Insulin and hyperglycemia both reduce renal sodium

43



excretion; the proximal tubule being the likely site of action for hyperglycemia, and the

distal portion of the nephron for insulin. '*°

Glucose is reabsorbed in the early portion of the proximal tubules coupled to Na+
transport, utilizing a common carrier protein. An increased load of glucose will
therefore be expected to induce an increase in the proximal reabsorption rate of
sodium and water, at least as long as the proximal tubular reabsorption capacity for
glucose is not exceeded to a degree, which might induce osmotic diuresis. This
deviation from normal in proximal renal sodium and fluid handling may be relevant to

the development of hypertension in long-term type 1 diabetes. ''*

It has been suggested that the primary event in diabetic glomerular hyperfiltration is
due to an increase in proximal tubular sodium reabsorption and changes in tubular
sodium handling most probably influence tubulo-glomerular feedback. ''® Sodium-
lithium counter-transport, which may reflect the activity of the Na-H pump, " is

altered in essential hypertension and may be a marker for DN. '8

The proximal tubule accounts for most of the increased kidney mass in early
diabetes.''® As the proximal tubule grows, it reabsorbs more, thus causing MD [NaCl]
to decline incrementally. As MD [NaCl] declines, GFR increases through the TGF
mechanism, while TGF resets upward through a slower macula densa mechanism.
20 The hyperglycaemic milieu, chronic tubulointerstitial hypoxia, sympathetic
denervation of kidney, disturbed renin angiotensin system (RAS) and resetting of

TGF, all promote glomerular hyperfiltration. Glomerular hyperfiltration results in
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increased workload on the surviving tubular cells and this in turn may lead to

functional tubular hypoxia through the overwork of tubular reabsorption process.

2.11 Vitamin D and Vitamin D Receptor

The proximal tubular epithelial cell is the site of hydroxylation of 25 hydroxyvitamin D
to 1, 25-dihydroxyvitamin D. Reduced serum levels of 1, 25-dihydroxyvitamin D occur
early in CKD. ' In a recent study of CKD patients in various stages, 13% of patients
with GFR > 80 ml/min were found to have low levels (<22pg/ml) of 1, 25-
dihydroxyvitamin D, whilst 12% of patients had high PTH levels (>65pm/dl). '#
Altered vitamin D metabolism has been demonstrated in animal models of diabetic
nephropathy with increased glomerular expression of vitamin D3 1alpha-hydroxylase,
vitamin D binding protein and calcium binding proteins like calbindins and calcyclin,

which are important in calcium metabolism. '23

The binding of 1, 25-dihydroxyvitamin D or calcitriol to the vitamin D nuclear receptor
(VDR) activates the VDR. The VDR has been found in more than 30 tissues including
the intestines, bone, kidney (glomerular podocytes, proximal and distal tubules,
collecting ducts), parathyroid gland, pancreatic B-cells, monocytes, T-cells,
keratinocytes and many cancer cells, '?* Earlier studies demonstrated the presence of

the VDR in cultured human mesangial cells. '*° 1,

25-dihydroxyvitamin D inhibits
proximal tubular epithelial cell proliferation in a dose-dependent manner. Diminished
local production of 1, 25-dihydroxyvitamin D by tubular epithelial cells in CKD may
facilitate interstitial fibrosis as a result of decreased inhibitory control of 1, 25-

dihydroxyvitamin D on renal cell proliferation. '2°
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Chronic hyperglycemia is associated with cytokine (NF-kB) activation induced renal
injury, enhanced production of fibronectin and collagen IV protein, which is blocked by
1, 25-dihydroxyvitamin D. '® It has been suggested that 1, 25-dihydroxyvitamin D is
protective in glomerular disease, particularly in conditions associated with excess
matrix production. '¥” Since adequate local concentrations of active vitamin D may be
required to maintain structural and functional integrity of renal parenchyma, lower
vitamin D levels may promote progression of CKD. This may lead to further

parenchymal damage, another feedback loop.

In vitro studies have demonstrated that the effect of 1, 25-dihydroxyvitamin D on renin
regulation is independent of serum calcium and PTH levels. '?® Vitamin D serves as a
down regulator of the RAS, directly and independently suppressing Renin gene
expression '?° The VDR is present in the tubular epithelial cells, and regulates many

functions in these cells in addition to its role in calcium homoeostasis.

Megalin, an endocytic receptor on the apical membranes of proximal tubule, is
involved in the reabsorption and metabolism of various proteins that have been
filtered by glomeruli. In the early stages following kidney injury, there is down-
regulation of Megalin in the renal tubular cells. Lower Megalin levels affect
endocytosis, which leads to decreased 25-hydroxyvitamin D reabsorption and

increased proteinuria. '*°
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2.12 The Hypoxic Tubular Hypothesis

Chronic hyperglycemia affects the renal interstitium in multiple ways (Figure. 2.2).
Recently, chronic hypoxia in the renal interstitium has been proposed as a common
mechanism for the progression of different types of renal diseases. ™' This
hypothesis, which emphasizes the role of chronic oxygen deprivation or hypoxia in
the tubulointerstitium as a common pathway in end-stage kidney injury, has been

supported by several studies. "% 1%

Chronic hypoxic milieu may play a dominant
pathogenetic role in DN as well, not only in promoting progression but also in the

initiation of the condition.

Hypoxia is a potent regulator of gene expression for a wide spectrum of molecules
including growth factors, hormones, vasoactive compounds and enzymes involved in
intermediary metabolism. ** Vasoactive compounds such as Angiotensin Il not only
constrict efferent arterioles but also, by inducing oxidative stress, hamper the efficient
utilization of oxygen in tubular cells. *® Reduced peritubular capillary flow and tubular
dysfunction in type 2 diabetes with normoalbuminuria has been reported.’®® Relative
hypoxia in the kidney also results from increased metabolic demand in tubular cells.
Furthermore, renal anaemia tends to hinder oxygen delivery. These factors may
affect the kidney even before the appearance of significant pathologic changes in the

vasculature and predispose to tubulointerstitial injury.
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Figure 2.2 Hypoxic Tubular Hypotheses

Diabetic status, microproteinuria with dysfunction of charge-dependent tubular
reabsorption prior to a loss of glomerular charge barrier, and hypoxia due to
insufficient blood supply may lead to apoptosis of the tubular cells. This is not seen in
the glomerular cells. This early tubular apoptosis may play a role in gradual loss of

® Initially, the remaining peritubular cells may have to work more in

renal mass. '
response to hypoxia, producing adequate or higher EPO levels to maintain adequate
haemoglobin levels. However, continuing adverse factors like chronic hypoxic milieu,
hyperglycemia, oxidant injury and endothelial dysfunction may lead to tubular fatigue,

resulting in increased tubular apoptosis. This may lead to loss of EPO producing

fibroblasts leading to low EPO levels.
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EPO degradation by endocytosis process in the EPO receptors is the dominant

mechanism of EPO removal from the body. '¥

EPO, following desialation in the
liver, may also be cleared by glomerular filtration; '*” especially when EPO receptors
are saturated. " The number of functional EPO receptors may be reduced due to
modulation by chronic hyperglycemia and tubular apoptosis. This together with

glomerular hyperfiltration may result in increased urinary EPO loss, lowering blood

levels, aggravating hypoxia, and initiating a detrimental cycle.

2.13 Erythropoietin levels in Diabetic Nephropathy

Diabetic nephropathy is associated with low EPO levels, '* functional EPO deficiency
"8 or a state of relative EPO resistance,* with reduced haemoglobin production that
further aggravates hypoxia. Theoretically, glycation of endogenous EPO might occur

1 with possible modification of EPO

analogously to glycation of apo-lipoproteins
receptors by glycation. '*> So even though the surviving peritubular cells may mount a
response to hypoxia by producing increased EPO, glycated EPO may bind
ineffectively to the EPO receptors. The initially increased EPO levels may lead to
down regulation of EPO receptors. This is akin to ‘starvation amidst plenty’ scenario

seen in insulin resistance. With increased tubular apoptosis, the number of EPO

receptors may decrease, further aggravating the hypoxic milieu.

One of the most potent causes of suboptimal response to EPO is chronic
inflammation. '*® This is associated with an increased production of cytokines, such
as tumour necrosis factor-n, interleukin-1, or interferon-1, '** which may suppress

erythrocyte stem cell proliferation. ' Although the synthesis of erythropoietin in
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response to renal anaemia appears to be reduced in diabetes beyond that seen in

1

other renal diseases, '*' patients with diabetes are still able to mount an appropriate

1

response to acute hypoxia, '° suggesting that the peritubular cells that produce

erythropoietin are not simply lost.

The changes due to damaged tubular cells lead to deranged sodium metabolism and
disturbances of the RAS system (angiotensin converting enzyme (ACE) causing
constriction of the efferent arteriole) contributing to hypertension and hyperfiltration in
an attempt to increase the perfusion of the kidney and meet the metabolic
requirement of the tubules. Hyperfiltration and hypertension increase the load on the
glomerular filter eventually leading to microalbuminuria and ultimately overt

proteinuria.

This sequence of events suggests that early diabetic nephropathy is essentially a
tubular disease, which is superseded by the glomerular component after the onset of
hyperfiltration. Diabetic status, low concentrations of 1, 25-dihydroxyvitamin D which
affects the structural and functional integrity of renal parenchyma, abnormalities of
RBCs, oxidative stress, sympathetic denervation of the kidney due to autonomic
neuropathy, diabetes induced tubular apoptosis, could all lead to hypoxia and
ultimately reduced number of functional tubular cells. The remaining tubular cells
react by producing more erythropoietin to meet the metabolic demand. With
continuing hypoxia, cellular exhaustion and early tubular proteinuria, the functional
tubular cells are unable to produce the required amount or there is inappropriately low
production of EPO. Along with low EPO levels some patients have been found to

have functional EPO deficiency leading to anaemia in established nephropathy.
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2.14 Potential Therapeutic Interventions

Various treatment modalities to ameliorate hypoxia of chronic renal disease are being
developed. Therapies targeting VEGF and HIF-1 are still in their infancy. In current
clinical practice, two agents, which appear to be promising in the therapy of early
diabetic nephropathy, are 1, 25-dihydroxyvitamin D and EPO._ 1, 25-dihydroxyvitamin
D is a trophic hormone and has many important functions including
immunomodulation, anti-proliferation and pro-differentiation as well as down-
regulation of RAS. There is a growing amount of experimental evidence that 1, 25-

dihydroxyvitamin D may also be reno-protective. '*°

EPO is a trophic hormone, which exerts its haematopoietic effects by stimulating the
proliferation of early erythroid precursors and the differentiation of later precursors of
the erythroid lineage '*” Mature endothelial cells also express EPO receptors '*® and
EPO induces a pro-angiogenic response in cultivated mature endothelial cells, as
evidenced by stimulation of endothelial cell proliferation, migration and endothelin-1

release. '*°

Early EPO administration in predialysis patients has been shown to slow the
progression of CKD, with a significant reduction in mortality and the need for renal
replacement therapy. '*° The beneficial effect was ascribed to increased erythrocyte
number, i.e. the haematopoietic effect of EPO. On the down side, an increased
haematocrit level could possibly contribute to elevated blood pressure and/or vascular

thrombosis. '°! Recent large multicentre trials such as CHOIR, ' CONSORT *® and
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CREATE '* have raised questions about the relationship between anaemia
correction and progression of renal disease. However, this review focuses on
exploring non-haemopoietic trophic properties of EPO, which may be achieved by
using low doses of EPO, which may be well below the required dose to elicit

haematopoietic response.

EPO has pleiotropic effects well beyond the maintenance of red blood cell mass. ™ It

has important cytoprotective effects, including protection from ischemic injury,

inhibition of apoptotic death-related pathways ™% '’

and cisplatin induced renal
injury.’® EPO has been recognized to be a multifunctional cytokine that plays a key
role in ischemic preconditioning in the brain and heart. ' In animal models, EPO has

been demonstrated to possess anti-oxidant and anti-inflammatory properties. '€

The non-haematopoietic pleiotropic effects of EPO have major implications.'® EPO
exhibits its pleiotropic effects by the activation of functional EPO receptor (EPOR) on

the tissue surface. '®

EPORs have been demonstrated throughout the kidney,
including both proximal and distal tubular cells '°* Also, EPO-producing fibroblast-like
interstitial cells are in direct contact with the basal aspects of proximal and distal
tubular cells. '® However, the affinity of EPOR to EPO is well below the normal
plasma EPO concentration, suggesting that these EPORs respond to the circulating
EPO in a paracrine fashion. '®* The anatomical relationship between EPO-secreting

cells, the intrarenal capillary network, and tubular and other renal cells could facilitate

endocrine and paracrine actions of EPO within the kidney. "%
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Administration of EPO promotes impressive reno-protection in experimental ischemic
and toxic acute renal failure. ' In vitro, primary cultures of human proximal tubule
cells have demonstrated significant degree of apoptosis in presence of hypoxia.'®®
Co-incubation of these hypoxic proximal tubule cells with EPO inhibited apoptosis,
enhanced tubular epithelial regeneration and hastened renal functional recovery.
Also, in experimental models, chronic low-dose therapy with EPO has shown to
confer vascular and tissue protection, lower blood pressure, preservation of renal
functions, and improved survival. '®” The anti-apoptotic and reno-protective effects of
EPO may be due to direct action of EPO on the EPO receptors in the kidney tissue.

These observations in animal models can be the basis for further studies in humans.

2.15 Conclusions

The pathogenesis of diabetic nephropathy is multifactorial. Clinical strategies revolve
around suppression of known ‘causes’ of progression by targeting hyperglycemia,
high blood pressure as well as the renin—angiotensin system (RAS). Although these
therapies slow the progression of CKD, the residual risk of these patients for both
renal and cardiovascular end points remains high; a significant number of patients
continue to have progressive deterioration of renal function. Chronic hypoxia in the
renal interstitium is widely recognised as an important element along with proteinuria

for the progression of chronic kidney disease.

In current clinical practice, EPO therapy is primarily indicated for treatment of

anaemia in EPO deficient individuals. Current practice also confines the role of 1, 25-
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dihydroxyvitamin D to its role in mineral metabolism. The trophic properties of EPO
and 1, 25-dihydroxyvitamin D have not been adequately explored. The available
evidence encourages us to study the relationship between early tubular proteinuria
and deficiencies of these hormones, and to explore their potential role in ameliorating

early hypoxic injury.

The following chapter discusses the consequence of EPO deficiency in patients with
DM. Even before any apparent EPO deficiency, chronic hyperglycemia may result in
generalised haematopoietic stress, which may promote early anaemia in DM. Chronic

anaemia may complicate the pre-existing vasculopathy in patients with DM.
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CHAPTER 3

A REVIEW OF ANAEMIA IN DIABETES MELLITUS
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A REVIEW OF ANAEMIA IN DIABETES MELLITUS

3.1 Introduction

Diabetes mellitus (DM) is a major risk factor for CVD ' and congestive heart failure
(CHF) ' with more than two-fold increased risk of cardiovascular mortality in patients
with diabetes. *® Majority of patients with diabetes, with or without end stage renal
disease (ESRD), die of CVD related causes. '"° Improved medical care and scientific
advances in treatment of patients with diabetes have helped to prolong their lifespan.
Ironically, increased survival potentially predisposes a patient with diabetes to long-
term vascular complications and consequent reductions in quality of life.*® Anaemia
may play an important role in the pathogenesis and progression of diabetic

complications. '

The pathogenesis of anaemia in chronic diseases is multifactorial. Anaemia has been
found to be a common association of, and an important potential contributant in, the
development and progression of diabetic complications. '’ Anaemia is also common
in chronic kidney disease (CKD) and an important risk factor for CVD ' and CHF.'"*
Although, anaemia is a modifiable risk factor, it's correction in patients with CKD is far

from optimal, though it is known that correction of anaemia significantly improves the

quality of life of patients with CKD, '”® and may help to arrest CKD progression. '’
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3.2 Prevalence of Anaemia

The World Health Organisation (WHO) defines anaemia as haemoglobin levels below
13 g/dl in males and 12 g/dl in females. '”” Chronic anaemia may impact adversely on
psychological and physical development, cognitive function and appetite, and
exercise tolerance. '® Common symptoms include easy fatigability, malaise,
dyspnoea and palpitations. Anaemia is traditionally classified on the basis of red cell
size and shape as normochromic normocytic, hypochromic microcytic and macrocytic
anaemia. Normocytic normochromic anaemia has been reported in subjects with

diabetes without significant renal failure. '’

3.3 Anaemia in Diabetes

Anaemia is commonly associated with diabetes. In a recent, cross sectional study, '”®
approximately a quarter of patients attending a diabetic clinic were found to be
anaemic. Anaemia is an independent risk factor for development and progression of
CKD. ™ It also contributes to the pathogenesis and progression of diabetic
retinopathy by aggravating hypoxic environment in the retinal blood vessels. '®

Patients with diabetes may be more vulnerable to the adverse effects of anaemia in

presence of cardiovascular disease and hypoxia-induced organ damage. '"®

The etiopathogenesis of anaemia in diabetes is multifactorial (Figure 3.1).
Erythropoietin (EPO) deficiency as a result of DN is the most important cause of
anaemia in patients with diabetes. '°' However, even before any functional or organic

deficiency of EPO is evident, several other factors, may contribute to the development
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of a chronic hypoxic milieu, promoting erythropoietic stress and potentiating the
genesis of early anaemia in diabetes. Also, low levels of testosterone, a common

finding in males with type 2 diabetes, may contribute to anaemia in these patients. '

3.4 Role of chronic inflammation

Studies of pro-inflammatory cytokines such as Interleukin —1, Tumour Necrosis
Factor-A and Interferon-gamma in the development of anaemia, in chronic disease
states, suggest an important role for these cytokines mediated through suppression
and apoptosis of erythroid progenitor cells. '®® Diabetes is a chronic inflammatory
state with increased levels of pro-inflammatory cytokines, even before the

development of renal impairment. '8

|Chronic Inflammation | Chronic Kidney Disease |

| Repeated Blood tests | | 1 Toxic Metabolites |
? Testosterone Deficiency\ /| l Stabilization of HIF 1 |

| 1 Systemic Blood loss | , Anaemia (2 EPO Resistance |
in

|l Renal Oxygen Ten3|on| Diabetes \ |l EPO Production |

|¢ Response to VEGF // \ | ? Impaired Erythropoiesis |

| Adverse effects of ACE/ARB | ? Functional Deficiency of EPO|

Figure 3.1 Contributing factors for Anaemia in Diabetes Mellitus
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3.5 Advanced Glycation End Products and Oxidative Stress

Increased production of advanced glycation end products (AGEs) has been
implicated in the genesis of microvascular complications in diabetes. '®° Increased
accumulation of these products may promote non-enzymatic glycation of red cell-
membrane glyco-proteins and hemoglobin and impaired erythrocyte deformability in
diabetes. '®® AGEs may also increase the level of oxidative stress in diabetes by
stimulating increased production of free oxygen radicals. '®” AGEs have been shown
to play a significant role in the pathogenesis and progression of DN '® and diabetic
neuropathy. '® Increased production of oxidative stress boosters such as reactive

oxygen species (ROS) may also have a role. '*°

ROS combines with nitrite oxide (NO) in the endothelium to form reactive oxygen
intermediates such as peroxynitrite, thus reducing the total bioavailability of NO. 8
This may lead to an increase in the vascular tone and increased oxygen expenditure.
8 A reduction in the renal oxygen tension along with impaired bioavailability of NO

may increase free radical damage in the renal tubulointerstitium.

Chronic hyperglycemia may give rise to alterations in the regulation of intra-renal

87

blood flow, which along with an increased lactate concentration in the renal

medulla, &

may result in reduced oxygen delivery to this region. % All these
perturbations promote a hypoxic milieu in the tubulointerstitium, potentially hampering
the functional ability of peritubular fibroblasts, which are primarily responsible for
hydroxylation of 25-hydroxyvitamin D to 1, 25-dihydroxyvitamin D and production of

EPO (see chapter 2).
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3.6 Haematinic Status

Diabetes may be associated with several metabolic derangements, which may

contribute to anaemia. Patients with diabetes have an increased prevalence of

191 192

chronic gastritis and H. Pylori infection, that may potentially influence
absorption of nutrients from the stomach. Some patients with type 1 DM may
harbour antibodies to parietal cells, which may increase their risk of developing iron
deficiency anaemia and atrophic gastritis. % A few may also have an associated

malabsorptive disorder like coeliac disease, hampering overall nutrient intake. '%*

Inadequate iron stores may result in decreased responsiveness to EPO action on
erythropoiesis. ' In clinical practice, iron deficiency is the commonest cause of

resistance to exogenous EPO. %

The prevalence of iron deficiency has been
reported to be higher in patients with diabetes than in non-diabetics. '*” Modulation of
transferrin receptors by glycation may impair their capacity to bind iron and potentially

reduce iron availability in diabetes. %

3.7 Adverse effects of Medications

Patients with type 2 DM often take multiple medications for control of diabetes and
other concomitant conditions. Metformin, one of the most commonly used oral anti-
diabetic agents has been associated with malabsorption leading to vitamin B'2

deficiency, '%°

potentially resulting in megaloblastic anaemia in susceptible
individuals. Glitazones may exacerbate anaemia, probably due to haemodilution

secondary to fluid retention. ?® Anti hypertensive medications such as Angiotensin
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converting enzyme Inhibitors (ACEI) and Angiotensin |l Receptor Blockers (ARBSs)

may adversely influence erythropoiesis and promote anaemia. !

3.8 Abnormalities of Erythrocytes

The life span of red blood cells (RBCs) may be decreased in DM. %" RBCs are
affected by various disturbances in the haematopoietic milieu, such as chronic
hyperglycemia and hyperosmolarity, elevated internal viscosity of RBCs, 2%
overactivity of the polyol pathway # and enhanced erythrocyte membrane rigidity due
to AGEs. 2 Several other metabolic and functional abnormalities of the RBCs have
been described in experimental models of diabetes, which include elevated sorbitol

levels, diminished Na/K-ATPase function *°

and modulated activity of acetyl
cholinesterase. '® There is an increase in the cell size, osmotic fragility and

membrane viscosity of the RBCs along with reduced filterability. 2**

Oxygen affinity is altered in the diabetic erythrocyte. ® These abnormalities may
contribute to oxidative stress in the diabetic erythrocyte and may modulate the
flexibility of the RBCs making them prone to trapping and sequestration in the
reticulo-endothelial system. '"? Diabetes has been associated with impaired red blood
cell deformability, a hemorheologic perturbation, promoting microvascular
complications and anaemia. A number of other studies have supported the role of
RBCs in the vascular damage associated with diabetic vasculopathy. 2°° All these
factors may contribute to microvascular disturbances and erythropoietic stress in

diabetes mellitus. (Figure 3. 2)
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Figure 3.2 Erythropoietic Stress in Diabetes Mellitus

3.9 Role of Diabetic Neuropathy

Diabetic neuropathy is one of the earliest microvascular complications seen in
patients with diabetes. Studies in experimental models of diabetes have suggested a
role for splanchnic denervation, secondary to autonomic neuropathy, leading to
blunted erythropoietin response to anaemia. Recently, a few small clinical studies
have reported similar findings, advocating a role for autonomic neuropathy in initiating
anaemia by alteration of the ‘anaemia sensing’ mechanisms. '** These studies, in
patients with type 1 DM, with neuropathy and normal creatinine, demonstrated low

circulating levels of EPO. Erythropoietin resistance or blunted response to
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endogenous EPO has been reported in diabetics with severe autonomic neuropathy
as compared to those without neuropathy. 2% At relatively normal creatinine levels,
efferent sympathetic denervation of the kidney may lead to the loss of appropriate

EPO production, and contribute to EPO deficiency. '%*

3.10 Role of Diabetic Nephropathy

DN is a long-term microvascular complication of diabetes. With increased life
expectancy of patients with diabetes, due to improved healthcare, DN has become
the most common cause of end-stage renal disease (ESRD) and renal anaemia in
developed countries. 2% Anaemia in non-diabetic CKD is normally not apparent before
the advent of moderate renal failure. 2°® Diabetic nephropathy is a major cause of
renal anaemia, resulting in low circulating EPO levels, which occur earlier in the
course of progressive DN, than in the course of CKD due to other causes.?® Patients
with diabetes are more anaemic than non-diabetics with similar degrees of renal

impairment. 1%’

3.11 Tubular proteinuria and Ischemia

Microalbuminuria is the first detectable clinical sign of an increased risk of DN.'®
However, early dysfunction of renal tubules, the primary site of EPO production, has
been reported in patients with diabetes before the onset of microalbuminuria.”

Increased urinary excretion of tubular injury markers such as N-acetyl-B-D-

glucosaminidase (NAG), a tubular enzyme, and Retinol Binding Protein (RBP) have
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been reported in type 1 2'° and type 2 DM, " which may imply disturbed function of

the renal tubules, well before the onset of microalbuminuria.

Glucose uptake by renal tubules is independent of insulin action. This renders the
tubules especially vulnerable to injury by chronic hyperglycemia. " Chronic
hyperglycemia may result in early tubular apoptosis, reducing the number of
functional tubular cells. '™® In addition, chronic hyperglycemia is associated with
increased production of AGEs, and polyols, and increased stimulation of protein
kinase C and angiotensin Il in the renal tubules. These changes may result in

vasoconstriction and tubular ischemia. &

Peritubular capillaries (PTCs) are vital for survival and functioning of tubular cells.
Chronic hyperglycemia coupled with renal vasoconstriction and the above-mentioned
cellular changes, in absence of adequate NO may adversely affect the survival of
PTCs. ®' Inadequate availability of NO may lead to an increased vascular tone and
enhanced oxygen uptake. ¥ Chronic hyperglycemia may thus compromise the
microcirculation in the renal interstitium. ® It also enhances lactate concentration in
the renal medulla, reducing pH, further hampering oxygen availability in the renal

interstitium. 88

Tubular and interstitial cells in the juxtamedullary region and outer medulla are, even
under normal conditions, in a state of relative hypoxia. This is a result of the
countercurrent exchange of oxygen within the vasa recta and high oxygen
consumption in the medullary thick ascending limb and the S3 segments of the
proximal tubules. 2'" The hypoxic milieu is a stimulus for production of mediators for

cellular adaptation to hypoxia such as Hypoxia Inducible Factor (HIF). HIF-1 is one of
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the major mediators of cell adaptation to hypoxia. HIF-1 manifests its effect by
promoting vasculogenesis, improving oxygen availability and modulation of cellular

metabolism. °'

In addition, HIF-1 influences pathways involved in glucose metabolism, % cellular
growth and apoptosis, > EPO production, vascular endothelial growth factor (VEGF)
production, iron metabolism, and extracellular matrix metabolism. * Hyperglycemia, in
a dose dependant fashion, impairs the stabilisation of HIF-1 against protease
degradation in the body. 2" HIF-1 may protect against fibrotic processes within the
kidney by influencing genes promoting fibrosis. Reduced HIF-1 action on these pro-
fibrotic genes due to inhibition of HIF-1 by hyperglycemia, may promote interstitial
fibrosis. ®' This may exacerbate local ischemia by inhibiting diffusion from the capillary

to the tubule.

3.12 Erythropoietin levels in Diabetes

Erythropoietin, a glycoprotein hormone is produced by the peritubular fibroblast in the
kidneys, and stimulates erythropoiesis in response to hypoxia. '® Erythropoietin
deficiency anaemia occurs early in patients with type 1 and type 2 DM, though the

' or resistance to

prevalence is greater in type 1 DM. A defect in ‘anaemia sensing’ ™
EPO action has been suggested as a probable mechanism of early onset anaemia in
type 1 DM and may be related to splanchnic denervation as a result of diabetic

autonomic neuropathy. 1%
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Erythropoietin is a multidimensional hormone, '*

its actions extending well beyond
erythropoiesis. '*° The extra-haemopoietic properties of EPO include cytoprotection
and inhibition of apoptotic death—related processes. 2'® It also has anti-oxidant and
anti-inflammatory properties. ' The extra-haemopoietic properties of EPO may have
major implications. 2'* EPO manifests its trophic properties by stimulation of the EPO
receptors (EPOR) on the tissue surface. '°' EPO receptors have been located

throughout the substance of the kidney, including on glomerular podocytes '*> and on

tubular cells. 2'®

Inadequate EPO response in diabetes may be due to low levels, '*° functional EPO

® and/or EPO resistance. ' Also, EPO may be ineffective due to

deficiency ’
modulation of erythropoietin receptors as a result of glycation. ' Absence of
adequate EPO action, may promote hypoxia as a result of low haemoglobin levels,
which in turn may initially stimulate EPO production by the surviving peritubular cells.
This, in the persisting hypoxic environment, might promote cellular fatigue and
exacerbate apoptosis. Unabated tubular apoptosis, as a result of chronic
hyperglycemia and interstitial fibrosis, would also cause a reduction in functional EPO

receptors. These processes may have a cumulative effect in precipitating early

anaemia in diabetes.

3.13 Correction of Anaemia

There is no clear consensus on the level of haemoglobin, which should trigger

217-219

investigation into the cause of anaemia. Most clinical guidelines suggest a cut-

off of 11.5 g/dl in a CKD patient. With no clinical data to support benefits of very high
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or normalised haemoglobin on survival, the optimum level of target haemoglobin is
still debated. ?° In view of this, National institute of clinical excellence (NICE)
guidelines recommend haemoglobin levels should be maintained between 10.5 and

12.5 g/dl. 27

Theoretically, correction of anaemia should be able to reverse the effects of anaemia.
However, there are conflicting reports on benefits of anaemia correction. Early EPO
administration in pre-dialysis patients with EPO deficiency anaemia has been
reported to alter CKD progression and reduce mortality. >° However, recent major
clinical trials such as CHOIR (Correction of Haemoglobin and Outcomes in Renal
Insufficiency), '®® and CREATE (Cardiovascular Risk Reduction by Early Anaemia

Treatment with Erythropoietin Beta), '>*

which were designed to look at the beneficial
aspects of correction of anaemia and the optimal haemoglobin levels, reported
increased mortality with higher levels of haemoglobin and no beneficial effect on
progression of renal disease. CHOIR, 2 and CREATE, '* studied CKD patients in

general, though a significant proportion had diabetes.

Currently, the TREAT (Trial to Reduce Cardiovascular Events with Aranesp Therapy)
study is being carried out to study the impact on mortality and nonfatal cardiovascular
events in patients with type 2 DM of anaemia correction to high (haemoglobin 13 g/dl)
and low (haemoglobin 9 g/dl) levels. ?*' Another multicentre study, ACORD (Anaemia

Correction in Diabetes), %2

is underway to study the effects of anaemia correction on
cardiac structure, function, and outcomes in patients with diabetes with anaemia and
early DN. The primary results from ACORD reported beneficial effects of anaemia

correction in prevention of progression of left ventricular hypertrophy in patients with
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diabetes. ?* On completion, TREAT and ACORD may provide us a better insight into

the benefits of anaemia correction in diabetes.

3.14 Conclusion

The effects of erythropoietic stress are a multidimensional occurrence in patients with
diabetes. It occurs early and plays an important role in the genesis of vasculopathy.
Erythropoietic stress, resulting from chronic hyperglycemia, may play a major role in
promoting hypoxic milieu, oxidative stress, hampering nutritional support, impairing
the functioning of “stress busters”, contributing to sympathetic denervation and thus

precipitating anaemia early in the course of the disease.

Factors promoting erythropoietic stress in diabetes include chronic hyperglycemia,
increased production of AGEs, elevated levels of free radicals, increased oxidative
stress, reduced NO production, decreased stabilization of HIF-1, enhanced
endothelial dysfunction, and abnormal erythrocyte morphology and function. Chronic
inflammation, abnormal haematinic absorption and adverse effects of drugs, may

worsen haematopoietic stress.

Erythropoietic stress coupled with chronic hyperglycemia may play an important role
in obliterating peritubular capillaries, hampering nutrition of the tubulointerstitium,
promoting hypoxia and early tubular damage, and resulting in tubular dysfunction
and/or tubular apoptosis. Surviving tubular cells may have to work ‘overtime’ to

produce enough EPO to maintain adequate haemoglobin levels. However, the
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increased workload, in presence of chronic hypoxia may prove counter-productive,
and result in further loss of tubular cells; thus setting up a vicious cycle and leading to

EPO deficiency and anaemia.

Diabetic vasculopathy and endothelial dysfunction, occurring as a result of
erythropoietic stress, may modulate the vascular system, and in absence of adequate
repair processes, may impair the tone and flexibility of the blood vessels. By the time
a patient with diabetes develops EPO deficiency anaemia; the blood vessels may be

badly damaged, with poor tone and reduced flexibility.

Correction of anaemia with EPO leads to an increased haematocrit level, however,
the damaged blood vessels with reduced tensile strength, may not be able to
accommodate the elevated erythrocyte numbers. EPO therapy must be used
cautiously in patients with CHF and ischemic heart disease on haemodialysis since
these patients are at an increased risk due to widespread vasculopathy. Aiming for
very high haematocrit levels, may lead to elevated blood pressure and/or vascular

thrombosis, known complications of EPO therapy. ™'

The results of TREAT and ACORD are awaited; and in absence of clear guidelines on
anaemia management, it would be fairly reasonable to aim to maintain the
haemoglobin levels between 10.5 and 12.5 g/dl as recommended by NICE.?"" The
results of ACORD and TREAT may also provide a better understanding of the role of
anaemia in the progression of vasculopathy in DM. The ACORD study, if positive,

may potentially open the way for trying low dose EPO supplementation, in DM
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patients with EPO deficiency, to prevent the progression of DN. Similarly, positive
indications from TREAT study may brighten the prospects of use EPO in prevention

of progression of CVD.

Along with the promotion of haematopoietic stress milieu resulting in anaemia,
chronic hyperglycemia also promotes vascular damage by several mechanisms. The
previous two chapters discussed the role of chronic hyperglycemia in promoting
anaemia and microvasculopathy (DN). The following chapter discusses the role of
chronic hyperglycemia in the pathogenesis of macrovascular disease and vascular

calcification.
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CHAPTER 4

VASCULAR CALCIFICATION IN DIABETIC MACROVASCULOPATHY
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VASCULAR CALCIFICATION IN DIABETIC MACROVASCULOPATHY

4.1 Introduction

Macrovascular complications of diabetes mellitus (DM) such as cardiovascular
disease (CVD) and peripheral vascular disease (PVD) are the leading cause of
increased mortality ?*® and morbidity ?** respectively, in these patients. The
pathogenesis of macrovasculopathy in DM is multifactorial and not completely
understood. ?** The pathogenetic processes for macrovasculopathy are different in

1 %° and type 2 DM %7 due to different aetiologies of these two conditions. The

type
pathogenetic processes in these two categories may have a common beginning in
generalised endothelial dysfunction followed by atherosclerosis and vascular
calcification (VC). However, there may be an overlap of the last two stages.
Macrovasculopathy in DM is associated with structural and functional modulation of
the vasculature, resulting in reduced tone and flexibility. In the long run, with onset of

VC, these changes contribute to the development and progression of CVD in these

patients. #%

The process of VC incorporates the laying down of calcium phosphate material,
usually in the form of hydroxyapatite in the vessel wall. VC may be localized as
manifested in an atherosclerotic plaque or it may be generalized as seen in medial
arterial calcification (MAC). Usually it is a mixed picture with simultaneous presence
of both types of calcification. MAC, though traditionally associated with the ageing
process, is a characteristic feature of VC in DM. MAC refers to concentric calcification

and stiffening of the elastic layer of the arterial wall, however, in contrast to the
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eccentric intimal arterial calcification, as seen in atherosclerosis; MAC does not

occlude the arterial lumen. 22°

MAC is also seen in advanced renal failure with abnormal mineral metabolism.
However, MAC may manifest with normal serum calcium and phosphate levels in
patients with DM. ?*° The pathogenesis of MAC is multifactorial and poorly
understood. Vascular calcification is a huge area of research. This concise review will
discuss the plausible role of i) endothelial cell dysfunction in genesis of vasculopathy
in type 1 and type 2 DM ii) Renin Angiotensin System (RAS) and various contributory
factors in the blood in the progression of vasculopathy iii) OPG/RANKL/TRAIL axis in

the genesis and progression of MAC in DM.

4.2 Normal Endothelium

The endothelium is a layer of endothelial cells (EC) lining the internal lumen of the
blood vessels and serves as a biological barrier between the blood and vascular
smooth muscle cells (VSMC). 3! The physiological actions of EC include modulation
of vascular tone (vasoconstriction and vasodilation), haemostasis, regulation of
growth and differentiation of VSMC and modulation of inflammation in the
vasculature. #*2 In addition, EC also contributes to mitogenesis, angiogenesis,
vascular permeability and fluid balance. ?** EC modulates the vascular tone by
regulating the release of vasodilators such as nitric oxide (NO) and endothelium-
derived hyperpolarizing factor (EDHF) and vasoconstrictors such as Endothelin-1,
236

Prostaglandin H,, ?** Reactive oxygen species (ROS), ?** Angiotensin Il (ANG 1)

and Thromboxane A, 2%’
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EC plays a primary role in haemostasis by maintaining a balance between the
processes of coagulation and fibrinolysis in the vascular milieu. This function is
carried out by four distinct but interrelated mechanisms such as modulation of
procoagulant pathways, suppression of procoagulant proteins, modulation of
fibrinolysis by regulating the production of various substances such as tissue factor

238

inhibitor, von Willebrand (VWF), fibrinogen, plasminogen activator (PA) and

239

plasminogen activator inhibitors (PAI-1, PAI-2) and modulation of thrombus

formation by regulating production of compounds such as Thromboxane A, (platelet

proaggregator) and prostacyclin (platelet antiaggregator). #*°

Due to its close proximity, the EC is an important mediator of growth and
differentiation of the VSMC. The vascular remodelling is carried out primarily by EC
regulation of growth factors. Insulin like growth factor 1 (IGF-1) and platelet-derived
growth factor (PDGF) prevent apoptosis of VSMC and hence are important for VSMC
survival. #*' Fibroblast growth factor, ANG Il and transforming growth factor-beta
(TGF-B) are other potent growth factors for VSMC. ANG Il and TGF-B activate both
proliferative and antiproliferative pathways and hence have bifunctional effects on

VSMC growth. 242

The EC expresses a range of adhesion molecules on its surface to facilitate cell-to-
cell interaction with circulating polymorphonuclear leukocytes. Some of these
adhesion molecules are derived from the immunoglobulin superfamily - the
intercellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1
(VCAM-1), ?*® while the selectins (E-, P- and L-selectin) are the other important

group. ?** The EC regulates the dissociation of leukocytes from the vascular bed by
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5

modulating the expression of adhesion molecules ?*° and control of NO release from

its surface. 2*¢ EC also regulates platelet adhesion by NO release. 2’

4.3 Endothelial Cell Dysfunction

The pathogenesis of endothelial cell dysfunction (ECD) is not completely understood
and may involve multiple mechanisms. There is no single definition of ECD. Broadly,
ECD may be defined as deviation or incapacity of the EC to regulate some or all its
functions. ECD may result in an imbalance of i) vascular relaxing and contracting
factors ii) procoagulant and anticoagulant mediators iii) vascular growth-inhibiting and
growth-promoting substances. ECD may lead to various patho-physiological
complications such as enhanced expression of adhesion molecules 2*® resulting in
increased leukocyte-EC adhesions, 2*° promotion of procoagulant state as a result of

250

increased activation of platelets and clotting factors, and finally, impaired NO

release as a result of ECD may lead to defective modulation of vascular growth and

remodeling in the vessel wall. '

There is no definitive marker of ECD. However, ECD is determined on observations
of surrogate markers of ECD such as estimation of flow-mediated vasodilation
subsequent to transient ischemia 2 and evaluation of vessel resistance in small or
big arteries to physiological stimuli. 2** These two measurements are employed to
broadly assess the NO release capacity of the EC in response to various stimuli. The
other indirect estimates of ECD are assessment of i) of vascular permeability of
macromolecules, #* levels of vasoactive (vasoconstrictors/vasodilators) factors, 2°°

prothrombotic/procoagulant activity, 2 and inflammatory markers such as adhesion
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molecules (VCAM-1, ICAM-1, and E-selectin), 2’ cytokines [interleukin (IL)-1beta, IL-

6, and tumor necrosis factor-alpha (TNF-alpha)] ?°® and C reactive protein (CRP). #°

4.4 ECD in Type 1 DM

The current literature is inconclusive about the pathogenesis of ECD in type 1 DM.
Although, type 1 DM patients with poor glycemic control may demonstrate features of
ECD, 2 features ECD may be absent in uncomplicated type 1 DM patients with good
glycemic control. %' However, type 1 patients may manifest some features of ECD,
later in the course of the disease, before the onset of microalbuminuria (MA). %2 MA
is considered as a marker of extensive ECD and an independent risk factor for
atherosclerosis, CVD, and premature mortality due to CVD in patients with
hypertension and type 1 and type 2 DM. 2*® However, there may be a subset of
‘resistant’ type 1 DM patients who may have no ECD despite having MA, 2®* giving
rise to the speculation that although diabetic state may predispose to the

development of ECD, it may not be sufficient to cause it.

4.5 ECD in Type 2 DM

The pathogenesis of ECD in type 2 DM is multifactorial (Figure 4.1). Type 2 DM
develops in the background of an array of risk factors such as obesity, glucose
intolerance, hypertension, dyslipidemia, hyperinsulinemia, insulin resistance (IR) and
elevated inflammatory markers, collectively termed as metabolic syndrome. All the

components of metabolic syndrome may potentially promote ECD. ?*° Individuals at
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risk of type 2 DM have been demonstrated to have higher levels of biochemical
markers of ECD such as ET-1, VWF, ICAM, VCAM with normoglycaemia, 2¢

suggesting that ECD may well precede the development of type 2 DM. %7

Insulin may modulate ET-1 release #°® and also has a vasodilatory effect on the
skeletal muscle vasculature by promoting synthesis/release of NO from the EC. ?*° IR
is one of the major components in the pathophysiology of ECD in type 2 DM. ?° IR
may lead to functional insulin deficiency and elevated levels of lipids and glucose in
the vasculature. All these factors may contribute to impaired NO production, #’' and
potentially impair the vasodilatory action of EC. Whether ECD leads to IR or vice

versa is still debated. 272

INITIATION FACTORS PROGRESSION FACTORS

Obesity Hyperglycemia

Elevated Angiotensin Il

Glucose Intolerance

Oxidative Stress

Hypertension Endothelial
Cell
Dyslipidemia Dysfunction Abnormal Platelets

Hyperinsulinemia Abnormal Leucocytes

Insulin Resistance Advanced Glycation End products

Elevated Inflammatory Markers Cytokine Dysfunction

Figure 4.1 Endothelial Cell Dysfunction in Type 2 Diabetes Mellitus
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4.6 Renin Angiotensin System in ECD

RAS inhibition reduces cardiovascular risk in patients with DM, suggesting an
important role of RAS in diabetic macrovasculopathy. 2”® ANG I, the active, central
metabolite of RAS, has multiple actions throughout the cardiovascular system such
as promoting vasoconstriction, cardiac hypertrophy, VSMC proliferation, and
generation of ROS. #’* RAS inhibition by angiotensin converting enzyme inhibitors
may reverse ECD, thus pointing towards the potential role of RAS dysfunction in the

pathogenesis of ECD. 2°

4.7 Effects of Chronic Hyperglycemia

Hyperglycemia may modulate several aspects of EC through activation of various
biochemical pathways (sorbitol, diacylglycerol/protein kinase C, hexosamine) of
glucose metabolism. 2*2 The transport of glucose across EC is insulin independent,
which may make the EC potentially susceptible to the adverse effects of
hyperglycemia due to prolonged direct exposure. Chronic hyperglycemia may

modulate several aspect of EC function such as promotion of a procoagulant state

276

(elevated PAI-1 and reduced fibrinolytic activity), 2’® increased blood viscosity, 2’/

enhanced production of basement membrane components (collagen type IV and

278 279

fibronectin), increased EC and VSMC proliferation, elevated inflammatory

280

markers (haptoglobin, C-reactive protein and alpha-1 acid glycoprotein), < enhanced

adhesion molecule expression 2" and apoptosis of EC. %
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4.8 Role of Advanced Glycation End Products

Advanced glycation end products AGEs are a heterogenous group of end product
substances derived from nonenzymatic glycation of proteins, lipids, and nucleic acids.
In DM there is increased production and accumulation AGEs along with increased
expression of the receptor for AGEs (RAGE) on the EC. ?*® AGEs can potentially
promote atherosclerosis by modulation of extracellular matrix expression (type | and
type IV collagen) and oxidation of low density lipid cholesterol particles. 2** Excessive
AGEs accumulation promotes ECD by increasing endothelial permeability, altered
coagulant properties (down regulation of anticoagulant endothelial cofactor

285

thrombomodulin and expression of procoagulant cofactor tissue factor) and

production of Endothelin-1. 286 AGEs also promote increased cellular proliferation and

expression of fibronectin in the VSMC through activation of TGF-B. 2’

4.9 Role of Oxidative stress

Oxidative stress plays an important role in the pathogenesis and progression of
vascular complications of DM. ¥ AGEs promote oxidative stress by increased

production of ROS %8

and enhanced depletion of oxidative stress busters (glutathione
and ascorbic acid). 28 AGEs quench NO and reduce its bioavailability in the EC
milieu. 2*° In addition, ROS impairs NO bioavailability by interacting with NO to form

intermediate molecules such as peroxynitrite. # Oxidative stress promotes ECD by

increasing vascular permeability and increased adhesion of leucocytes. 2’
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4.10 Role of Platelets

The normal function of platelets is hampered as a result of chronic hyperglycemia
leading to decreased production of NO and Prostacyclin, reduced antioxidant and
platelet vitamin C levels, increased aggregability and adhesiveness, enhanced
platelet production, and increased production of Thromboxane A,. Platelets in
diabetes are at an increased risk of damage due to reduced membrane fluidity,
altered mineral metabolism of calcium and magnesium in the platelet cell membrane

and elevated fibrinogen levels. 2%

4.11 Role of Leucocytes

The filterability and deformability of polymorphonuclear leukocytes is reduced in
diabetes. #*® Also, there is an increased expression of receptors for fibronectin, a
plasma protein. This leads to increased adhesiveness of monocytes to fibronectin in
diabetes. In addition, monocytes have increased pro-coagulant activity. 2** These
changes may result in reduced leukocyte deformability and impaired microcirculation,
resulting in aggravation of flow disturbances in the vessel wall, and potentially

contributing to vasculopathy in diabetes. #*°

4.12 Role of Dyslipidemia

Abnormally elevated total cholesterol, LDL cholesterol and triglycerides and low HDL

levels characterize dyslipidemia in DM. There is an increased oxidation of LDL
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particles by AGE in the vasculature. Oxidized LDL particles are toxic to the EC and
increased accumulation of these particles may promote ECD and eventually
atherosclerosis in the vasculature by i) enhancing monocyte attachment to EC ii)
contributing to Macrophage and Foam cell formation iii) and reduced NO levels by

decreasing NO synthase availability. #%°

4.13 Role of Cytokine Activation

DM is characterized by chronic low-grade inflammation with enhanced activation of
cytokines (TNF cytokine family) and growth factors (TGF-B, PDGF, epidermal growth
factor and vascular endothelial growth factor). 2 On activation, TNF-o. may promote
ECD by i) reducing the bioavailability of NO i) increasing oxidative stress by
generation of free radicals iii) increased expression of adhesion molecules on EC and
modulation of the lipid metabolism. 2’ In addition, modulation of extended TNF family
members such as Osteoprotegerin (OPG), receptor activator of nuclear factor kappa
B ligand (RANKL) and TNF- related apoptosis inducing ligand (TRAIL) may play a key

role in the pathogenesis of vascular calcification in the background of ECD.

4.14 Endothelial Cell Dysfunction and Calcification

ECD is an independent marker and a key early step in the pathogenesis of vascular
disease and accelerated atherosclerosis in DM. ?®® In non-diabetics, ECD promotes
atherosclerosis by facilitating i) thrombogenic milieu with fibrin and platelet adhesion

on its surface ii) deposition of oxidized lipid particles iii) adhesion of inflammatory
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macrophage and T cells, leading to atherosclerotic plaque formation in the intimal
layer of the blood vessels and finally calcification of the intima, also termed as intimal
vascular calcification 2°° In patients with DM, atherosclerotic changes are seen in the
intima and the media, with more pronounced medial sclerotic changes and termed as

MAC or Ménckeberg’s sclerosis (Figure 4.2). 2%

PROMOTERS INHIBITORS
Hyperglycemia Inorganic Pyrophosphate

Endothelial Cell Dysfunction Matrix Gla Protein

Endothelin-1 Fetuin A

Medial

Arterial Osteopontin

Alkaline Phosphatase
Calcification

Bone Morphogenic Protein Osteocalcin

Transforming Growth Factor-? E High density lipoprotein

RANKL Osteoprotegerin

Figure 4.2 Regulators of Medial Arterial Calcification in Diabetes Mellitus

4.15 OPG/TRAIL Axis

Patients with DM have greater atheroma burden, extensive atherosclerosis, impaired
compensatory remodelling, enhanced plaque progression, reduced lumen size with

no difference in the external elastic layer as compared with non diabetics. **° MAC
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leads to stiffening of the elastic layer in the arterial wall and is seen more commonly
in the elderly general population and patients with DM. ?*® MAC is an important
predictor of CVD and occurs independent of atherosclerosis in DM. **' OPG and
TRAIL have been detected in calcified regions of atherosclerosis and MS along with
enhanced apoptosis, suggesting a significant role for the regulators of bone

metabolism in the pathogenesis of MAC in patients with DM. 3%

4.16 Regulators of Calcification

Traditionally, VC has been assumed to be a process of passive relocalisation of
calcium from bone to the vasculature. However, it is now perceived to be a complex
interaction between inhibitors and promoters of VC. These regulators act in concert to
inhibit or promote VC. In the normal vascular milieu, a diverse group of regulatory
factors such as inorganic pyrophosphate (PPi), matrix Gla protein (MGP), Fetuin,
osteopontin and OPG overwhelmingly inhibit the process of VC. However, in
phenotypically altered vascular milieu, this defence mechanism may be weakened,
making the vascular milieu susceptible to the actions of promoters of VC such as
glucotoxicity, endothelin-1, alkaline phosphatase (ALP), bone morphogenetic protein

(BMP)-2, BMP-4, TGF-B and RANKL. 3%

4.17 Pathogenesis of Calcification

Vascular EC activation as a response to inflammatory stimuli is a key step in the

transformation of the EC from a quiescent barrier to a dynamic state. 3** EC plays a
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key role in bone development and remodeling by modulating formation and activity of
Osteoclasts. In addition, EC orchestrates the inflammatory response and immune
mediated mechanisms in various vascular diseases such as vascular calcification. *°°
The evidence for TRAIL induced apoptosis in a normal EC is contradictory. However,
TRAIL may activate the process of apoptosis in the EC when its phenotype is altered.
304 EC apoptosis as a result of prolonged ECD or other factors (Figure. 1), may
compromise with the continuity of the endothelial barrier and expose the VSMC to the

hazards of hyperglycemia and cytokine action.

4.18 VSMC Dysfunction and Apoptosis

The VSMCs are multi-lineage cells and have an enormous ability to undergo
phenotypic transformation. A subset of VSMC also termed as calcifying vascular cells
(CVC) can potentially express chondrogenic, leiomyogenic and stromogenic
(osteoblast) markers on activation. **® Glucotoxicity and oxidative stress as a result of
chronic hyperglycemia may play an important role in activation and transformation of
CVC into osteoblast-like cells, 3® which produces hydroxyapatite mineral for VC .
TRAIL induced apoptosis of EC and VSMC cells serve as nidus or matrix for initiation

of VC. 302

4.19 Calcification Cascade Activation

In the background of hyperglycemia and oxidative stress, apoptosis of vascular cells

(EC and VSMC) may be a trigger for TNF-a to induce the production of BMP-2 from
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surviving ECs. %" BMP-2, a potent osteoblastic differentiation factor, in conjunction
with TNF-a, galvanizes the osteo/chondrogenic cascade by activating the homeobox
homolog (Msx2) and Wnt signalling pathways. These signals are expressed
concentrically in the medial arterial layer through the vasa vasorum. %8 The activation
of these pathways results in mobilization of osteogenic enzymes and matrix proteins

to facilitate calcium phosphate mineral deposition. 3%

4.20 Calcification of Elastic laminae

The deposition of calcium material in the vicinity of elastin fibres in the medial arterial
layer adversely modulates the elastin matrix metabolism, resulting in reduced
expression of major elastic fibore components such as tropoelastin, fibrillin-1, elastin-
related enzyme and lysyl oxidase. In addition, it may result in reduced formation of
new elastic fibres and increased vascular stiffness. 3'° The process of calcium
deposition starts in lipid vesicles located along and between the elastic fibres of the

elastic laminae.

4.21 Initiation of Calcification

Inorganic phosphate (PPi) is a direct and powerful inhibitor of hydroxyapatite
formation in vitro and PPi inhibition is a critical step in the initiation of VC. 2%° Elevated
levels of ALP degrade and inactivate tissue PPi, and helps in mobilising calcium and
phosphate ions to the site of VC initiation. The up-regulation of ALP activity is

mediated by TNF-o and BMP 2.3% The calcification process in MAC is similar to the
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intra-membranous bone formation. 2% With the activation of the osteo/chondrogenic
pathways, chondrocytes produce a layer of cartilage, which, on maturing,
degenerates. The CVC differentiated osteoblasts may now supersede and generate a
layer of bone matrix on the existing cartilaginous base. *'' This mineralised matrix
may be subsequently replaced by osteoid, and with osteoblast and osteoclast action,

remodelled into mature bone, as in endochondral ossification. '2

4.22 Role of Calcification Regulators

The interaction of inhibitors and promoters of VC is complex and the underlying
mechanisms are being unravelled. VC may be termed as failure of the inhibitory
mechanism in the background of various metabolic and cytokine insults. However, the
process is not straightforward and there are checks and balances with attempts at
various stages, by the inhibitors, to influence the process of VC by countering the
effects of promoters. PPi is a by-product of intracellular enzymatic reactions and is
produced by several cells in the body including VSMC. ?*° It is responsible for
stabilization of the VSMC and a reduction in PPi levels may render the VSMC

susceptible to osteo/chondrogenic trans-differentiation. *'

The VSMC also produce MGP, calcium binding matrix protein, which inhibits the
process of VC by blocking the production of ALP by antagonising BMP-2 and binding
to matrix elastin. *® TGF-B facilitates VC by mineralization of extracellular matrix in
the vessel wall. Fetuin, a glycoprotein released by liver, is a potent inhibitor of VC and
it manifests its effects by blocking the action of profibrotic TGF-beta and BMP-2. 3

The trans-differentiated osteoblast like cells, from the CVC, expresses several bone
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matrix regulatory factors such as alkaline phosphatase, collagen type |, bone

sialoprotein, osteocalcin, osteonectin and osteopontin, akin to osteogenesis. 3'°

Osteopontin, a potent inhibitor of VC is normally not present in the non-diseased
vasculature. However, it has been localized in mineralized matrix in VC, pointing
towards its role of inhibitor of VC, in the advanced stages. *'" The precise mechanism
of actions of other suggested regulators of VC such as bone sialoprotein, osteocalcin
and osteonectin is still elusive. All the above-mentioned inhibitors seem to become
activated after the initiation of VC with matrix formation in the vascular apoptotic cells,
however, OPG seems to be the foremost inhibitor in this sequence and it is

expressed by the ECs, in response to ECD and TRAIL induced apoptosis. 3%

4.23 OPG/RANKL and Calcification

OPG and RANKL are key regulators of bone metabolism and vascular disease and
OPG/RANKL/TRAIL axis plays an important role in the osteogenic modulation of
vasculature in DM. % OPG/RANKL system is a relatively new avenue in
understanding of the connection between the bone milieu and the vasculature. A
huge amount of research is underway to explore the role of this system and to
untangle the intricacies of the cell-to-cell talk between the bone and blood milieu. The
precise metabolism and clearance of OPG/RANKL in the body is still obscure. In
addition, there is little information on the biological variation of these regulators as
well as their modulators such as PTH and 1, 25-dihydroxyvitamin D in the healthy

population.
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OPG is produced by a diverse range of tissues including ECs and VSMCs, with high
levels in aortic and renal arteries. In contrast, RANKL is frequently not detectable in
normal vasculature. 3'® OPG has indirect anti-apoptotic and protective effects on the
EC by serving as a decoy receptor for TRAIL and minimising its effect on ECs. *' In
the bone milieu, RANKL functions as a major osteoclast maturation factor, promoting
osteoclast activity and bone resorption, whereas OPG undermines the action of

RANKL by acting as a soluble decoy receptor for RANKL, thus diminishing its effects.

318 RANKL promotes calcification in the vessel wall, whilst OPG protects against it. 3

High OPG levels, as seen in ECD, ®'° may be a compensatory mechanism by the EC
to protect against TRAIL induced apoptosis and in this regard, high OPG may be a
survival factor for EC. ®'” The localisation of OPG/RANKL in MAC and atherosclerotic
calcification points towards their active role and association in these processes. 3% As
mentioned above, the process of inhibition of VC is very tightly controlled in the body.
Although, in the background of EC and VSMC apoptosis, the process of VC may be
initiated, however, the overwhelming response of VC inhibitors at various stages of
VC suggests that the vascular cells (EC and VSMC) do not concede easily in face of

various metabolic and inflammatory insults.

Despite adverse metabolic milieu, in the stage of ECD, these vascular cells may
respond by over expression of OPG, which serves as a survival factor for these cells
by blunting the action of TRAIL, through binding of its receptor on EC. 3! In addition,
the over expression of OPG by the vascular cells may continue through the process
of VC and in fact, the levels may increase further, in response to need, by

simultaneous production of OPG by the newly differentiated osteoblast-like cells from
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the CVC. The additional OPG expression from the osteoblast-like cells may be
required to counter the VC promoting action of RANKL, which may now be expressed

at the site of new bone formation in the vessel wall. 3'?

High OPG levels are reported to have a positive correlation with inflammatory
markers (CRP, IL-6 and fibrinogen), HbAlc and insulin resistance. *° OPG
expression by the vascular cells seems to be one of the most important protective
mechanisms to prevent VC and thus MAC, in the vessel wall. However, in the context
of an unabated adverse environment in form of hyperglycemia, ongoing oxidative
stress and an activated cytokine network may facilitate the calcification process by
supporting the promoters of VC. To counter the progressive calcification, the
osteoblast-like cells and the vascular cells in the vicinity of the matrix may boost OPG
production. This process of inhibition and promotion may be progressive and continue

till formation of bone like tissue in the vessel wall.

4.24 Conclusions

ECD is the primary event in the initiation of vasculopathy in DM. The
etiopathogenesis of ECD is different in type 1 and type 2 DM. It may precede the
onset of type 2 DM and some features of ECD may be seen in uncontrolled type 1
DM. The blood milieu in DM with chronic hyperglycemia, enhanced AGE production,
oxidative stress, abnormal leucocytes and platelets, activation of renin-angiotensin
system and enhanced inflammatory status with overactive cytokine network may all
contribute to the progression of vasculopathy. The EC cells may be susceptible to

cellular apoptosis as a result of chronic hyperglycemia and/or TRAIL activity.
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The ECs attempt to protect themselves with increased expression of OPG to counter
TRAIL action. However, in the event of overwhelming metabolic insults, the
calcification inhibiting defence mechanism may be weakened and this may favour the
promoters of VC, which in turn may initiate the process of VC. Vascular cell apoptosis
may serve as nidus for matrix formation for VC initiation. However, this process may
not be one of easily ‘give way’ but involve a continuous interplay of various inhibitors
and promoters of VC. In addition to other factors and regulators, OPG plays a major
role in modulating the response of EC and VSMC to the onslaught of VC promoters;

right from the stage of ECD to MAC.

The enhanced atherosclerotic burden in DM coupled with stiffened elastic layer due to
MAC may lead to reduced arterial lumen, seen in these patients. In the long run,
decreased arterial lumen along with hyperglycemia, hypertension, increased arterial
stiffness, impaired remodelling, oxidative stress, dyslipidemia, abnormal leucocytes
and platelets may promote a hypoxic vascular milieu and promote ischemic injury in

the cardiac muscle, leading to infarction and death.

An estimation of OPG levels in patients with DM may provide an insight into the
status of mineral metabolism and vasculature in these patients. This may help to pick
up patients who are at risk of VC and provide an opportunity for timely interventional
therapy to slow and/or prevent the progression of VC in these patients. Vascular
calcification is an important component of diabetic macrovasculopathy. The following
chapter summarises the current understanding of various factors, which may
potentially contribute to the pathogenesis and progression of micro and

macrovasculopathy in patients with DM.
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CHAPTER 5

AN OVERVIEW OF DIABETIC VASCULOPATHY
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AN OVERVIEW OF DIABETIC VASCULOPATHY

5.1 Introduction

Diabetic Vasculopathy (DV) is a broad subject comprising microvascular
complications of Diabetes Mellitus (DM) such as diabetic neuropathy, diabetic
nephropathy (DN), diabetic retinopathy and macrovascular complications of DM such
as cardiovascular disease (CVD), cerebrovascular disease and peripheral vascular
disease (PVD). Microvascular and macrovascular complications are equally important

because they are the major cause of mortality and morbidity in patients with DM.

DN is now the leading cause of end stage renal disease (ESRD) in the world. People
with diabetes may form up to 40% of patients who require renal replacement therapy
worldwide. The most important cause of mortality in patients with DM is CVD.
Anaemia is an important modifiable risk factor for CVD and especially in patients with
DM. A patient with DM is twice at risk of Ml as compared to the nondiabetic
population. In fact, so huge is the risk that patients with history of DM are considered
to be equivalent to a nondiabetic patient with a history of Ml. PVD is one of the most
important causes of morbidity in patients with DM resulting in increased rates of

amputation as compared to the nondiabetic general population.

The microvascular and macrovascular complications do not occur in isolation and
often may co-exist. The presence of one may be indicative of the presence of the
other and requires further investigation to assess the status of the other systems. The

cost of DV is enormous and an increasing burden on the health care expenditure
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worldwide. On top of this, the burgeoning population of people with DM coupled with
limited resources for health care funding may cripple the health care system

worldwide, especially so in the developing countries.

The key to this daunting problem is to devise ways to i) prevent the escalation of
number of patients with DM, ii) develop early identification of patients at risk of
vascular complications in diabetes, and iii) aggressively intervene to control
modifiable factors such as glycemic status, diet, physical activity, cessation of
smoking, blood pressure control, anaemia correction if present, and timely follow-ups
and monitoring. At the base of all these interventions is to understand the
pathogenesis of the various vascular complications to guide therapy and timely
intervention. Hence an understanding of the mechanisms of various vascular
complications in DM is of utmost importance to take a further step in the prevention of

these complications.

The aim of this thesis is to contribute to this understanding. To achieve this, a series

of clinical studies have been undertaken. The bases for these studies are set out

below.
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5.2 Normal Biological Variation

How reliable are our measurements of the potential modulators of diabetic

vasculopathy? What is their normal biological variation?

| have previously alluded to the potential role of EPO, 1, 25-dihydroxyvitamin D and
the OPG/RANKL system in the pathogenesis of diabetic vasculopathy. The normal
biological variation of these and related modulators, such as PTH, is not known. In
order to be able to interpret potential variations in the levels of these hormones
across various pathological states, it is important to have an understanding of the
extent to which they vary in normal subjects. This gives rise to the hypothesis that our
measurements of the potential modulators of diabetic vasculopathy are sufficiently
reliable to allow differences in mean values between groups to be interpreted with

confidence.

5.3 Tubulointerstitial Dysfunction

Does tubulointerstitial dysfunction occur before the onset of microalbuminuria

in patients with diabetes mellitus?

The etiopathogenesis of DN is complex. Although traditionally considered to be a
glomerular disease, there are suggestions that the pathogenesis of DN may originate
in the tubules. Recent studies have strengthened this view and support a major role
for the tubules in the pathogenesis of DN. The renal tubulointerstitium may be

damaged by hypoxia occurring as the result of chronic hyperglycemia. Chronic
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hypoxia may result in injury and early apoptosis of tubular cells leading to reduction of
total tubular and peritubular cells. This tubular injury may result in increased excretion

of tubular injury markers such as NAG and RBP.

In presence of continuing hypoxic conditions, the remaining tubular cells may try to
maintain their function of production and maintenance of levels of important
hormones such as erythropoietin (EPO) and 1, 25-dihydroxyvitamin D by increasing
production in the surviving cells. However, with decreasing number of tubular cells
and continuing hypoxia, the surviving over-burdened cells may not be able to
maintain the levels of EPO and 1, 25-dihydroxyvitamin D. This gives rise to the
hypothesis that tubular dysfunction occurs before the onset of microalbuminuria and

results in low levels of EPO and 1, 25-dihydroxyvitamin D.

5.4 Pleiotropic effects of Erythropoietin supplementation

Does erythropoietin therapy ameliorate tubular injury?

The renal peritubular cells are the primary sites of erythropoietin (EPO) synthesis.
EPO is a trophic hormone with multidimensional properties. The actions EPO extend
well beyond stimulation of erythropoiesis. EPO exerts its action on the target cells by
modulation of the EPO receptor (EPOR) on the cells. EPOR has been identified in
several tissues such as tubules, glomerular and endothelial cells. The presence of the
EPOR receptors on these tissues indicates the likely sites of EPO action. This gives
rise to the hypothesis that supplementation of EPO in patients, who are EPO

deficient, as seen in patients with DN, may reduce tubular injury.
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5.5 Vascular calcification and Osteopenia in Diabetes Mellitus

Are vascular calcification and osteopenia linked in patients with diabetes

mellitus? What is their relationship to modulators of diabetic vasculopathy?

Vascular calcification is a complex process of deposition of calcium hydroxyapatite in
the vasculature and has been associated with increasing age, atherosclerosis,
increasing duration of diabetes and presence of chronic kidney disease. Endothelial
dysfunction may lead to endothelial cell apoptosis in presence of adverse metabolic
conditions. The apoptotic endothelial cell forms a nidus for vascular calcification.
OPG is an important survival factor for endothelial cells. In event of adverse metabolic
conditions and enhanced cytokine activation, the endothelial cells express increased

amounts of OPG to thwart the process of vascular calcification.

Low bone mineral density (BMD) is now a recognized feature of type 1 DM, though
the literature is inconsistent in patients with type 2. Chronic hyperglycemia may
potentially modulate the bone metabolism by its effect on osteoblasts through osmotic
and non-osmotic pathways. Longer duration of diabetes and poor metabolic control
may have an adverse impact upon the bone metabolism as upon the prevalence of

other complications.

This gives rise to three hypotheses that in type 2 DM i) the degree of vascular

calcification and bone mineral density are inversely related, ii) both are related to

other clinical indicators of microvascular disease such as the degree of proteinuria,
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and the presence of neuropathy and iii) both are related to modulators of diabetic

vasculopathy such as the OPG/RANKL axis.

5.6 Modulators of diabetic vasculopathy in chronic kidney disease

What is the relationship between modulators of diabetic vasculopathy and the

degree of chronic kidney disease?

The kidney plays an important role in the metabolism of PTH and 1, 25-
dihydroxyvitamin D. With enhanced tubular injury, as seen in progressive renal
deterioration, there is decreased production of 1, 25-dihydroxyvitamin D, which
results in reduced levels of calcium absorption from the gut. This in turn leads to
increased levels of PTH secretion to act on the tubular cells to stimulate 1, 25-
dihydroxyvitamin D production. However, with dwindling numbers of tubular cells,
there is a progressive deterioration in the levels of 1, 25-dihydroxyvitamin D and a

reactive increase in the PTH levels.

Diabetic nephropathy (DN) is a progressive condition and the modulators of
OPG/RANKL such as PTH and 1, 25-dihydroxyvitamin D are altered early in patients
with DN. All these modulators act in concert. The altered balance of PTH and 1, 25-
dihydroxyvitamin D is progressive in DN. This may impact upon their modulatory
action on OPG/RANKL giving rise to the hypothesis that the OPG/RANKL ratio is
disturbed in progressive DN along with altered PTH and 1, 25-dihydroxyvitamin D

levels.
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5.7 Conclusions

In summary, the pathogenesis of Diabetic Vasculopathy is multifactorial and
multilayered with contributions from several modulators. Microvascular and
macrovascular complications may co-exist and presence of one may be indicative of
the presence of the other. A review of the literature on Diabetic Vasculopathy (above)
raises several questions, which have been listed below — they form the ideas that are

examined in each of the 5 clinical studies that are reported in chapters 7 to 11.

e Chapter 7 explores the biological variation of modulators of diabetic
vasculopathy such as OPG, RANKL, PTH and 1, 25-dihydroxyvitamin D and

Erythropoietin.

e Chapter 8 examines two hypotheses |) tubular injury with higher excretion of
tubular injury markers such as NAG and RBP occurs before the onset of
microalbuminuria in DM and ii) low levels of erythropoietin and 1, 25-

dihydroxyvitamin D occur before the onset of microalbuminuria.

e Chapter 9 examines the hypothesis that supplementation of erythropoietin in

patients with erythropoietin deficient anaemia reduces tubular injury.

e Chapter 10 examines three hypotheses on the relationship of bone, blood
and kidney in type 2 DM patients. i) the degree of vascular calcification and bone

mineral density are inversely related, ii) both are related to other clinical

98



indicators of microvascular disease such as the degree of proteinuria, and the
presence of neuropathy and iii) both are related to modulators of diabetic

vasculopathy such as the OPG/RANKL axis.

e Chapter 11 examines the hypothesis that OPG/RANKL ratio is progressively

disturbed with increasing severity of CKD.
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GENERAL METHODOLOGY

6.1 Introduction

All the reported studies in this thesis are pilot studies. A summary of the methods
used is provided in each chapter; however a detailed general consideration of the
methods used has been described in this chapter. All the studies described in this
thesis were carried out in the clinic room of the Renal Research unit at Lister hospital;
a 500 bedded District General Hospital in Stevenage, UK. The studies were carried
out in joint collaboration with the department of Diabetes and Endocrinology in the
East and North Herts NHS Trust. The routine laboratory measurements were carried

out in the department of pathology at Lister Hospital.

6.2 Study Design and Sample size

The idea and design of each study reported in this thesis have been based on the
respective hypothesis (mentioned in chapter 5). The design and plan for each study
was borne out of discussions between the author and his supervisors. All the studies
in the thesis are cross-sectional studies with a single point estimation of various
variables in each subject, except estimation of biological variation study, in which

blood samples were collected on the same day and time of the day over five weeks.
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6.2.1 Biological Variation Study

Chapter 7 reports the biological variation of various potential modulators of diabetic
vasculopathy. The diurnal variation of these modulators such as erythropoietin (EPO),
parathyroid hormone (PTH), 25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D is
already known, however the normal biological variation in these parameters over a
period of time is not known. A small change in levels of these modulators may bring
about a significant effect on its target parameter. Until the biological variation of these
modulators has been established in healthy individuals, it will be difficult to interpret
the levels of such moieties found in patients with conditions such as DM and CKD.
Since all the planned clinical studies were of a cross-sectional design with single point
estimation, it became apparent that an understanding of the normal biological
variation would be important in interpreting the levels of those modulators deployed in
these studies. To carry out these assessments, the method previously described by

Harris et al %%

was deployed.

In this method, serum samples were collected from healthy individuals, who were not
known to have any current medical illness and not on any active medication. The
serum sample for the present study was collected on the same day and
approximately same time of the week over a period of 5 weeks. Along with median,
minimum and maximum values for each parameter, the intra individual and inter
individual analytical variation and coefficient of variation was calculated to assess the

normal biological variation in each individual and between individuals.

102



6.2.2 Cross Sectional Studies

Chapters’ 8-11 report cross sectional studies carried out in different forms and stages
of diabetic vasculopathy. Each study is unique. The study criteria and organisation of
study groups have been outlined in the respective chapters. A cross sectional design
was chosen over a longitudinal one because of various issues with longitudinal
studies such as comparatively longer duration of the study and high dropout rates.
Cross sectional studies may not be helpful in determining causal relationships;
however, it does provide a glimpse of the incident status of the biochemical
environment and the various associated factors. The prospective clinical studies in
this thesis required an assessment of current status of various biological systems. In
this respect, cross sectional estimation of various parameters, in structured patient

groups based on known clinical stages of the disease was deemed to be appropriate.

The concept and hypothesis for each study was novel and in absence of any similar
previous study, the sample size for each study was agreed in consultation with a
senior statistician at the University of Hertfordshire. The number of participants
differed in each study. As the relationship between variables in the hypothesis had
not been examined previously, there were no published statistical estimates upon
which to base a power calculation. However, for a standard correlation, each study

was powered at least 0.80 (alpha value of 0.05), to arrive at reasonable conclusion.
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6.3 Research Protocol and Ethical Clearance

The research protocol for each study along with the patient information sheet,
informed consent forms were based on the guidelines of the National Research
Ethics Service guidelines and developed through active consultation with the
supervisors. All the studies received ethical approval (including amendments) from
the Hertfordshire Research Ethics Committee. In addition, the Research and
Development department of the East and North Herts NHS Trust considered all the

studies.

Each participant was given enough time to go through the patient information sheet
and decide about their participation in the study with at least 24 hour gap between the
patient actually receiving the information sheet and agreeing to their participation, in
accordance with the good clinical practice guidelines. A written informed consent was
obtained from each participant before any research related procedures were carried

out. All the studies adhered to the declaration of Helsinki.

6.4 Patient Selection and Recruitment

The participants for the biological variation study were recruited from the medical staff
at Lister hospital. For the cross sectional studies, the participants were recruited from
different sources. Patients with diabetes were recruited from local General Practices
in Hertfordshire. Patients with diabetic nephropathy and nondiabetic patients with
renal disease were recruited from the renal outpatient clinic in Lister Hospital. Non-

diabetic healthy controls for different studies were recruited from the hospital staff at
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Lister Hospital. All the participants in the study were screened according to

predefined inclusion and exclusion criteria for the respective study.

6.5 Sample Collection and Management

Part of the collected blood and urine samples collected by the author from the
participants, were submitted to the laboratory for routine laboratory tests as soon as
possible. The specialized assays such as urinary retinol binding protein (RBP),
urinary N-acetyl-B-D-glucosaminidase (NAG), serum erythropoietin (EPO), parathyroid
hormone (PTH), 25 hydroxyvitamin D, 1, 25-dihydroxyvitamin D, Osteoprotegerin
(OPG), receptor activator of nuclear factor kappa-B-ligand (RANKL), N-linked
telopeptide of collagen (Ntx) and Bone specific alkaline phosphatase (BAP) were

performed in duplicate.

For those assays, which could not be analysed routinely, a portion of the blood and
urine sample was allocated. The blood samples for specialized assays were
centrifuged at 4000 rpm for 10 minutes to separate the serum from the cells. Several
aliquots were made out of the serum and the remaining urine samples. These
aliquots were labelled and packed in designated plastic bags and stored in -80° C
freezers till all the samples for that particular study was collected. The freezer had an
inbuilt temperature display which was monitored on a regular basis to make sure that

an average temperature of -80° C was maintained.
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6.6 Routine Laboratory Measurements

Full blood count measurement was performed on the ABX Pentra ® (Horiba
Diagnostics, Northampton, UK) according to manufacturer specifications. Routine
biochemistry analyses (sodium, potassium, urea, creatinine, alanine transferase
(ALT), gamma glutamyl transferase (GGT), full lipid profile, C-reactive protein (CRP),
glucose and urine microalbumin) were performed on the Olympus AU 2700 ® multi-
analyzer (Olympus Diagnostics, Watford, UK) according to manufacturer
specifications. PTH concentrations were measured on the Beckman Access ® 2

immunoassay system (Beckman Coulter, (High Wycombe, UK).

6.7 Specialised Assays

The specialised assays for erythropoietin, NAG, RBP, 25 hydroxyvitamin D, 1, 25-
dihydroxyvitamin D, Osteoprotegerin and RANKL was not performed by the author.
They were carried out by a senior biomedical scientist Mr. G. Sivakumar with
assistance from the author. To do the specialized assays, an automated ELISA
(enzyme linked immunosorbent assay) analyzer, was hired from Triturus ® Grifols,
Cambridge, UK. The Triturus® is a fully automated, completely open system, bench
top, fully automated enzyme immunoassay (EIA) analyzer. It is manufactured by
Grifols, Spain and marketed in the UK by Grifols, UK. The system has been designed
for use with ELISA and EIA assay systems. Using 96 well-plates, it can perform all
steps of any microplate EIA such as sample dilution and dispensing, incubation,

washing, reagent addition, absorbance reading and calculation and interpretation of
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results. It is a completely open system with the ability to perform all steps of any

micro-well EIA test, independent of the manufacturer of the assay.

Triturus® (Figure 6.1) has multi-test and multi-batch ability and can perform
simultaneously up to 8 different tests per batch on a given sample or a group of
samples. In addition, the machine can run up to 4 different batches simultaneously,
with the provision of loading new work batches, while the other batches are being
processed. It is a single unit connected to an external computer that coordinates
operations and it also allows for a bi-directional host communication, and on-line

connection for data management and reporting.

Figure 6.1 Triturus ELISA Machine

The reagents for the assays were obtained from the following manufacturers: Urinary

retinol binding protein - Immunodiagnostik AG, Bensheim, Germany, N-acetyl-B-d-

107



glucosaminidase - PPR diagnostics Itd. London, Erythropoietin - IBL, Hamburg,
Germany, 25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D - Immunodiagnostic
Systems Ltd, Boldon, UK. Osteoprotegerin (OPG), Receptor activator of nuclear
factor kappa-B-ligand (RANKL), bone specific alkaline phosphatase (BAP) and N-
linked telopeptide of collagen (Ntx), Oxford Biosystems Ltd. Oxon, UK. All analyses
were performed as a single batch. These analytes were also measured in duplicate to

exclude the occurrence of random analytical sample.

The specialised assays used in each chapter are as follows. Chapter 7 - EPO, PTH,
25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D, chapter 8 - EPO, PTH, 25
hydroxyvitamin D, 1, 25 hydroxyvitamin D, NAG and RBP, chapter 9 - PTH, 25
hydroxyvitamin D, 1, 25-dihydroxyvitamin D, OPG, RANKL, BAP and Ntx, chapter 10

— OPG, RANKL and PTH, chapter 11 — NAG and RBP.

6.8 Precision

The following within-run analytical coefficients of variation ranges were obtained for
the respective concentration ranges; RBP (range 0.01 — 0.94 mg/l, CV 0.6-8.3%),
EPO (range 0.07 — 47.8 mlU/ml, CV 1.9-6.7%), 25-dihydroxyvitamin D (range 29.7 —
99.0 nmol/l, CV 3.5-11.2%), 1, 25-dihydroxyvitamin D (range 15.4 — 89.3 pmol/l, CV
0.4-10.2%) and NAG (range 609 — 1459 umol/h, CV 0.2 — 6.8%), OPG (range 0.81 —
6.64 pmol/l, CV 0.2-9.4%), RANKL (range 0.5 — 9.17 pmol/l, CV 0.6-10.5%) and Ntx

(range 35.0 — 342 nm BCE, CV 1.4-8.5%).
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6.9 Data Collection and Management

A detailed medical history was obtained from all the participants according to the
protocol. The medical history included recording of full name, age, gender, race, type
of diabetes and duration of diabetes (if applicable), lifestyle (history of smoking,
alcohol and exercise), family history of any medical illness, duration and treatment of
any medical condition, if present and finally all concomitant medication. In addition,
specific medical information pertaining to that particular study was sought to
corroborate with the laboratory findings. All the information was initially captured by

the author and the research nurse on a case report form prepared for each study.

The laboratory reports for the routine assessments were collected as and when they
arrived and stored in a secure place. The results from the specialised assays were
initially collected and scrutinised on the attached computer of the ELISA Analyzer.
After careful inspection and confirmation of the results by a consultant chemical
pathologist, the results were downloaded and entered on a excel spreadsheet. On
completion of the study, the data obtained from medical history, routine laboratory
measurements and specialised assays were transferred on a large excel data
spreadsheet for that particular study and stored in a memory stick with a backup copy
on a personal laptop. The data was then checked for any missing values and errors

and then formatted in accordance with SPSS requirements for statistical analysis.
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6. 10 Statistics and Sample Size

The sample sizes for each of the studies were estimated in collaboration with one of
my supervisors, Dr. David Wellsted, a senior statistician. Most of the studies
undertaken were pilot studies, in areas with little available data upon which to base

the power calculations.

The statistical methods employed in all the studies were based on the distribution of
the data and accordingly parametric and non-parametric tests as appropriate were
employed. The statistical analysis was performed by SPSS (Statistical Package for
Social Sciences) Version 16 (SPSS Inc., Chicago, USA) by the author, under the
guidance of supervisors. The results of the analysis have been presented as mean
(95% CI) when data were normally distributed, and as median values, when the
distribution was not normal. Comparisons between groups were carried out using the
Kruskal-Wallis and Mann-Whitney U-tests for non-normally distributed data and One
Way Analysis of Variance (ANOVA) followed by Bonferroni post-hoc testing when

data was normally distributed.

Differences between the groups with respect to the distribution of categorical
variables were examined using the Chi-squared test. In all statistical tests a p-value of
< 0.05 was considered to be statistically significant. Multiple linear regression and
logistic regression was employed, where necessary, to examine the ability of an
independent variable to be a predictive factor for a dependent variable. Various

associated factors which demonstrated significant correlations with the dependent
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variable on univariate analysis, were put together as independent variables in the

logistic regression model.

6.11 Data Analysis and Reporting

The data was analysed initially by the author with the above mentioned statistical
methods and conclusions were drawn from the results. The whole data and the
statistical analysis was critically scrutinised by the supervisors to pick up any errors in
the statistical methods and the tests applied to detect the differences across and/or
the groups. The write up of the findings for each study was done in the format of
introduction, research methods, statistical analysis, results, discussion and

conclusions by the author and critically edited by the supervisors.

The following section discusses the various prospective studies and their findings

have been reported in chapters 7-11.
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BIOLOGICAL VARIATION OF MEDIATORS OF DIABETIC VASCULOPATHY

7.1 Introduction

The pathogenesis of diabetic vasculopathy (DV) is complex with contributions from
several systems. The blood milieu, bone metabolism and the kidney are intricately
linked with several common modulators that orchestrate events in these systems.
Tubular hormones such as erythropoietin (EPO) and 1, 25-dihydroxyvitamin D are
important modulators in the kidney and blood milieu. Both hormones have pleiotropic
effects as well. EPO receptors have been located on vascular endothelial cells, apart
from the tubules and glomerular tissue (see chapter 2), suggesting a role for EPO
action on these tissues. Similarly, along with the known role in mineral metabolism,
receptors for 1, 25-dihydroxyvitamin D have been identified on endothelial cells 32

suggesting their sphere of influence.

Low serum levels of EPO and 1, 25-dihydroxyvitamin D may adversely impact
erythropoiesis and calcium metabolism, respectively. In addition, low levels of these
hormones may impact upon their pleiotropic effects as well. It is known that EPO
deficiency results in anaemia and low 1, 25-dihydroxyvitamin D may lead to disturbed
mineral metabolism by reduction in serum calcium levels. However, the impact of low

levels of these hormones on their pleiotropic effects is not known.

Parathyroid hormone (PTH) is one of the major regulators of mineral metabolism,
which exerts its action on the bone and the kidney to maintain the homeostasis of

serum calcium and phosphate levels in the blood milieu. Disturbances of mineral
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metabolism may play an important role in the manifestation of DV. Along with 1, 25-
dihydroxyvitamin D and EPO, PTH may potentially play an important role in the bone,

blood and kidney milieu and contribute to the pathogenesis of DV.

Although there is information available on the diurnal variation, there is little
information on the biological variation of these modulators, over a period of time, in
the healthy population. Data on biological variation forms part of the
comprehensive evaluation required for analytes that are measured in the clinical
laboratory and is an essential prerequisite to the introduction of new analytes.
%23 Biological variation data have several important clinical and laboratory
applications that include: setting analytical quality specifications, evaluating the
significance of changes in serial results (the reference change value or “critical
difference”, assessing the utility of population-based reference intervals, and
calculating the number of specimens required to estimate the homeostatic set
point. 324

A comprehensive biological variation database of all known analytes that is
frequently updated contains more than 300 analytes and references more than
200 Publications and serves as a useful reference for many clinical laboratories.
325 Interestingly, no data are available for the biological variation of PTH, 25
hydroxyvitamin D, 1, 25-dihydroxyvitamin D and EPO as opposed to many
other more esoteric tests. Without information on biological variation in the
healthy population, it becomes difficult to objectively assess the effect and

importance of these parameters in patients with and without diabetes mellitus (DM).
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Estimation of PTH, EPO, 25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D is not
done routinely, except in certain clinical conditions, where their estimation is
warranted. Since it was intended to study these parameters in the subsequent
studies, it was important to have an idea of analytical variance and coefficient of
variance of these assays to address the hypothesis- How reliable are our
measurements of the potential modulators of diabetic vasculopathy and what is their
normal biological variation? An investigation of biological variation of these
parameters in the healthy population was carried out to gain a better insight and

understanding and help us to interpret these values in various patient groups.

7.2 Research Design and Methods

7.2.1 Subjects

A total of 20 apparently healthy individuals with 10 men and 10 women; median
age 37 years (range 19-60 years) participated in the study. All subjects provided
written consent prior to the study, which had been approved by the local
Research and Ethics Committee. Table 7.1 shows the characteristics and routine
biochemistry investigations for this group. None of the subjects were taking any
prescription medication, had any illnesses in the recent past (previous 3 months)
or during the study that required at least general practitioner consultation and
none had a history of current or previous renal impairment or pathology-related

bone and/or mineral ion metabolism.

116



No abnormalities in the relevant routine biochemistry investigations were
detected for any of the subjects. Venous blood was collected into 5-mL
tripotassium EDTA tubes (Vacuette, Greiner Bio-One, Frickenhausen,
Germany), taking care to ensure that the sample collection vessel was
completely filled. Samples were collected between 08:45 and 09:30 h on the same
day of the week, weekly for 5 weeks as described by Fraser and Harris. % All the
samples were collected by the author. The samples were centrifuged at 4000

rpm to separate the plasma, which was immediately stored at -80°C.

7.3 Laboratory Investigations

Routine biochemistry investigations were performed on an Olympus AU 2700
analyzer (Olympus, Watford, UK) according to the manufacturer’s specifications.
PTH analyses were performed on the Beckman Access 2 immunoassay system
(Beckman Coulter, High Wycombe, UK). This is a two-site immunoenzymatic
assay with chemiluminescence as the method of detection. Prior to analysis, all
of the serum samples were thawed, thoroughly mixed, and then centrifuged at
2500 rpm for 5 min. The samples were analysed once before being randomized,
and then reanalysed. One analyst performed all the analyses, using the same

batches of reagent quality control material and calibrators.
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7.4 Statistical Analysis

Biovariability data were analysed using Excel (Microsoft Corporation, Reading,
UK). The analytical, within-subject (intra-individual) and between-subject (inter-
individual) variances (SDa?, SD? and SDg?) were calculated as described by
Fraser and Harris. 3° Using this technique, analytical variance (SDa®) were
calculated as the difference between duplicate results for each specimen (SDa®
= ¥d?/2n, where d is the difference between duplicates, and n is the number of
paired results). The variance of the first set of results for each subject was used
to calculate the average biological intra-individual variance (SDi?) by subtraction
of SDA? from the observed dispersion (SD?+SDa?). Subtraction of SD{?+SDa?
from the overall variance of the set of first results yielded the between-subject

variance (SDg?).

7.5 Results

The patient characteristics and baseline biochemistry has been displayed in Table
7.1. The mean age of males (39.7 £ 10.11 years) was not significantly different from
females (33.9 + 13.2 years). None of them suffered from any acute or chronic illness

and were not on any medication.
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Table 7.1 Patient characteristics and baseline biochemistry

Subject Age Sex Calcium Creatinine Phosphate Magnesium Alk. Phos

years mmol/Il umol/l mmol/I mmol/Il IU/L
(2.2-2.65) (45-125) (0.75-1.36) (0.74-1.0) (30-115)
1 23 M 2.43 103 1.15 0.83 77
2 38 F 2.32 77 0.96 0.81 62
3 39 M 2.17 88 1.13 0.78 80
4 49 M 2.4 87 1.17 0.89 80
5 45 M 2.41 94 0.57 0.89 89
6 37 M 2.29 78 1.05 0.81 50
7 43 F 2.33 87 0.99 0.87 47
8 21 M 2.38 104 1.36 0.87 84
9 40 F 2.37 85 1.1 0.77 55
10 43 M 2.24 95 0.96 0.74 64
11 44 F 2.31 80 1.21 0.8 45
12 44 M 2.5 106 0.83 0.78 74
13 49 M 2.34 75 1.07 0.84 90
14 24 F 2.35 77 0.96 0.81 98
15 22 F 2.46 85 1.15 0.76 51
16 60 F 2.4 78 1.38 0.85 97
17 19 F 2.25 82 1.11 0.71 70
18 27 F 2.44 92 1.38 0.82 71
19 22 F 2.26 90 1.21 0.77 61
20 47 M 2.29 102 1.24 0.69 80
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7.5.1 PTH levels

The median and range for PTH concentrations are shown in Figure 7.1. Of the total
test variance, analytical variance contributed 0.4%, within-subject variance
contributed 25.3% and between-subject variance contributed 74.3%. The analytical
coefficient of variation (CVa), within-subject coefficient of variation (CV;) and between-

subject coefficient of variation (CVg) were 3.3%, 25.3% and 43.4%, respectively.
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Figure 7.1 Biological variation of Parathyroid Hormone
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7.5.2 25 hydroxyvitamin D levels

The median and range for 25 hydroxyvitamin D concentrations are shown in Figure
7.2. Of the total test variance, analytical variance contributed 3.1%, within-subject
variance contributed 7.7% and between-subject variance contributed 89.2%. The
analytical coefficient of variation (CVa), within-subject coefficient of variation (CV;) and

between-subject coefficient of variation (CVg) were 6.7%, 12.1% and 40.3%,

respectively.
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Figure 7. 2 Biological variation of 25 hydroxyvitamin D

121



7.5.3 1, 25-dihydroxyvitamin D levels

The median and range for 1, 25-dihydroxyvitamin D concentrations are shown in
Figure 7.3. Of the total test variance, analytical variance contributed 1.9%, within-
subject variance contributed 6.2% and between-subject variance contributed 91.9%.
The analytical coefficient of variation (CVa), within-subject coefficient of variation (CV;)

and between-subject coefficient of variation (CVg) were 5.7%, 10.3% and 39.7%,

respectively.
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Figure 7. 3 Biological variation of 1, 25-dihydroxyvitamin D
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7.5.4 Erythropoietin levels

The median and range for EPO concentrations are shown in Figure 7.4. Of the total
test variance, analytical variance contributed 2.3%, within-subject variance
contributed 5.7% and between-subject variance contributed 92%. The analytical
coefficient of variation (CVa), within-subject coefficient of variation (CV;) and between-

subject coefficient of variation (CVg) were 5.7%, 8.9% and 35.7%, respectively.
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Figure 7. 4 Biological variation of Erythropoietin
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Table 7. 2 Biological Variation of Modulators of Diabetic Vasculopathy

Variables Va | Vi Ve |CVa | CV; | CVg | Analytical | CVi/CVg
Imprecision

PTH 0.4 253 |74.3 3.3 |25.3|43.4 |optimum 0.58

250HD 31|77 [89.2 6.7 |12.1 |40.3 | minimal 0.30

1,25 (OH).,D [ 1.9 6.2 |91.2 |5.7 |10.3 |39.7 | minimal 0.26

EPO 23|5.7 ]92.0 5.7 |89 |35.7 | minimal 0.25

Legend

PTH = Parathyroid hormone, 25 OH D = 25 hydroxyvitamin D, 1, 25 (OH)>.D = 1, 25-
dihydroxyvitamin D, EPO = Erythropoietin, Vo = Analytical variance, V; = Within
subject variation, Vg = Between subject variation, CVa = Analytical coefficient of

variation, CV; = Within subject coefficient of variation, CVg = Between subject

coefficient of variation.

7.6 Discussion

Analytical quality specifications may be based on components of biological variation.
Desirable performance for analytical imprecision is given by CVa <0.5CV;, optimal
performance as CVa <0.25CV,, and minimum performance as CVa <0.75CV.. It can
be seen by these criteria, that the analytical imprecision of the PTH assay was
whereas for other 25-

optimal assays such as 25 hydroxyvitamin D, 1,

dihydroxyvitamin D and EPO, it was minimum.

Reference intervals are usually based on the mean and SD of a population sample,
but these reference intervals become more useful for making decisions when CV; is

greater than CVs. When CVi/CVg (Index of Individuality) **' is low and particularly
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when it is less than 0.6, the dispersion of values for any individual spans only a small
part of the reference interval. Reference values in this situation are of limited use in
deciding for instance whether a significant change has occurred. In contrast, when
CVi/CVg is high, and particularly when it is greater than 1.4, then the range of values
for an individual spans the greater part of the entire distribution of the reference

interval.

In this setting reference intervals will be of significant benefit in interpreting individual
results. For the analytes studied above (Table 7.2) — PTH, 25 hydroxyvitamin D, 1,
25-dihydroxyvitamin D and EPO, the index of individuality was low. In the following
studies we have therefore utilised control groups or comparison groups rather than

reference ranges, to help to interpret measured values of these moieties.

7.7 Conclusions

There is a wide within-subject and between-subject biological variation in various
modulators of bone metabolism and EPO in healthy individuals. These ‘normal’
variations may be altered in patients with DM and potentially contribute to the
process of DV. In the current study, the analytical variance and coefficient of
variance of PTH, 25 hydroxyvitamin D, 1, 25-dihydroxyvitamin D and EPO assays
were established. The wide variation in healthy individuals suggests a need for a
control group to be incorporated in future studies in different patient groups, to
establish a reference range and that any data on patients with chronic diseases

such as CKD and DM should be treated cautiously. Whether, the so-called
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differences from the baseline in various parameters is due to the disease process or

part of the biological variation phenomenon may not always be clear.

The following chapter examines the status of the above-mentioned modulators of DV

in type 1 and type 2 DM patients before the onset of microalbuminuria, as compared

to non-diabetic controls.
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CHAPTER 8

TUBULAR DYSFUNCTION IN EARLY DIABETIC NEPHROPATHY
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TUBULAR DYSFUNCTION IN EARLY DIABETIC NEPHROPATHY

8.1 Introduction

Diabetic nephropathy (DN) is a major microvascular complication of diabetes, and is
now the leading cause of end stage renal failure (ESRD) worldwide. **" Classically,
DN has been described as a glomerular disease, with five different stages, starting
with hyperfiltration, and progressing through a silent or incipient phase, through
microalbuminuric and macroalbuminuric stages to a final stage of ESRD. *° In
contrast to this traditional understanding, histological studies have suggested a major
pathogenetic role for the tubulointerstitium. % ® Altered tubular function, suggesting
early tubulointerstitial injury has been reported in normoalbuminuric patients with

Type 2 DM. 1%

N-acetyl-B-D-glucosaminidase (NAG) and Retinol-binding protein (RBP) are sensitive
markers of renal tubular injury. **® Early tubular dysfunction may be seen in diabetes
subjects, before the onset of microalbuminuria. Increased urinary excretion of NAG
has been reported in patients with type 1 DM without microalbuminuria. %%°
Normoalbuminuric type 2 DM patients have been reported to have increased
excretion of RBP. *° These observations of tubular dysfunction in absence of

microalbuminuria suggest early involvement of renal tubulo-interstitium in the genesis

of DN.

The renal tubulointerstitium is the primary site of hydroxylation of 25-hydroxyvitamin D

to 1, 25-dihydroxyvitamin D. 3*' Also, EPO synthesis is primarily carried out in the
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tubulointerstitial area by the peritubular fibroblasts. **? Anaemia, due to low levels of
EPO, develops early in patients with DN. '°" Low EPO levels in these patients may
result from damage to the EPO-producing fibroblasts. 3*2 Abnormalities in mineral
metabolism have also been described in DM patients, early in the course of chronic
kidney disease (CKD) and have been associated with reduced serum levels of 1, 25-

dihydroxyvitamin D. '#?

To address the question - Does tubulointerstitial dysfunction occur before the onset of
microalbuminuria in patients with diabetes mellitus? We investigated the relationship
between markers of tubular dysfunction (NAG and RBP) and tubulointerstitial
hormone (EPO and 1, 25-dihydroxyvitamin D) synthesis in nondiabetic healthy
controls and patients with type 1 and type 2 diabetes without persistent

microalbuminuria.

8.2 Research Design and Methods

8.2.1 Subjects

Patients with type 1 and type 2 DM were recruited from local General Practices in
East and North Hertfordshire, according to predefined inclusion and exclusion criteria.
Inclusion criteria were age >18 years, normal estimated creatinine clearance (>90
ml/min) by Cockcroft-Gault formula, **® no evidence of microalbuminuria on screening,
no evidence of documented peripheral neuropathy or retinopathy at screening.

Exclusion criteria were history of renal disease, malignancy, current pregnancy,
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current immunosuppressive therapy and regular use of non-steroidal anti-

inflammatory drugs within the previous month.

Non-diabetic controls were mainly recruited from hospital staff at Lister Hospital.
Controls were age and sex-matched with type 1 DM and sex matched with type 2 DM
subjects. It was not possible to age match controls and type 1 DM with type 2 DM
subjects. Neither the presence of hypertension nor the use of antihypertensive
medications was a bar to recruitment either in the control or diabetic groups. The
study was approved by the Hertfordshire research ethics committee. After screening
the medical records, suitable patients were approached with the patient information
sheet and explained about the study. The prospective study subjects, who agreed to
participate, gave written informed consent and there were no drop-outs post consent.
Forty-one non-diabetics, 40 Type 1 DM and 40 Type 2 DM, met the criteria (Total 121

subjects). The study was carried out in the summer months (July and August).

8.2.2 Data collection

A detailed medical history was recorded including, age, gender, race, type of
diabetes, duration of diabetes, treatment for diabetes with insulin or oral
hypoglycemics, history of hypertension, duration of hypertension, type of
antihypertensive therapy including angiotensin converting enzyme inhibitors or
angiotensin receptor blockers and finally all other concomitant medication. All patients
with diabetes had no prior documentation of retinopathy or peripheral neuropathy in

the GP surgery, at the time of screening.
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8.3 Laboratory Investigations

A single overnight fasting blood sample was collected to measure baseline blood
chemistry including fasting blood glucose (FBG), HbA., full blood count, blood urea,
serum ferritin, B1> and folate levels, serum creatinine, serum albumin, C reactive
protein, serum bilirubin serum alanine transferase (ALT), serum alkaline
phosphatase, serum parathyroid hormone (PTH), serum calcium, serum phosphate,
and serum magnesium. Samples were also taken for serum erythropoietin, 25-
hydroxyvitamin D and 1, 25-dihydroxyvitamin D estimation. A spot urine sample was
collected to assess levels of urinary albumin excretion, urine phosphate levels,
urinary creatinine, urinary magnesium, fractional excretion of magnesium, NAG and

RBP excretion.

8.3.1 Laboratory Methodology

Full blood count measurement was performed on the ABX Pentra ® (Horiba
Diagnostics, Northampton, UK) according to manufacturer specifications. Routine
biochemistry analyses (sodium, potassium, urea, creatinine, alanine transferase
(ALT), gamma glutamyl transferase (GGT), full lipid profile, C-reactive protein (CRP),
glucose and urine microalbumin) were performed on the Olympus AU 2700 ® multi-
analyzer (Olympus Diagnostics, Watford, UK) according to manufacturer
specifications. PTH concentrations were measured on the Beckman Access ® 2
immunoassay system (Beckman Coulter, (High Wycombe, UK). Urine retinol binding

protein (RBP), serum EPO, 25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D were
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performed in duplicate on the automated ELISA (enzyme linked immunosorbent

assay) analyzer, Triturus ® (Grifols, Cambridge, UK).

The reagents were obtained from the following manufacturers: RBP
(Immunodiagnostik AG, Bensheim, Germany), EPO (IBL, Hamburg, Germany), 25
hydroxyvitamin D and 1, 25-dihydroxyvitamin D (Immunodiagnostic Systems Ltd,
Boldon, UK). Urine NAG was also measured on the Triturus® (Grifols, Cambridge,
UK) employing colorimetric detection at 505 nm, using reagents supplied by PPR

Diagnostics Ltd (London, UK).

8.4 Sample Size and Statistical Analysis

The primary objective of the study was to determine whether EPO level is inversely
correlated with NAG and RBP levels in diabetic patients. As this relationship was
not examined before, there were no published statistical estimates upon which to
base a power calculation. However for a standard correlation, given an alpha value
of 0.05, and study power of 0.90 a sample size of 40 patients would enable a

correlation with effect size 0.45 to be reliably detected (a moderate effect size).

Secondary analyses would examine interrelations between diabetic (type 1 and 2)
and non-diabetic patients, and the interrelation between the other outlined
parameters using a multivariate analysis for all 120 patients. A total sample size of
120 patients would enable a multivariate analysis (e.g. ANCOVA, regression) using
a reasonable number of independent variables, and would enable interactions

between groups (diabetic and non-diabetic patients) to be examined.
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The statistical analysis was performed by SPSS (Statistical Package for Social
Sciences) Version 16 (SPSS Inc., Chicago, USA). The results of the analysis have
been presented as mean (95% Cl) when data were normally distributed, and as
median values, when the distribution was not normal. Thus routine biochemical
measurements have been reported as means, whereas, median values has been
reported for EPO, 1, 25-dihydroxyvitamin D. NAG and RBP. Comparisons between
groups were carried out using the Kruskal-Wallis and Mann-Whitney U-tests for non-
normally distributed data and One Way Analysis of Variance (ANOVA) followed by
Bonferroni post-hoc testing when data was normally distributed. Differences between
the groups with respect to the distribution of categorical variables were examined
using the Chi-squared test. P-values < 0.05 were considered to be statistically

significant.

8.5 Results

8.5.1 Demographics and clinical factors (Table 8.1)

There was no difference in the age of type 1 DM patients and controls. However,
patients with type 2 DM were significantly older than other groups (p < 0.001 in both
cases). There were also racial differences between the groups, the proportion of non-
whites being lower in patients with Type 1 DM than in those with Type 2 disease (p =
0.057) and in controls (p = 0.002). There was no difference in the gender ratio across
the groups. More patients with type 2 than with type 1 DM gave a history of ever

smoking (p = 0.042), the difference with controls was not significant. The proportion of
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current smokers did not differ significantly across the groups. Patients with type 2 DM
were significantly heavier than those with type 1 disease (p = 0.001) and controls (p <
0.001). Systolic blood pressure was significantly higher in patients with type 2 DM
(137 mm of Hg: p = 0.002) as compared to controls (124 mm of Hg). A greater
proportion of patients with type 2 DM took ACEI or ARB than type 1 (p = 0.041) or

controls (p = 0.011).

Table 8.1 Patient Characteristics and Demographics in Tubular study

Variables Groups Comparison of Groups

Controls Type 1 DM Type 2 DM CvTl CvT2 T1vT2

(C) (T1) (T2) p-value p-value p-value
Number 41 40 40 NS NS NS
Age (yrs) 43.1£9.5 424 +11.6 56.3 £9.0 NS <0.001 <0.001
Gender (M:F) 20/21 20/20 21/19 NS NS NS
White/non-white 29/12 40/1 33/7 0.002 NS 0.057
DM Duration (yrs) NA 19.9 +10.7 6.6 +3.7 <0.001 <0.001 <0.001
SBP (mmHg) 124 £ 15 132+ 18 138 £ 20 NS 0.004 NS
DBP (mmHg) 85+10 84 +10 90+9 NS NS NS
BMI 26.4+43 27.0+4.3 33.4+6.2 NS <0.001 <0.001
Ever-Smoked (%) 39.0 (14.6)  32.5(17.5) 58.5 (19.5) NS NS 0.042
ACEI/ARB (%) 7.3 30.0 56.1 0.011 <0.001 0.041
Legend

Demographic and clinical characteristics in control subjects and patients with type 1
and type 2 Diabetes. The p value represents the statistical significance of changes as
determined by ANOVA test, BMI = Body Mass Index, ACEI = angiotensin converting
enzyme inhibitor, ARB = angiotensin receptor blocker, DM = diabetes mellitus, SBP =
Systolic blood pressure, DBP = Diastolic blood pressure, NS = non significant.
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8.5.2 Baseline Biochemistry and Haematology (Table 8.2)

Patients with type 2 DM had significantly lower HbA. (7.6 £+1.5 vs. 8.3 +1.4%: p =
0.022) as compared to type 1 DM. There was no difference in renal function between
the groups. Serum creatinine and eGFR by the MDRD-4 % formula did not differ
significantly across the groups, though creatinine clearance calculated by the

Cockcroft Gault method 323

was slightly higher in type 2 DM when compared with
controls (p = 0.018). Between the three groups, haemoglobin, serum calcium,
phosphate and parathyroid hormone levels did not differ significantly. Serum
magnesium levels were levels were lower in type 1 DM (0.83 mmol/l: p= 0.009) and

type 2 DM (0.82 mmol/l: p < 0.001) as compared to controls (0.88 mmol/l).

Serum ferritin and vitamin B2 levels did not differ across the groups, but serum folate
levels in patients with type 1 DM were significantly higher than in controls (p = 0.004).
Serum alkaline phosphatase levels were higher in patients with type 1 DM than in
those with type 2 DM (p = 0.007) and controls (p = 0.001), though ALT levels did not

differ. In addition, serum albumin was lower in type 2 DM as compared to controls.

8.5.3 Serum Erythropoietin Levels

Median serum EPO levels were lower in type 1 (2.57 mlU/ml: p< 0.001) and type 2
DM (5.69 mlU/ml: p = 0.044) compared to controls (8.76 mlU/ml), (Figure 8.1), though
there were no significant differences in haemoglobin levels between the groups.

(Table 8.2) EPO levels did not correlate with age, sex and fasting blood glucose and
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HbA1c, in any of the groups. There were no significant differences in EPO levels in

patients on ACE/ARB therapy and those not on this treatment.

p=0.044

p<0.001

Median Serum Erythropoietin levels
(milimi)

Median Serum 1,25-dihydroxyvitamin D
(pmolell)

Figure 8.1 Erythropoietin and 1, 25-dihydroxyvitamin D levels

Legend

Median serum Erythropoietin and 1, 25-dihydroxyvitamin D levels in patients with type

1 and type 2 diabetes and in non-diabetic controls. The p values quoted reflect

significance of differences from controls.
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8.5.4 Serum Vitamin D levels

Median serum 25-hydroxyvitamin D levels in patients with type 2 DM (63.8 nmol/l)
were lower than those in controls (69.1nmol/l: p = 0.034). Median levels in patients
with type 1 DM (65.5 nmol/l) did not differ from control values. Median 1, 25-
dihydroxyvitamin D levels were lower in type 1 (41.0 pmol/l: p = 0.001) and type 2 DM
(41.8 pmol/l: p = 0.035) compared to controls (56.1 pmol/l), (Figure 8.1) though the
groups did not differ with respect to calcium, phosphate and PTH levels (Table 8.2).
There was no effect of age, sex, race, smoking, BMI, ACEIl and ARB therapy on 25-

hydroxyvitamin D and 1, 25-dihydroxyvitamin D levels.

8.5.5 Tubular dysfunction markers (Table 8.2)

Median RBP excretion was significantly higher in patients with type 2 DM (0.35 mg/I:
p = 0.013) as compared to controls (0.23 mg/l). In type 1 DM (0.27 mg/l) patients, the
median RBP excretion, although higher than in controls, was not significantly
different. Median RBP: creatinine ratio was significantly higher in patients with type 2
DM than in controls (0.027 vs. 0.018 mg/l/mmol: p = 0.023). Median NAG excretion
was higher in type 1 (1079 umol/h: p = 0.048) as compared to controls (1030 umol/h).

NAG: creatinine ratio did not differ significantly across the groups.

In all subjects, NAG: creatinine ratio correlated significantly with RBP: creatinine ratio
(r = 0.676, p <0.001), and with fractional excretion of magnesium (r = 0.179, p =
0.05). In the diabetes group, NAG: creatinine ratio correlated significantly only with

RBP: creatinine ratio (r = 0.676, p <0.001). Correlations were similar in the DM
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groups singly and as a whole. There were no significant correlations between urinary
NAG, NAG: creatinine ratio, RBP or RBP: creatinine ratio and EPO levels or 1, 25-

dihydroxyvitamin D in the group as a whole or within individual subgroups.

In the whole group, urinary RBP: creatinine ratio correlated significantly with age (r =
0.195, p <0.032), and urinary RBP: creatinine ratio was higher in smokers (0.027 v
0.018: p = 0.021), but sex, race, BMI and the use of ACEI or ARB therapy had no
effect on this ratio. Neither age nor smoking, were significant determinants of urinary
RBP: creatinine ratios in multivariate analysis. Sex, race, smoking, BMI and being on
ACEI or ARB therapy had no effect on urinary RBP and NAG levels or on urinary

NAG: creatinine ratios.

8.5.6 Urinary albumin levels

Although patients with diabetes were selected on the basis of having no
microalbuminuria on screening (defined as albumin creatinine ratio (ACR) < 2.5 in
males and < 3.5 mg/mmol in females on two or more consecutive tests, within a

period of one to three months), 3%°

when urinary ACR estimates were repeated as
part of the study protocol, 13 subjects were found to have high ACR levels - 4
controls, 5 patients with type 1 DM, and 4 patients with type 2 DM. Mean ACR levels
were minimal and did not differ between the groups (Non-diabetics 0.10 + 0.30, type 1
DM, 0.11 £ 0.33, type 2 DM 0.10 = 0.30 mg/mmol: p = NS). There was no correlation
between urinary RBP, NAG, RBP: creatinine ratio, NAG: creatinine ratio and ACR

levels. The exclusion of those patients with high ACR from the analysis, did not

significantly impact upon the overall result.
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Table 8.2 Biochemical and Haematological Parameters in Tubular study

Groups Comparison of Groups
Variables Controls Type 1 DM Type 2 DM CvT1 CvT2 Ti1vT2
(C) (T1) (T2) p-value p-value p-value
Serum Parameters
Glucose (mmol/l) 49+0.6 8.6+3.9 7.8+27 <0.001 <0.001 NS
HbA1c (%) 55+04 8314 7615 <0.001 <0.001 0.022
Creatinine (umol/l) 84 £ 10 82+ 11 79+ 14 NS NS NS
eGFR (MDRD 4) 80+ 12 84 +10 84 +14 NS NS NS
Creat clearance (C-G) 100 + 24 106 +18 115 + 31 NS 0.018 NS
Urea (mmol/l) 49+13 52+13 53+1.3 NS NS NS
Haemoglobin (g/dl) 141+1.3 142+1.2 14.0+1.3 NS NS NS
CRP (mg/l) 1.8+26 28145 32144 NS NS NS
Calcium (mmol/l) 2.29 £ 0.08 2.29 £ 0.07 2.31 £0.07 NS NS NS
Phosphate (mmol/l) 1.05+0.16 1.1+£0.18 1.08 +£0.15 NS NS NS
PTH (pmol/l) 44+25 41+1.8 40+1.8 NS NS NS
Magnesium (mmol/l) 0.88 £ 0.05 0.84 £ 0.06 0.82 £ 0.08 0.009 <0.001 NS
Alkaline Phos (1U/l) 74.6 £23.9 94.2 £ 25.7 77.9 £20.7 0.001 NS 0.007
ALT (1U/1) 26.0£12.3 33.7+£23.8 345+ 15.6 NS NS NS
Albumin (g/l) 454125 446126 439127 NS 0.033 NS
Urinary Parameters
Median NAG (umol/h) 1030 (670) 1079 (756) 989 (780) 0.048 NS NS
Median NAG: creat. ratio 67.9 (848) 83.1 (373) 93.5 (411) NS NS NS
Median RBP (mg/l) 0.23 (0.73) 0.27 (0.85) 0.35 (0.93) NS 0.013 NS
Median RBP: creat. ratio 0.02 (0.41) 0.02 (0.15) 0.03 (0.25) NS 0.023 NS
Legend

Baseline biochemical and haematological parameters in control subjects and patients
with type 1 and type 2 Diabetes. Normally distributed parameters represented as
mean * standard deviation. Non-normally distributed parameters represented as
median (range). The p value represents the statistical significance of changes as
determined by ANOVA test. ALT = alanine transaminase, Alkaline phos = Alkaline
phosphatase, CRP = C - reactive protein, PTH = parathyroid hormone. eGFR
(ml/min/1.73m? = estimated glomerular filtration rate calculated using MDRD 4
formula. Creat Clearance (ml/min) = Creatinine Clearance estimated by Cockcroft-
Gault method (C-G). NAG

protein, NAG: creat. ratio = N-acetyl-B-D-glucosaminidase: creatinine ratio, RBP:

N-acetyl-B-D-glucosaminidase, RBP = Retinol binding

creatinine ratio = Retinol binding protein: creatinine ratio.
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8.6 Discussion

The major findings in this study are that both type 1 and type 2 DM patients have low
EPO and 1, 25-dihydroxyvitamin D levels with normal estimated creatinine clearance
and prior to the onset of persistent microalbuminuria. These subjects with diabetes
also had evidence of early tubular dysfunction as reflected by higher excretion of

NAG in Type 1 DM and RBP in Type 2 DM patients.

Though serum EPO levels were lower in type 1 and type 2 DM patients compared to
controls, there were no significant differences in hemoglobin levels between the
groups. Low EPO levels with normal haemoglobin have been reported in

139, 336

normoalbuminuric and microalbuminuric Type 2 DM patients. **” However, the

previous studies in normoalbuminuric Type 2 DM were limited by non-characterization

° and/or absence of a control

of patient groups in terms of GFR and albuminuria '
group, % and lack of data on haematinic levels.'®® 3¢ Also, the previous studies did

not include patients with Type 1 DM.

Erythropoietin  stimulates erythropoiesis and has other pleiotropic properties.
Erythropoietin levels were not associated with low haemoglobin levels perhaps
because the levels in the diabetes groups remained above the threshold required to
maintain normal hemoglobin. It may be, though, that these low levels of EPO could
potentially influence its pleotropic properties in some individuals. In agreement with
previous observations, % Erythropoietin levels did not differ significantly in patients

who were on ACE-I/ARB therapy compared to those who were not.
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Low 25-hydroxyvitamin D levels have been reported and implicated in the
pathogenesis of type 1 3¢ and type 2 DM % This is the first study to report low levels
of 1, 25-dihydroxyvitamin D in type 1 and type 2 DM before the onset of persistent
microalbuminuria. It is noteworthy that these changes occurred in the absence of
changes in calcium, phosphate, or parathyroid hormone levels, though magnesium
levels were lower in both DM groups. Magnesium deficiency has been associated
with low serum levels of 1, 25-dihydroxyvitamin D and impaired secretion of

parathyroid hormone. 3%

The observations of higher excretion of tubular injury markers are in agreement with
previous studies which have shown increased excretion of NAG in type 1 DM %% and
RBP in type 2 DM. 3*° The differences in RBP and NAG excretion in type 1 and type 2
DM may reflect different pathogenetic factors operating in these conditions, and merit
further study. As discussed above, the reductions in EPO and 1, 25-dihydroxyvitamin
D levels were more marked in patients with type 1 DM, whilst the evidence for tubular
dysfunction was stronger in type 2 patients. This dissociation also merits further

attention.

Microalbuminuria has been considered to be the first significant marker of DN. Up to
30% of patients with Type 2 DM may have microalbuminuria or proteinuria at
diagnosis. **' Early microalbuminuria may result from both glomerular and proximal
tubular dysfunction. "® In DM patients with normal renal function, increased urinary
excretion of NAG and RBP may indicate proximal tubular injury and potentially help in

identifying patients at high risk of developing DN. 3#°
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Due to a chronic hypoxic milieu as a result of sustained hyperglycemia, the renal
tubule may be damaged prior to the glomerulus in early DN. **? Early loss of tubular
and peritubular cells could impair the synthesis of 1, 25-dihydroxyvitamin D and EPO
which, together with dysfunction of their receptors caused by the diabetic state, and
other mechanisms, such as early removal of EPO from circulation as a result of
abnormal glycosylation, **® might diminish the local trophic effects of these hormones.
This could potentially result in further compromise to the functional and structural
integrity of the renal parenchyma, and contribute to the gradual decline of renal

function. The findings of the current study are compatible with this hypothesis.

Although the excretion of NAG and RBP was elevated in patients with diabetes and
the serum levels of EPO and 1, 25-dihydroxyvitamin D were low, there were no
significant correlations between the markers of tubular injury and those reflecting
diminished functional capacity. This lack of correlation may be accounted for by 1) the
different cellular locations of the hormone function (EPO synthesis and 1a
hydroxylation of 25-hydroxyvitamin D) and the markers of tubular injury 2) a
dissociation between the mechanisms of tubular and peritubular injury 3) lack of

sensitivity of urinary NAG and RBP excretion as markers of tubular damage.

The present study has a number of limitations. These include small patient numbers
and incomplete matching with respect to age and duration of both the types of
diabetes. In addition, although the diabetes groups were selected on the basis of
having been screened negative for microalbuminuria, when, during the course of the
study, microalbuminuria was retested on the basis of ACR in the spot urine sample,

similar numbers in all groups (4-5 patients, 10-12.5%) were found to be in
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microalbuminuric range. The diagnosis of microalbuminuria requires ACR levels
exceeding threshold values on 2 or more consecutive occasions, ideally within one to

three months. 3#

The finding of 10 -12.5% of patients in the microalbuminuric range, based on a single
ACR value, may reflect a natural variability in urinary albumin excretion these patients
or may indicate evolving microalbuminuria. Interestingly, the prevalence of
microalbuminuria, based on a single ACR sample, in the control group was also 10%.
This was lower compared with a previous study, which reported the prevalence of
microalbuminuria in non-diabetic general population of up to 13%. %4 NAG and RBP
may not be the gold standard markers of tubular injury. However, NAG and RBP are
most widely assessed tubular injury markers. It may be though that further studies in
this area will need to employ a range of markers of tubular function, and include timed

collections of urine to improve sensitivity.

8.7 Conclusions

Diminished functional ability of tubulointerstitium in DM patients with normal levels of
serum creatinine and estimated GFR, in the absence of persistent microalbuminuria
was observed, as reflected by reduced levels of EPO and 1, 25-dihydroxyvitamin D,
in presence of significantly higher excretion of NAG and RBP. EPO and 1, 25-
dihydroxyvitamin D levels in this setting may be useful markers for the diagnosis and
monitoring of early DN. These findings are also compatible with the hypothesis that in

the evolution of DN, significant tubulointerstitial damage may precede clinically
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evident glomerular injury. Further studies with larger patient groups are required to

confirm and extend these findings.

The following chapter examines the effect of EPO supplementation on tubular injury
markers in diabetic and non-diabetic patients in different stages of chronic kidney

disease.
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CHAPTER 9

ERYTHROPOIETIN THERAPY AND TUBULAR INJURY MARKERS
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ERYTHROPOIETIN THERAPY AND TUBULAR INJURY MARKERS

9.1 Introduction

Anaemia, as a result of erythropoietin (EPO) deficiency, usually develops early in the
course of diabetic nephropathy (DN).'®" The associated factors that may contribute to
early anaemia in DN include shortened red cell survival, decreased erythropoietin
production, blood loss because of defective platelet function, and impaired
erythropoiesis secondary to inhibitors or toxic metabolites. **° Patients with diabetes
mellitus (DM) have been reported to have significantly low serum EPO levels as

compared to nondiabetic patients with chronic kidney disease (CKD). '*°

EPO synthesis is primarily carried out in the tubulointerstitial area by the peritubular
fibroblasts. 32 EPO is a trophic hormone, which exerts its haematopoietic effects by
stimulating the proliferation of early erythroid precursors and the differentiation of later
precursors of the erythroid lineage '’ EPO has pleiotropic effects well beyond the
maintenance of red blood cell mass. '*° It has important cytoprotective effects,
including protection from ischemic injury, inhibition of apoptotic death-related
pathways % *” EPO has been recognized to be a multifunctional cytokine that plays
a key role in ischemic pre-conditioning in the brain and heart. '*° In animal models,
EPO has been demonstrated to possess anti-oxidant and anti-inflammatory

properties. '®°

EPO exhibits its pleiotropic effects by the activation of functional EPO receptor

1

(EPOR) on the tissue surface. '®' EPORs have been demonstrated throughout the
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kidney, including both proximal and distal tubular cells ' Also, EPO-producing
fibroblast-like interstitial cells are in direct contact with the basal aspects of proximal
and distal tubular cells. '®® However, the affinity of EPOR to EPO is well below the
normal plasma EPO concentration, suggesting that these EPORs respond to the

circulating EPO in a paracrine fashion. 1%

Chronic hypoxia in the tubulointerstitium may be a trigger in the initiation of early
tubular damage and nephropathy in DM. This tubular damage is evident in form of
increased shedding of tubular injury markers such as N-acetyl-B-D-glucosaminidase

(NAG) and Retinol-binding protein (RBP) in normoalbuminuric type 1 32°

and type 2
DM, 3% respectively. The early proteinuria seen in DN is partly tubular in origin; "® and
reduction of early proteinuria may arrest the progression from micro- to

macroalbuminuria in DN. 346

Early EPO administration in predialysis patients has shown to slow the progression of
CKD, with a significant reduction of the risk of initiating renal replacement or death.°
Whether the renoprotective effects of EPO are due to correction of anaemia and/or
due to pleiotropic properties, are not clear. The beneficial effect of recombinant
human EPO in the treatment of anaemia in chronic renal failure has been established.
%7 In current clinical practice, the use of EPO is restricted to correct anaemia in
patients with EPO deficiency anaemia; however, given the extent of presence of EPO
receptors throughout the kidney, the use of EPO to target these tissues remains

unexplored. The aim of this study was to examine the hypothesis that

supplementation with erythropoietin ameliorates tubular injury.
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9.2 Research Design and Methods

9.2.1 Patient recruitment

All the patients (DM and non-diabetics) were recruited from the renal clinic at Lister
Hospital, Stevenage, UK. The patients were screened according to predefined
inclusion and exclusion criteria. Inclusion criteria were age >18 years, DM or non-
diabetic with history of CKD and clinical diagnosis of EPO deficiency anaemia. The
exclusion criteria were immunosuppressive therapy, currently pregnancy, hormone

replacement therapy and malignancy.

The study was approved by the Hertfordshire research ethics committee. After
screening the medical records, suitable patients were approached with the patient
information sheet and explained about the study. The prospective study subjects, who
agreed to participate, gave written informed consent and there were no drop-outs
post consent. The patients were divided into the DM and non-diabetic groups. There
were 10 patients in the non-diabetic group and 9 patients in the DM group. In total

there were 19 patients.

9.2.2 Data collection

A detailed medical history was recorded including, age, gender, type of diabetes,
weight, height, blood pressure, recording of medical history including, duration of

diabetes, treatment for diabetes, history of hypertension, duration of hypertension,
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history of erectile dysfunction, type of antihypertensive therapy, duration of CKD in

non-diabetics, dose of EPO at initiation and finally all other concomitant medications.

9.3 Laboratory Investigations

A single overnight fasting blood sample was collected to measure baseline blood
chemistry including fasting blood glucose (FBG), HbA., full blood count, blood urea,
serum ferritin, By> and folate levels, serum creatinine, serum albumin, C reactive
protein, serum bilirubin serum alanine transferase (ALT), serum alkaline
phosphatase, serum parathyroid hormone (PTH), serum calcium, serum phosphate,
and serum magnesium. A spot urine sample was collected to assess levels of urinary
albumin excretion, urinary phosphate, urinary creatinine, and urinary NAG and RBP
excretion. The blood and urine samples were collected at EPO initiation and repeated

after 3 months of EPO therapy to look at the difference in the various parameters.

9.3.1 Laboratory Methodology

Full blood count measurement was performed on the ABX Pentra ® (Horiba
Diagnostics, Northampton, UK), according to manufacturer specifications. Routine
biochemistry analyses (sodium, potassium, urea, creatinine, alanine transferase
(ALT), full lipid profile, C-reactive protein (CRP), glucose and urine microalbumin)
were performed on the Olympus AU 2700 ® multi-analyzer (Olympus Diagnostics,
Watford, UK) according to manufacturer specifications. PTH concentrations were

measured on the Beckman Access ® 2 immunoassay system (Beckman Coulter,

149



(High Wycombe, UK). RBP was performed in duplicate on the automated ELISA
(enzyme linked immunosorbent assay) analyzer, Triturus ® (Grifols, Cambridge, UK).
Urine NAG was measured on the Triturus® (Grifols, Cambridge, UK) employing
colorimetric detection at 505 nm, using reagents supplied by PPR Diagnostics Ltd
(London, UK). All analyses were performed as a single batch. The within-run
analytical coefficients of variation obtained for the respective assays have been
reported in the general methodology chapter. These analytes were also measured in

duplicate to exclude the occurrence of random analytical error.

9.4 Sample Size and Statistical Analysis

The primary aim of the study is to determine the extent to which NAG and RBP
change in patients treated for EPO deficient anemia. Changes in these parameters
from before to after treatment will be considered initially using an appropriate paired
comparison (e.g. t-tests). Additional analyses will take into account other clinical and
demographic factors using appropriate multivariate methods (e.g. ANCOVA or

regression).

There is no currently published data examining changes in NAG and RBP after EPO
supplementation, so a formal power model cannot be considered. However previous
studies of changes in NAG given treatment for hypertension show that the changes in
NAG are highly correlated (>0.7) and are large in comparison to the standard error of
change (D’>1). A sample size of 20 patients will enable changes in NAG and RBP to

be detected with power in excess of 90%. Given a 2 sided test, a=0.05, and n=20, a
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effect size of 0.77 can be detected with power of 90%, and an effect size of 0.66 with

power of 80%.

The statistical analysis was performed by SPSS (Statistical Package for Social
Sciences) Version 16 (SPSS Inc., Chicago, USA). The results of the analysis have
been presented as mean (95% CI) when data were normally distributed, and as
median values, when the distribution was not normal. Paired t test was employed to
study the significant differences in various parameters before and after EPO therapy.

P-values < 0.05 were considered to be statistically significant.

9.5 Results

9.5.1 Demographics and clinical factors

The mean age of the whole group was 62.4 + 13. There was no difference in the age
between the DM and non-diabetics. The proportion of females was 42% across the
whole group. There was no difference in the systolic blood pressure; however, the
diastolic blood pressure was significantly higher post EPO therapy (87 vs. 80 mm of

hg: p=0.011).

9.5.2 Pre and Post EPO therapy biochemistry (Table 9-1)

There were no differences in any parameter between diabetic and non-diabetic
patients. The glycemic control in the diabetes group was not significantly different

(HbA1c — 7.24 vs. 7.44%: p = NS), in the pre and post therapy period. Compared to
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baseline, there was a significant rise in serum haemoglobin levels (11.9 vs. 9.9 g/dl: p
< 0.001) post EPO therapy in the whole group. Serum bilirubin was significantly
higher (7.9 vs. 6.7: p = 0.027) as compared to baseline. There was a significant
reduction in ALT (24 vs.19 IU/l: p = 0.001) post treatment. There was a marked
increase in urinary phosphate excretion (13 vs. 8.4 p = 0.004). In addition, there was
a significant rise in the serum phosphate levels 1.38 vs. 1.29: p =0.049). There was
no difference in urinary proteinuria and urinary creatinine. In addition, there were no
differences in serum levels of PTH, folate, ferritin, HbA1ic, transferrin, CRP,

creatinine, urea, corrected calcium, magnesium, alkaline phosphatase and albumin.

9.5.3 NAG and RBP levels (Table 9.1)

The mean NAG levels was significantly higher post EPO therapy (924 vs. 848 umol/I:
p = 0.002). However, there was no significant difference in the NAG: creatinine ratio
in the pre and post therapy levels (181.8 vs. 157.8: p = NS). The RBP levels did not
differ significantly in the pre and post EPO therapy period (2 vs. 1.6 mg/l: p = NS).
Similarly, there were no significant differences in the pre and post therapy RBP:
creatinine ratio (0.34 vs. 0.36: p = NS). In the baseline assessments, NAG correlated
significantly with ACR (r = 0.674: p = 0.016) and serum urea (r = 0.611: p = 0.005).
RBP correlated with serum folate (r = 0.486: p = 0.035) and BMI (r = 0.529: p =
0.020). In the post treatment assessment, NAG correlated significantly only with age
(r=0.471: p = 0.042) whereas, RBP correlated with only with HbA1c (r = 0.537: p =

0.047).
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Table 9.1 Patient Characteristics and Biochemistry: Pre and Post EPO

Therapy
Variables Groups
Before After BT v AT
Treatment Treatment p-value
Number 19 19 NS
Systolic BP (mmHg) 150 £ 23 154 £ 27 NS
Diastolic BP (mmHg) 80+ 14 87 £ 16 0.011
BMI 28+7.3 29+7.5 NS
EGFR MDRD (ml/min) 17.5 16.8 NS
NAG (umol/h) 848 + 78 924 + 53 0.002
NAG:Creatinine Ratio 181.8 + 99 157.8 £ 103 NS
RBP (mg/l) 1.6+0.9 2+1.04 NS
RBP:Creatinine Ratio 0.34+0.22 0.36 £ 0.32 NS
Creatinine 316 331 NS
Urea 18.5 20 NS
ACR 22.5 23.6 NS
Haemoglobin (g/dl) 9.9 11.9 <0.001
Vitamin B 12 305 307 NS
Folate 483 568 NS
Urine phosphate 8.4 13.3 0.004
PTH (pmol/l) 27.8 23.9 NS
Calcium (mmol/l) 2.3 2.3 NS
Phosphate 1.29 1.38 0.49
Magnesium 0.91 0.93 NS
Alk Phos (1U/1) 112 118 NS
ALT (1U/l) 242 18.6 0.001
Albumin (g/1) 38.5 39 NS
Bilirubin 6.7 7.9 0.027
Legend

Clinical characteristics and biochemistry in chronic kidney disease patients, with and
without diabetes. The p value represents the statistical significance of changes as
determined by paired t test. BP = Blood pressure, BMI = Body mass index, eGFR
(MDRD) = estimated glomerular filtration rate by Modification of Diet in Renal Disease
Study Equation, NS = non significant. NAG = N-acetyl-B-D-glucosaminidase, RBP =
Retinol binding protein, ACR = Albumin creatinine ratio, PTH = Parathyroid hormone,
Co Calcium = Corrected Calcium. Alk. Phos = Alkaline Phosphatase, ALT = Alanine

Transaminase.
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9.6 Discussion

The principal finding in this study is that EPO therapy does not have any effect on the
rate of excretion of NAG and RBP in CKD patients with advanced renal disease. In
addition, we did not find any significant difference in pre and post EPO therapy
excretion of NAG and RBP, in the diabetic and non-diabetic patients. As expected,
treatment of anemic CKD patients with EPO therapy resulted in a significant rise in
haemoglobin. In addition, there was a significant rise in proteinuria with progression of

the disease.

In current clinical practice, a multi-pronged approach is applied in the treatment of
patients with CKD. This incorporates identification and treatment of suspected risk
factor/s and therapy for underlying associated diseases such as hypertension,
dyslipidemia and/or diabetes, dietary intervention, correction of anaemia, therapy for
disturbed mineral metabolism (hyperphosphatemia and hyperparathyroidism) and

cessation of adverse personal habits such as smoking.

Anaemia is an early feature in patients with CKD, more so in those with DM."®" EPO
therapy is the mainstay of treatment for EPO deficiency anaemia in patients with
CKD. Several small experimental studies '°® 7199180 haye suggested pleiotropic
properties of EPO apart from its known main function in stimulating erythropoiesis.
These observations are further bolstered by the fact that EPORs have been
demonstrated all over the kidney, including the tubular cells '® The presence of
EPORs on tissue other than those connected with erythropoiesis suggests the

extension of EPO action on these tissues.
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The above observations provided a valid ground for studying the effect of EPO
supplementation on renal tubules, which are damaged in progressive CKD. NAG and
RBP are known markers of tubulointerstitial injury and are widely employed to assess
the damage to the renal tubules in renal diseases.?*® Higher excretion of NAG and

h 329, 330

RBP reflects tubulointerstitial damage in patients wit or without diabetes. 3*

Atubular glomeruli with loss of renal tubule are a feature of progressive renal disease

1 3% and type 2 DM.**' The patients examined in our

in non diabetics *° and type
study were predominantly drawn from advanced renal disease (stage 4 and 5 CKD),
which is characterised by a significant loss in the amount of functional nephrons. It is
obvious that in absence of adequate EPORs, due to a significant drop in functional
tubules, there was a limited scope for EPO action on the remaining tubules. This may

be the primary reason for non-demonstration of any effect of EPO supplementation

on the level of tubular injury markers in this study.

Progressive CKD is associated with a significant increase in inflammatory markers.*?
It is widely known that presence of inflammation blunts the responsiveness of EPO
therapy in Anaemia. **® This could be another reason for lack of any effect of EPO
therapy on EPORSs on the remaining tubules. However, data from recent experimental
studies *** **° |ooks promising and suggestive of beneficial effects of EPO therapy in
early/moderate renal disease as opposed to advanced renal disease, wherein there

may not be adequate number of functional nephrons for pleiotropic action of EPO.
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9.7 Conclusions

EPO therapy was significantly beneficial in correction of anaemia in the present study
group. However, EPO supplementation did not show any of its suggestive pleiotropic
actions, with no effect on NAG and RBP levels post therapy. In addition, we did not
find any difference in the diabetic and non-diabetic groups. Primarily, this may be
attributed to non-availability of adequate functional nephrons as a result of advanced
renal disease. However, further support is derived from recent experimental studies
suggesting the beneficial action of EPO in reno-protection. In this context, the effect
of EPO supplementation on tubular injury should be studied in patients with early and

moderate CKD with substantial number of functioning nephrons.

Micro and macrovascular complications of DM often co-exist together and the
presence of one complication may be suggestive of presence of the other. The
following chapter assesses the presence of vascular calcification and bone health in
patients with type 2 DM patients with varying degrees of proteinuria and examines

their relationship with the potential modulators of DV.
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VASCULAR CALCIFICATION AND BONE MINERAL DENSITY IN DIABETES
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VASCULAR CALCIFICATION AND BONE MINERAL DENSITY IN DIABETES

10.1 Introduction

Vascular calcification (VC) is a strong independent predictor of cardiovascular

mortality, 3°°

the most common cause of death in patients with diabetes mellitus
(DM).**”  VC is widespread in patients with DM, coronary artery disease and
peripheral vascular disease. **® VC is a complex process of bio-mineralization
resembling osteogenesis and is enhanced in people with DM. **° Hyperglycemia
induced apoptosis of vascular cells (endothelial and vascular smooth muscle cells) **°
may provide a nidus for the initiation of the process of VC. % The process of initiation
of VC is tightly regulated by an interaction of inhibitors and promoters of VC. In DM,
hyperglycemia is a significant predictor of peripheral vascular calcification.®®' The

manifestation of VC may be viewed as a failure of the inhibitory mechanism on the

background of various metabolic and cytokine insults in DM.

Albuminuria is a strong predicting factor of VC and enhanced albuminuria has been
associated with VC independently of peripheral neuropathy in DM. %% Several
studies have reported association between VC and autonomic denervation in the
intima media of the small muscular arteries of the foot; with increased calcification

363, 364

following sympathectomy. The severity of VC has been reported to have a

significant correlation with the duration of DM. 3¢

The burden of diabetic foot disease is enormous, with patients requiring regular input

to prevent or treat foot ulceration, infection, vascular insufficiency and amputation.
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The overall risk for foot amputation in patients with DM is 15 times greater than in
non-diabetics. #** Peripheral vascular disease (PVD) is a leading cause of morbidity
in DM,?** but the underlying mechanisms of VC in PVD are not clear. Multiple
predictors and pathways have been proposed but major gaps still exist in our

understanding.

The impact of DM and its complications on general bone health is not clearly
established; although peripheral bone disease has been linked to both neuropathy
and nephropathy. Type 1 DM patients with severe neuropathy have significantly less
cortical bone mass in the hands and feet than non-diabetics.*®® In type 2 diabetics,
there are conflicting reports of reduced, normal or higher BMD as compared to
controls by various groups. **’ Patients with VC often have low bone mineral density
(BMD). Whether osteoporosis and PVD are interrelated and linked by a common

etiopathogenesis is ambiguous. ¢

It is not clear whether the osteopenia noted in
neuropathic patients is causally related to neuropathy. Poor glycemic control is
associated with reduced bone mass and improvement of glycaemic control has shown

to have protective effects on bone in type 2 DM. 3°

Evidence supports the assumption that the Osteoprotegerin/Receptor activator of
nuclear factor kappa B ligand (OPG/RANKL) complex cytokine network may be
expressed, regulated, and function in vascular physiology and pathology to regulate
vascular smooth muscle cell osteogenesis and calcification. *'> RANKL is one of the
major osteoclast maturation factors, whereas OPG functions as a soluble decoy
receptor for RANKL and inhibits its effects. 3'® Therefore at the bone level, OPG

promotes bone formation, whereas RANKL promotes bone resorption. '® In the
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vessel wall, RANKL promotes calcification and OPG has a protective role against

calcification. 3'®

The relationship between bone health, mineral metabolism, neurovascular function
and OPG/RANKL system in the diabetic foot has not been examined before. Previous
studies in this area have been carried out mostly in DM patients with advanced
vascular complications such as subjects at the end stage of diabetic-renal-foot
disease. The aim of this study is to examine three hypotheses in type 2 DM patients,
i) the degree of vascular calcification and bone mineral density are inversely related,
ii) both are related to other clinical indicators of microvascular disease such as the
degree of proteinuria, and the presence of neuropathy and iii) both are related to

modulators of diabetic vasculopathy such as the OPG/RANKL axis.

10.2 Research Design and Methods

10.2.1 Patient recruitment

The type 2 DM patients with varying degrees of proteinuria were recruited from local
GP surgeries, diabetic and renal clinic in East and North Herts NHS Trust hospitals in
Hertfordshire, UK. The patients were screened according to predefined inclusion and
exclusion criteria. Inclusion criteria were age >18 years, type 2 DM, proteinuria less
than 3 grams/day. The exclusion criteria were type 1 DM, history of current or recent
urinary tract infection, history of chronic non-diabetic renal disease, serum creatinine
in excess of 125 umol/L, active foot ulceration, immunosuppressive therapy, current

pregnancy, hormone replacement therapy and malignancy.
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The study was approved by the Hertfordshire research ethics committee. After
screening the medical records, suitable patients were approached with the patient
information sheet and explained about the study. Prospective subjects, who agreed to
participate, gave written informed consent. There were no drop-outs post consent.
Microalbuminuria was defined as albumin creatinine ratio (ACR) < 2.5 in males and <
3.5 mg/mmol in females on two or more consecutive tests, within a period of one to

343 Patients with no microalbuminuria were included in the

three months.
normoalbuminuric group and patients with high ACR, were tested for urine dipstick
protein and if found positive, were included in the proteinuric group. The patients were

age-matched across the groups. After screening there were 65 patients who were

examined.

10.2.2 Data collection

A detailed medical history was recorded including, age, gender, race, type of
diabetes, duration of diabetes, treatment for diabetes with insulin or oral
hypoglycemics, weight, height, history of foot ulcers, history of erectile dysfunction,
postural hypotension, history of hypertension, duration of hypertension, type of

antihypertensive therapy and recording of all concomitant medications.

10.2.3 Peripheral neuropathy

Peripheral neuropathy was assessed by two modalities and patients with abnormal

sensation on any of the methods were labelled as having peripheral neuropathy.
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The first method employed using a 10-gram Semmes-Weinstein monofilament
examination. At the start of the assessment with this modality, the patient was
given a reference sensation by application of the stimulus to the palm and then
asked the nature of the sensation perceived if it was correct the patient was asked
to perceive the sensation, with eyes closed, sequentially at different sites such as
the plantar surface of the first toe and the 1%, 3 and 5" metatarsal heads in each
foot. In total the patient was asked to perceive the sensations at 8 sites. It was
repeated four times on both feet in an arrhythmic manner and correct responses
were scored on a scale of 0 to 8. A patient with a score below 8 was labeled as

having peripheral neuropathy.

The second method entailed using the neurothesiometer to assess vibration
perception thresholds to detect peripheral neuropathy as described before. In this
procedure again, the patient was given a reference vibration sensation by
application of the neurothesiometer knob to the palm and then asked the nature of
the sensation perceived. The subject was asked to close the eyes and thereafter a
neurothesiometer knob was placed on the plantar surface of the big toe. The
patient was asked to prompt as soon as the vibration was perceived. The vibration
mode was switched on and was controlled by a regulator. The voltage at which the
patient perceived and prompted was labeled as the score for that particular foot
and then repeated in the other feet. A vibration perception threshold from 0-14 was

considered as normal and any score beyond that was considered as abnormal.
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10.2.4 Radiology

Each patient underwent a Multidetector helical CT scan. The Scans were performed
on a Siemens sensation 16 Multidetector scanner. The Images were obtained with
the patient in the supine position. No intravenous contrast was used. A standardised
section of the common and superficial femoral artery was imaged in 3mm slices for a
length of 7.2cm from the superior margin of the hip joints. A similar section of the
posterior tibial and dorsalis pedis arteries was imaged in 3mm slices for a length of
7.2cm from the level of the tibial dome with the Feet plantar flexed to lie flat on the
scanning table. Any additional slices were excluded from evaluation. Where
quantification was not possible due to contact between the calcified vessels and
adjacent bone, a note was made regarding the same. The slices were not overlapped
and each slice scored individually by the investigator using the calcification software
in the Siemens Leonardo workstation as described by Agatston et al. 3”° Calcification
was considered to be present if an area >/= 1 mm? displayed a density >130

Hounsfield units (HU).

Plain radiographs of both feet were also performed in AP position. The presence of
linear or curvilinear calcification in the expected anatomical location of dorsalis pedis
and posterior tibial arteries were scored as 1 and 0 for presence and absence of
calcification, respectively as suggested in a previous study. ' Patchy isolated
calcifications were excluded. Analysis of both radiographs and CT scans were

performed by single experienced radiologist blinded to patient’s clinical details.
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10.2.5 Doppler assessment

Peripheral blood flow and assessment of plaque and patency were carried out using
Doppler —ultrasonography (G.E Logiq 7 ultrasound machine and 10 MHz linear array
probe). The procedure was carried out and reported by a trained vascular sonologist,
blinded to the patient’s medical history. Longitudinal and transverse B-mode (black
and white mode) imaging of i) a 5cm segment of the arteries of the groin from the
distal CFA, PFA and SFA ii) PTA at the level of the medial malleolus iii) DPA just
below the level of the medial malleolus, on the anterior surface of the foot. Any
plaques noted were measured in 3 dimensions and categorised as either soft, mixed
(both soft and calcified) and calcified in nature. Colour and spectral Doppler imaging
was also performed and peak systolic velocities (PSV) and pulsatility index (PI)
recorded in the CFA, proximal PFA, proximal SFA, distal PTA at the level of the

medial malleolus and DPA on the anterior portion of the foot.

10.2.6 DEXA Scan

To assess the bone mineral density, a dual energy absorptiometry (DEXA) scan was
carried out of the spine, hip and heel by quantitative digital radiography (QDR)
application by a senior radiographer. QDR employs emitting alternating high, 140kVp,
and low, 100kVp, X-rays. For our procedure, third generation QDR densitometers
(Hologic's bone densitometry systems), which employs multiple detectors and a dual
energy X-ray fan-beam, was used. The radiation dose is approximately 1/100™ of

conventional X-ray dose. The results were reported as total BMD, Z- score (measure
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of difference between the patient’'s BMD and that of healthy people of the same age
and ethnicity) and T-score (measure of the difference between the patient’'s BMD and

that of a young adult population of the same sex and ethnicity).

10.3 Laboratory Investigations

A single overnight fasting blood sample was collected to measure baseline blood
chemistry including fasting blood glucose (FBG), HbA., full blood count, blood urea,
serum ferritin, B12 and folate levels, serum creatinine, serum albumin, C reactive
protein, serum bilirubin, serum alanine transferase (ALT), serum alkaline
phosphatase, serum parathyroid hormone (PTH), serum calcium, serum phosphate,
and serum magnesium. Samples were also taken for serum OPG, RANKL, bone
specific alkaline phosphatase (BAP), 25-hydroxyvitamin D and 1, 25-dihydroxyvitamin
D estimation. A spot urine sample was collected to assess levels of urinary albumin
excretion, urine phosphate, creatinine, magnesium, Cross-linked N-telopeptide of

type | collagen (Ntx) excretion. .

10.3.1 Laboratory Methodology

Full blood count measurement was performed on the ABX Pentra ® (Horiba
Diagnostics, Northampton, UK) according to manufacturer specifications. Routine
biochemistry analyses (sodium, potassium, urea, creatinine, alanine transferase
(ALT), full lipid profile, C-reactive protein (CRP), glucose and urine microalbumin)

were performed on the Olympus AU 2700 ® multi-analyzer (Olympus Diagnostics,
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Watford, UK) according to manufacturer specifications. PTH concentrations were
measured on the Beckman Access ® 2 immunoassay system (Beckman Coulter,

(High Wycombe, UK).

Serum OPG, RANKL, BAP, 25 hydroxyvitamin D, 1, 25-dihydroxyvitamin D and
urinary Nix were performed in duplicate on the automated ELISA (enzyme linked
immunosorbent assay) analyzer, Triturus ® (Grifols, Cambridge, UK). The reagents
were obtained from the following manufacturers: OPG, RANKL, BAP, and Ntx (Oxford
biosystems, Oxford, UK), 25 hydroxyvitamin D and 1, 25-dihydroxyvitamin D
(Immunodiagnostic Systems Ltd, Boldon, UK). All analyses were performed as a
single batch. The following within-run analytical coefficients of variation ranges were
obtained for the respective concentration ranges These analytes were also measured

in duplicate to exclude the occurrence of random analytical,

10.4 Sample Size and Statistical Analysis

Patients with type 2 diabetes were split into three groups of 20 patients:
normoalbuminuria, microalbuminuria and overt proteinuria. Univariate analysis
comparing levels of OPG and RANK-L with VC severity score and BMD T score would
be conducted using correlations for each group. Since the data is likely to be skewed
Spearman’s rank correlation coefficient should be calculated. Sample sizes of 20 will
allow for detection of correlation coefficients larger than .53 with 80% power and a one

sided alpha level of .05
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Multivariate analysis, using linear regression models, would be used to investigate the
predictive ability of OPG/RANK-L with BMD and VC with the inclusion interactions
between OPG/RANK-L and group indicator variables to allow for the examination of
between group effects. A sample size of 20 in each group will allow for the significant
detection of a change in the variance explained at around 19% with 80% power

(alpha= .05).

The statistical analysis was performed by SPSS (Statistical Package for Social
Sciences) Version 16 (SPSS Inc., Chicago, USA). The results of the analysis have
been presented as mean (95% CIl) when data were normally distributed, and as
median values, when the distribution was not normal. Comparisons between groups
were carried out using the Kruskal-Wallis and Mann-Whitney U-tests for non-normally
distributed data and Students t-test and One Way Analysis of Variance (ANOVA)
followed by Bonferroni post-hoc testing as appropriate when data was normally
distributed. Differences between the groups with respect to the distribution of
categorical variables were examined using the Chi-squared test. Multivariate analysis
was carried out using multiple linear regression and logistic regression as appropriate.

P-values < 0.05 were considered to be statistically significant.

10.5 Results

10.5.1 Demographics and clinical factors

The mean age of subjects was 62 + 11years. The majority (80%) of study subjects
were Caucasian, the remainder were Asian or Afro-Caribbean. Females constituted

almost one third (32%).
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Table 10.1 Vascular Calcification: Demographics and Biochemistry

Groups Comparison of Groups
Variables NA MA P NA v MA NAvP MAv P
p-value p-value p-value

Age (years) 60 +12 64 £ 12 63+ 11 NS NS NS
Gender (M:F) 14:11 16:4 14:6 NS NS NS
DM Duration (yrs) 6.6 4.8 11577 13.3+9.7 NS 0.011 NS
Ever Smoked (%) 48 60 75 NS NS NS
SBP (mmHg) 141 +£18 139 +22 159 £ 25 NS 0.031 0.018
DBP (mmHg) 81+10 75+ 11 78+ 12 NS NS NS
Weight (kg) 91.6 £16.6 95.1 £27.8 100.4 +29.7 NS NS NS
BMI 32.4+4.9 329+7.1 31.1+10.4 NS NS NS
Neuropathy (%) 60 65 75 NS NS NS
Glucose (mmol/l) 8.7+29 8.5+3.1 104 +4 NS NS NS
HbA1c (%) 7.7+15 7.8+1.1 8.8+23 NS NS NS
Creatinine (umol/l) 90 + 14 97 £13 97 £ 16 NS NS NS
eGFR (MDRD 4) 72+14 82+19 6915 NS NS 0.038
Creat clear.(C-G) 96 + 33 91 +30 97 +42 NS NS NS
Urea (mmol/l) 56+14 6.8+25 6.6+1.6 NS NS NS
Haemoglobin (g/dl) 14.7+2.4 142+1.9 13.3+23 NS NS NS
CRP (mg/l) 1.0 (1,13) 1.0 (1,11) 1.0 (1,15) NS NS NS
Calcium(mmol/l) 2.35+0.1 2.34+0.11 2.42 +0.07 NS NS NS
Phosphate (mmol/l) 1.07+0.17 1.06+0.16 1.08 £0.15 NS NS NS
Hb g/dl 14.7+2.4 42+1.9 13.3+23 NS NS NS
Bilirubin 10.745.8 11.145.6 9.1£3.9 NS NS NS
Albumin g/l 449+3 45.5+27 42.6 +3.2 NS 0.039 0.009
BAP (1U/l) 19+4.9 241+82 225+84 NS NS NS
Ntx (nm BCE) 305 + 207 502 +359 409 + 370 NS NS NS
OPG (pmol/l) 46+1.3 46+1.2 5.4+ 15 NS NS NS
RANKL (pmol/l) 0.1 (0.03, 0.94) 0.1 (0.02, 0.32) 0.04 (0.02, 0.04) NS 0.008 0.044
OPG/RANKL Ratio 54 + 38 71 £70 135 +93 NS 0.001 0.013
250HD 52 +25 60 + 35 67 +33 NS NS NS
1,25(0OH) 2D 43.4£15 43.9+12 37.2+11 NS NS NS
PTH (pmol/l) 45+27 45+3.2 43+27 NS NS NS
Urinary ACR 0.6 (0, 19.4) 6.8 (2.7,26.8) 84.7(30,500) <0.001 <0.001 <0.001
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Legend

Baseline clinical and biochemical parameters in the three groups. Normally distributed
parameters represented as mean + standard deviation. Non-normally distributed
parameters represented as median (minimum, maximum). The p value represents the
statistical significance of changes as determined by ANOVA test, NA =
Normoalbuminuria, MA = Microalbuminuria, P = Proteinuria, CRP = C - reactive protein,
SBP = Systolic blood pressure, DBP = Diastolic blood pressure, eGFR (ml/min/1.73m?)
= estimated glomerular filtration rate calculated using MDRD 4 formula. Creat Clear.
(ml/min) = Creatinine Clearance estimated by Cockcroft-Gault method (C-G), Hb —
Haemoglobin, Ntx- N linked telopeptide of collagen, OPG = Osteoprotegerin, RANKL =
Receptor activator of Nuclear factor kappa B ligand, 25 OH D = 25 hydroxyvitamin D, 1,
25 (OH). D = 1, 25-dihydroxyvitamin D, PTH = Parathyroid hormone, ACR = urinary

albumin to creatinine ratio.

10.5.2 Proteinuria and biochemical parameters (Table 10.1)

Based on ACR, the proportion of patients with normoalbuminuria (NA),
microalbuminuria (MA) and proteinuria (P) was 38%, 31% and 31% respectively.
There was no difference between the proteinuria groups with respect to age, sex
distribution, ethnic mix, smoking history, or clinical evidence of peripheral neuropathy.
Glycemic control as reflected by HbA;. was similar across the groups. Serum
creatinine and creatinine clearance calculated by the Cockcroft Gault method *** did
not differ significantly, though the mean eGFR by the MDRD-4 % formula was

significantly lower in the P group as compared to MA group (p = 0.038).

Haemoglobin, serum calcium, phosphate and parathyroid hormone levels were similar
but serum albumin was significantly lower in the P group (42.6 g/L) than the NA (44.9

g/L: p = 0.039) and MA (45.5 g/L: p = 0.009) groups. Serum ferritin, folate and vitamin
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B12 levels did not differ across the groups, nor did serum luteinizing hormone, follicle
stimulating hormone, Oestradiol, progesterone and testosterone. Mean 25
hydroxyvitamin D and 1, 25-dihydroxyvitamin D levels did not differ significantly across

the three groups (Table 10.1), nor did mean BAP and Ntx levels (Table 10.1).

Mean OPG levels did not differ significantly across the NA, MA and P groups (Table
10.1). However it was significantly higher in the group with established proteinuria (5.4
vs.4.6 pmol/l: p = 0.027) (Table 10.2) as compared to the non-proteinuric groups
(Normoalbuminuric plus microalbuminuric). Median RANKL levels were significantly
lower in the proteinuric group (0.04 pmol/l) as compared to normoalbuminuric (0.1
pmol/l: p = 0.008) and microalbuminuric groups (0.1 pmol: p = 0.044). The
OPG/RANKL ratio was significantly higher in the proteinuric group compared to NA

(135 vs. 54: p =0.001) and MA (135 vs. 71: p = 0.013) groups (Table 10.1).

Table 10.2 Proteinuria versus No-proteinuria

Variable No-Proteinuria Proteinuria p-value

OPG 4.6+1.2 5.4+1.5 0.027

OPG/RANKL 61.7+54 135.5+93 0.003

Albumin 45.1+2.8 42.6+3.2 0.002

Systolic BP 140419 159+25 0.002
Legend

Baseline clinical and biochemical parameters in the proteinuria versus no-proteinuria
groups. Normally distributed parameters represented as mean + standard deviation.
Non-normally distributed parameters represented as median (minimum, maximum).
The p value represents the statistical significance of changes as determined by student
t test, Systolic BP = Systolic blood pressure, OPG = Osteoprotegerin, RANKL =
Receptor activator of Nuclear factor kappa B ligand.
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10.5.3 Proteinuria: Calcification, BMD and Doppler assessments

The median maximal Agatston calcification scores in the femoral artery were 20,
185.5 and 310.5 in the normoalbuminuric, microalbuminuric and proteinuric groups
respectively (p=0.048). The score in the proteinuric group was significantly higher
than that in the normoalbuminuric group (Table 10.3). The proportion of patients with
calcification in the foot on CT was 44%, 45% and 40% in the NA, MA and P groups
respectively (p=NS). There were only minimal differences between proteinuric
groups with respect to bone density and Doppler characteristics (Table 10.3). There
were no significant differences in lumbar spine BMD, neck of femur BMD, heel BMD,
across the NA, MA and P groups (Table 10.3). The proportion of patients with

peripheral neuropathy was not significantly different across the three groups.
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Table 10.3 Radiology, Ultrasonographic and BMD assessments

Groups Comparison of Groups
Variables NA MA P NA v MA NAvVP MAvP
p-value p-value p-value
Max Fem Cal (AS) 20 (0, 5999) 185.5 (0, 3073) 310 (0, 5486) NS 0.013 NS
Max Foot Cal (AS) 0 (0, 700) 0 (0, 700) 0 (0, 700) NS NS NS
Foot X ray Cal (%) 36 30 45 NS NS NS
Max CFVI 88 +23 90 + 21 94 + 31 NS NS NS
Max CFPI 9.5 (2.1, 139) 8.8 (4.5, 46) 11.4 (6, 155) NS NS NS
Max PFVI 64.2 £ 30 65 +15 75+ 28 NS NS NS
Max PFPI 10.7 £ 8.2 13.1 £ 131 13.1+£8.9 NS NS NS
Max SFVI 87.1+£24.2 89.2+17.8 97 +20 NS NS NS
Max SFPI 12 (2, 60) 138 (5, 34) 13.5 (6, 203) NS NS NS
Max PTVI 71.4 £ 301 78 + 21 81 +20 NS NS NS
Max PTPI 16.1 £ 13 19+14 177 NS NS NS
Max DPVI 58 + 24 58 + 26 59 + 30 NS NS NS
Max DPPI 14.5 (2, 73) 15.6 (4, 54) 14.3 (5, 52) 0.049 NS NS
Spine BMD 1.06 £0.15 1.1+£0.23 1.1+£0.17 NS NS NS
Spine T Score -0.6 (-2, 4.2) -0.25 (-2.4, 4.8) 0.45 (-2, 3) NS 0.045 NS
NOF BMD 0.86 £0.14 0.85+0.15 0.84 £0.14 NS NS NS
Heel BMD 0.48 (0.34, 0.61) 0.51 (0.2, 0.74) 0.48 (0.24, 435) NS NS NS
Heel T Score -0.6 (-2.3, 1.3) -0.5(-4.3, 2.5) -0.55 (-3.7,1.7) NS NS NS

Legend

Radiology, ultrasonographic and bone mineral density assessments in the three
groups. Normally distributed parameters represented as mean + standard deviation.
Non-normally distributed parameters represented as median (minimum, maximum).
The p value represents the statistical significance of changes as determined by
ANOVA test, Max Fem Cal = Maximum Femoral calcification in either left or right
femoral artery, AS = Agatston Score, Max Foot Cal = Maximum Foot calcification in
either left or right foot, CFVI = Common Femoral Velocity Index, CFPI = Common
Femoral Pulsatality Index, PFVI = Profunda Femoral Velocity Index, PFPIl =

Profunda Femoral Pulsatality Index, SFVI = Superficial Femoral Velocity Index, SFPI

Superficial Femoral Pulsatality Index, PTVI = Posterior Tibial Velocity Index, PTPI

Posterior Tibial Pulsatality Index, DPVI = Dorsalis Pedis Velocity Index, DPPI =
Dorsalis Pedis Pulsatality Index, BMD = Bone Mineral Density, NOF = Neck of

femur.
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10.5.4 Peripheral Neuropathy (Table 10.4)

Compared to those without, patients with peripheral neuropathy had significantly
lower mean serum levels of 1, 25-dihydroxyvitamin D (38.3 vs. 48.1 pmol/l: p = 0.004)
and higher femoral blood flow velocity (73 vs. 58: p = 0.025) and pulsatality (14 vs. 9:
p = 0.010) index; reflecting comparatively higher blood flow. The mean age (65.7 vs.
55.4: p < 0.001) and duration of diabetes (11.6 vs. 7.3 yrs: p = 0.037) was

significantly higher in the neuropathy group.

The median Agatston calcification score was significantly higher in the femoral artery
(247 vs. 0: p = 0.001) and foot (7.6 vs. 0: p < 0.001), in those with peripheral
neuropathy. Those with peripheral neuropathy were more likely to have evidence of
calcification by CT in the femoral (88 vs. 45%: p < 0.001) and foot (58 vs. 14%: p =
0.001), and by foot X ray (51 vs. 9%: p = 0.001) (Table 10.4). In addition, the median
lumbar spine BMD (1.14 vs. 1.02: p = 0.013) and heel BMD (0.51 vs. 0.46: p = 0.046),
was significantly higher in the peripheral neuropathy group, reflecting higher bone

mineral density as compared to those without neuropathy.

Table 10.4 Neuropathy versus No-neuropathy

Variable Normal Neuropathy p-value
Number 22/65 43/65

Age (yr) 55.4+12.4 65.749.3 0.002
Weight (kg) 101125 84119 0.006
Duration (yr) 7.317.6 11.6+7.8 0.037
Creatinine (umol/l) 88x16 97+13 0.011
HDL (mmol) 1.410.4 1.2+0.3 0.048
1,25 (OH) .D 125.1+30.2 99.7433.4 0.004
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Legend

Baseline clinical and biochemical parameters in the neuropathy versus no-
neuropathy groups. Normally distributed parameters represented as mean =+
standard deviation. Non-normally distributed parameters represented as median
(minimum, maximum). The p value represents the statistical significance of changes
as determined by student t test. HDL = High density lipoprotein, |, 25 (OH) . D = 1,
25-dihydroxyvitamin D.

10.5.5 OPG/RANKL relationships

Subjects with higher than median levels of OPG (Table 10.5) were significantly
different in terms of age (67.5 vs. 57.1 yrs: p < 0.001), eGFR (66.7 vs. 81.2: p <
0.001), serum creatinine (99 vs. 90 umol/l: p = 0.015), ACR (15.9 vs. 3.5: p = 0.038),
serum calcium (2.38 vs. 2.33 mmol/l: p = 0.043), systolic blood pressure (157 vs. 135
mm of Hg: p < 0.001), lumbar spine BMD (1.14 vs. 1.05: p = 0.056), maximum
femoral calcification (474 vs. 16: p < 0.001), and longer duration of DM (12.6 vs. 7.7),

compared to those with lower than median levels.

Table 10.5 Associations with Osteoprotegerin levels

Variable < Median > Median p-value
Age (yrs) 57.1+10.2 67.5+10.4 <0.001
E-GFR (ml/min) 81.2115.3 66.7x14.5 <0.001
ACR 3.5 15.9 0.038
Creatinine (umol/l) 90114 99+14 0.015
Calcium (mmol/l) 2.33+0.06 2.3840.12 0.043
Systolic BP (mm of Hg) 135%17 157122 <0.001
Spine BMD 1.05+0.16 1.14+0.19 0.056
Fem Cal (AS) 16 474 <0.001
Duration (yrs) 7.745.8 12.619.1 0.014
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Legend

Baseline clinical and biochemical parameters in the higher versus lower the median
Osteoprotegerin groups. Normally distributed parameters represented as mean +
standard deviation. Non-normally distributed parameters represented as median
(minimum, maximum). The p value represents the statistical significance of changes
as determined by student t test. E-GFR (ml/min/1.73m2) = estimated glomerular

filtration rate calculated using MDRD-4 formula. ACR = Urinary albumin to creatinine

ratio, Systolic BP = Systolic blood pressure, Fem cal = Femoral calcification, AS

Agatston score, BMD = Bone mineral density.

OPG correlated significantly with age (r = 0. 576: p < 0.001), corrected calcium (r
0.252: p = 0.043), Cockcroft-Gault creatinine clearance (r = 0.345: p = 0.005), eGFR
(r = 0.382: p = 0.002), duration of diabetes (r = 0.322: p = 0.009), maximal femoral
calcification (r = 0.551: p < 0.001), maximal foot calcification (r = 0.251: p = 0.043),
systolic blood pressure (r = 0.529: p < 0.001), blood flow velocity in the common
femoral artery (r = 0.254: p = 0.041), profunda femoral artery (r = 0.480: p < 0.001),
superficial femoral artery (r = 0.470: p < 0.001) and pulsatality index of the dorsalis

pedis artery (r = -0.338: p = 0.006).

Subjects with higher than median levels of RANKL had significantly lower 25
hydroxyvitamin D (50.4 vs. 67.2 nmol/l: p = 0.025) and ACR (3.3 vs. 22.3: p = 0.044),
and higher haemoglobin levels (14.7 vs. 13.5 g/dl) as compared to those below the
median levels. In the whole group, RANKL correlated significantly only with ACR (r =

0.366: p = 0.003).

Those with higher than median values of OPG/RANKL ratio had significantly higher

25 hydroxyvitamin D levels (66.5 vs. 50.1 nmol/l: p = 0.022) and ACR (22.3 vs. 3.0: p

175



= 0.01). OPG/RANKL ratio correlated significantly with ACR (r = 0.418: p = 0.001),
haemoglobin (r = 0.248: p = 0.047), systolic blood pressure (r = 0.322: p = 0.009),

and maximal femoral calcification (r = 0.249: p = 0.047).

10.5.6 Vitamin D relationships and other associations

Those with higher than median 25 hydroxyvitamin D levels had significantly higher
OPG/RANKL ratio (97 vs. 44: p = 0.009) and posterior tibial velocity (84.6 vs. 70.4: p
= 0.045) compared to those below the median levels. Patients with higher than
median levels of 1, 25-dihydroxyvitamin D had significantly higher systolic blood
pressure (150 vs. 140 mm of Hg: p = 0.047) and posterior tibial velocity (83.7 vs.

67.7:p = 0.017) as compared to those with below median levels.

In the whole group, 25 hydroxyvitamin D correlated significantly with maximal femoral
calcification (r = 0.295: p = 0.018). 1, 25-dihydroxyvitamin D levels did not correlate
significantly with any measured parameter. BAP correlated significantly with Ntx (r =
0.467: p < 0.001), maximal foot calcification (r = 0.249: p = 0.045) and hip BMD (r =
0.267: p = 0.038). In addition to BAP, Ntx correlated significantly with hip BMD (r =

0.399: p = 0.001), and heel BMD (r = 0.273: p = 0.028).

10.5.7 Vascular Doppler Studies (Table 10.3)

There were no significant differences in the velocity, pulsatality and resistance index

of common femoral, profunda femoral, superficial femoral, posterior tibial and dorsalis
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pedis arteries across the groups, whether characterised by presence and absence of

proteinuria, calcification or osteopenia.

10.5.8 Detection of calcification

Seventy-five percent of subjects had evidence of femoral artery calcification on CT
compared with 45% with foot calcification. Seventy-seven percent of subjects had
calcification at one or both sites by this method. Ninety three percent of those with CT
foot calcification also had CT femoral calcification, whilst only in 59% of those without
CT evidence of foot calcification, was femoral calcification present (p = 0.003). There
was also a degree of agreement between the presence of common femoral
calcification detected by CT and by ultrasound. Fifty-eight percent of patients had
calcification in one or both femoral arteries on ultrasound, compared with 75% by CT.
Ninety-two percent of subjects with calcification detected by US also had calcification
on CT, whilst only 52% of those with a negative US also had a negative CT (p

<0.001).

Assuming CT estimates to be the “gold standard”, relying on US for detection of
femoral calcification is subject to a 7% false positive rate but a 48% false negative
rate. Ultrasound was poor in detecting calcification in the vessels in the foot. Thirty-
seven percent of patients had evidence of calcification on plain X-ray of the foot.
There was a higher degree of correspondence with the findings on foot CT, 72.4% of
patients with positive foot X-ray having a positive CT, whilst 91.7% of those with a
negative foot X-ray had a negative CT. Assuming the CT estimates to be the “gold
standard”, then relying on a foot X-ray to detect calcification is subject to an 8.3%

false positive rate and a 27.6% false negative rate.
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10.5.9 Associations of Calcification

There were significant correlations between femoral calcification severity on CT and
age (r = 0.682, p < 0.001), duration of diabetes (r = 0.325, p = 0.009), OPG levels (r =
0.558:p < 0.001), 25-OH D (r = 0.295: p = 0.017), eGFR-MDRD (r = -0.336:p =
0.006), serum creatinine (r = 0.291, p = 0.019), ACR (r = 0.266: p = 0.033), maximal
foot calcification (r = 0.512, p < 0.001), lumbar spine BMD (r = 0.261:p = 0.042)
systolic blood pressure (r = 0.285, p = 0.021), and diastolic blood pressure (r = -
0.248: p = 0.046). CT calcification in the foot was also correlated with age (r = 0.420:
p < 0.001), duration of diabetes (r = 0.263: p = 0.045), bone alkaline phosphatase (r =
-0.249: p = 0.045), OPG (r = 0.251, p = 0.043), serum creatinine (r = 0.289: p =
0.020), lumbar spine BMD (r = 0.324: p = 0.011) and diastolic blood pressure (r = -

0.418: p = 0.001).

The associations with calcification detected by CT in the foot, in the femoral artery
and at either site are shown in Table 10.6. Greater age, longer duration of DM, worse
renal function, the presence of peripheral neuropathy, and higher OPG levels were
consistently associated with the presence of calcification. There were less consistent
associations with bone mineral density at the lumbar spine [which tended to be higher
in those with evidence of calcification], and with BMD at the neck of femur [which
tended to be lower in those with calcification]. Other associations were with lower
triglyceride levels (foot), and higher 25 hydroxyvitamin D levels (foot). The
associations with systolic and diastolic blood pressure were likely to be

consequences of higher levels of vessel calcification.
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Table 10.6 Associations of Vascular Calcification

FOOT CALCIFICATION FEMORAL CALCIFICATION ANY CALCIFICATION

Yes No P-value Yes No P-value Yes No P-value
Age (years) 689 57+11 <0.001 66 +9 51 + 11 <0.001 66 +9 51+ 11 <0.001
Duration (years) - - - 11.248.3 6.945.7 0.024 11.448.2 5.9+4.9 0.003
Creatinine (umol/l) 99 +11 90 £15 0.010 - - - 96114 87115 0.031
E-GFR MDRD (ml/min/1.73m?) 69+15 78+16 0.037 71+16 84 +15 0.003 71+16 85+ 15 0.004
Systolic BP (mmHg) - - - 150+23 136121 0.033 - - -
Diastolic_BP (mmHg) 74+10 83+10 0.001 - - - - - -
Neuropathy (%) 90 47 <0.001 79 29 <0.001 80 20 <0.001
Triglycerides (mmol) 1.8+0.8 2.8+2.2 0.027 - - - - - -
25 OH D (pmol/l) 67134 51122 0.026 - - - - - -
OPG (pmol/l) 5.2+1.3 4.6+1.3 0.056 5.2+1.2 4.0+1.3 0.002 51+1.2 4.0+1.3 0.005
Spine BMD 1.16+0.21 1.06+0.15 0.015 - - - 1.12+0.2 1.02+0.12 0.067
Neck of Femur BMD - - - 0.83+0.14 | 0.94+0.13 0.013 0.8310.14 0.92+0.13 0.052

Legend

Associations of vascular calcification. Normally distributed parameters represented as mean * standard deviation. Non-normally distributed
parameters represented as median (minimum, maximum). The p value represents the statistical significance of changes as determined by
student t test. E-GFR (ml/min/1.73m?) = estimated glomerular filtration rate calculated using MDRD 4 formula. BP = Blood pressure, 25 OH D
= 25 hydroxyvitamin D, OPG = Osteoprotegerin, BMD = Bone mineral density.
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Multivariate modelling

Factors significant in univariate analysis were included in a number of logistic
regression models. Factors included in the model predicting the presence of CT
calcification in the foot were, age, duration of diabetes, eGFR, bone alkaline
phosphatase levels, OPG levels, 25 hydroxyvitamin D levels, triglyceride levels, the
presence of neuropathy, and lumbar spine BMD. Factors were added to the model in
order of degree of statistical significance in univariate analysis. They were retained as
a component of the multivariate model provided they improved its predictive power.
When all factors had been added, a backwards LR model was performed (Table 10.7)
which identified age, neuropathy and 25 hydroxyvitamin D levels as independent
predictors of foot calcification. The model successfully predicted the presence or

absence of foot calcification in 77% of cases.
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Table 10.7 Regression Model for Vascular Calcification in the Foot

R square = 0.515 95% Cl for B
Variables B SE. Wald df  |Sig. Exp(B) |Lower |Upper

Step1 Age 057 |.041 1.912 1 |67 1.059  |.976 1.148
Neuropathy 2462 999  [6.077 1 o4 11729 [1.656  [83.060
Spine BMD 2578 [2.319  [1.236 1 |.266 13176 140 1240.44
250H D 027 |o014  [3.663 1 |056 1.028  |.999 1.057
Triglycerides -508 |.374 1.850 1 |174 602 289 1.251
E GFR.MDRD [-.026 |.026 957 1 |38 975 926 1.026
Constant 7203 |4.263  |2.855 1 |.o91 001

Step2 Age 076 |038  [3.981 1 o6 1079 [1.001  [1.163
Neuropathy 2482 |993  [6.242 1 ot 11.963 [1.707  [83.836
Spine BMD 2.007 [2.208 |826 1 |34  |7.440 |o098  |[564.199
250HD 028 015  [3.789 1 |os2 1.029  [1.000  [1.059
Triglycerides -398 |.339 1.374 1 |24 672 346 1.306
Constant -9.917 [3531  |7.889 1 |.005 000

Step3 Age 086 [038  [5.172 1 |023 1.089 [|1.012  [1.173
Neuropathy 2645 972 |7.400 1 |o007 14.079 |2.094  |94.652
250HD 027 014  [3.485 1 |.oe2 1027 |.999 1.056
Triglycerides -389 |.331 1.385 1 |239 677 354 1.296
Constant -8.366 [2.972  |7.925 1 |.005 000

Step4 Age 095 [038  [6.419 1 ot 1100  [1.022  [1.184
Neuropathy 2462 |976  [6.370 1 o 1732 [1.734  [79.403
250HD 031|014  [4.836 1 o8 1.031  [|1.003  [1.060
Constant -9.921 [2.789  |12.655 [t |.000 000

Factors included in the model predicting the presence of CT calcification in the femoral
artery were, age, duration of diabetes, eGFR, OPG levels, 25 hydroxyvitamin D levels,

urinary Albumin: creatinine ratio, the presence of neuropathy, lumbar spine BMD and
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neck of femur BMD. Factors were added to the model in order of degree of
significance on univariate analysis, and retained if they improved its predictive power.
When all factors had been added, a backwards LR model was performed (Figure
10.8) which identified age, neuropathy and neck of femur BMD as independent
predictors of foot calcification. The model successfully predicted the presence or

absence of foot calcification in 90.2% of cases.

Table 10.8 Regression Model for Vascular Calcification in the Femoral Artery

R square = 0.633 95% C.| for B
Variables B |SE  |wad |df [Sig. [Exp(B) |Lower |Upper

Step1 Age 100 [050 4113 |1 |043 [1.106 [1.003 [1.218
Neuropathy 2495 [1.023 |[5.942 [t [015 |12.116 [1.630 [90.032
E GFR_MDRD 037 |032 1337 [t |247 |964 |906 [1.026
Neck of Femur BMD 6.601[3.949 [2794 |1 |o95 oot  |000  [3.124
Constant 2666 [5.786 [212 |1 |645 [14.376

Step2  Age 111 |os8  |5.417 |1 o020 [1.118 [1.018 [1.228
Neuropathy 2567 [1.029 [6.220 |1 |013 [13.031 [1.733 |97.998
Neck of Femur BMD 6.601(3.822 2983 [t |oss |00t |o00  [2.434
Constant -.971 14559 [.045 |1 .831  [.379

Factors included in the model predicting the presence of CT calcification at either site
were, age, duration of diabetes, eGFR, OPG levels, 25 hydroxyvitamin D levels,
presence of neuropathy, lumbar spine BMD and neck of femur BMD. Factors were
added to the model in order of degree of significance on univariate analysis, and
retained if they improved its predictive power. When all factors had been added, a

backwards LR model was performed (Figure 10.9) which identified age, neuropathy as
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the only independent predictors of calcification at either site. The model successfully

predicted the presence or absence of calcification in 86.9% of cases.

Table 10.9 Regression Model for Vascular Calcification at either Site

R square = 0.613
95% C.| for B

Variables B SE. wald  [df [Sig. |Exp(B) |Lower Upper

Step1 Age 098 054 (3346 |1 |o067 [1.103 |.993 1.226
Neuropathy 2.871 1.088 [6.960 |1 |o08 |17.659 |2.002 149.055
E_GFR_MDRD -.040 032 1545 |1 |214 |61 902 1.023
Neck of Femur BMD  |-4.777  |4.176  |1.309 [t |253 .08 000 30.193
Constant 1.538 6271  |.060 1 |s06 |4.656

Step2 Age 129 050 6579 |1 |oto [1.138  [1.031 1.256
Neuropathy 2.544 972 6.848 |1 |ooo 12727 |1.804 85.536
E_GFR_MDRD -.041 031 1743 |1 |187 |.960 903 1.020
Constant 4194  [3715 |1274 [1 |259 |05

Step3 Age 136 048 7878 |1 |oos [1.146  |1.042 1.260
Neuropathy 2.452 932 6925 |1 |oos |11.611 [1.870 72.108
Constant -7.821 2810 7749 |1 |oo5 |.000

On exclusion of age as a factor, and inclusion of BMD at various sites, the model
which was generated (Table 10.10) successfully predicted the presence or absence of
calcification at any site in 86.9% of cases. In this model, bone mineral density at the
lumbar spine and neck of femur were independent predictors of calcification along with

peripheral neuropathy.
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Table 10.10 Regression Model for Vascular Calcification at either Site
(excluding age)

R square = 0.654 95% C.I for B
Variables B S.E. Wald  |df |Sig. |Exp(B)  |Lower |Upper

Step 1 Neuropathy 3.442 1.168 8.680 1 .003 |31.247 3.165 308.466
Duration .090 .097 .877 1 349 |1.095 .906 1.323
OPG .387 .480 .650 1 420 |1.472 575 3.770
Neck of Femur BMD -14.079 [5.596 6.330 1 .012 ].000 .000 .045
Spine BMD |6.924 4.654 2.214 1 137 |1016.815 [.111 930308
Constant 2.012 4175 .232 1 630 |7.475

Step 2 Neuropathy 3.408 1.148 8.821 1 .003 ]30.218 3.187 286.517
Duration A14 .094 1.493 1 222 |1.121 .933 1.347
Neck of Femur BMD -15.781 [5.538 8.122 1 .004 ].000 .000 .007
Spine BMD 8.688 4.367 3.958 1 .047 |5933.218 [1.138  |3.094E7
Constant 3.261 3.846 719 1 397  126.075

Step 3 Neuropathy 3.472 1.094 10.069 |1 .002 132.205 3.772 274.976
Neck of Femur BMD -14.635 [4.956 8.719 1 .003 |.000 .000 .007
Spine BMD 9.698 4.352 4.966 1 .026 |16278.895 [3.216 8.240E7
Constant 2.083 3.639 327 1 .567 18.025

10.5.9 Bone Mineral Density

Table 10.11 shows the associations with osteopenia (defined as T score < —1) at the
lumbar spine, neck of femur and heel and at any of the three sites. Subjects with
osteopenia of the lumbar spine tended to have lower body weight, peripheral neuropathy,
and higher HDL cholesterol levels. Subject with osteopenia of the neck of femur also
tended to be lighter, to have less renal function (only by Cockcroft-Gault creatinine
clearance estimation), to have lower levels of bicarbonate, and to have better controlled
diabetes as judged by lower levels of HbA1c. Subjects with osteopenia at the heel also

tended to be lighter, and were also older, had higher levels of OPG and 25
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hydroxyvitamin D, worse renal function, and higher HDL cholesterol levels. Patients with
osteopenia at any site were heavier, had higher levels of Ntx, and 25 hydroxyvitamin D,

less renal function, better control of DM, and higher HDL levels.

Lumbar spine BMD correlated with age (r = 0.256: p = 0.047), weight (r = 0.317: p =
0.013), duration of DM (r = 0.302, p = 0.018), OPG levels (r = 0.229: p = 0.076), HDL
levels (r = -0.315: p = 0.013), CT femoral calcification (r = 0.261: p = 0.042), and CT foot
calcification (r = 0.344: p = 0.007). Neck of femur BMD correlated with age (r = - 0.265: p
= 0.039), weight (r = 0.427: p = 0.001), Cockcroft-Gault creatinine clearance (r = 0.463: p

< 0.001), PTH (r=-0.263: p = 0.040), and HDL cholesterol (r=-0.329: p = 0.010).

Heel BMD correlated with age (r = -0.263: p = 0.036), weight (r = 0.516: p <0.001),
renal function (Cockcroft-Gault creatinine clearance [r = 0.518: p < 0.001] and MDRD
eGFR [r = 0.279: p = 0.025]), indices of bone resorption (PTH [r = - 0.333: p = 0.007],
Ntx [r =- 0.302: p = 0.015], bone alkaline phosphatase [r = - 0.277: p = 0.027)], OPG
levels (-0.230: p = 0.068), 25 OH D levels (r = - 0.254: p = 0..043), and lipid fractions
(total cholesterol levels [r = - 0.349: p = 0.005] and HDL cholesterol levels [r = -
0.396: p = 0.001). Heel BMD was significantly higher in males than in females (0.53

vs. 0.42: p < 0.001).
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Table 10.11 Associations of Osteopenia at various Sites

Variables Spine Osteopenia p-value | Neck of Femur p-value | Heel Osteopenia p-value | Osteopenia any site p-value
Osteopenia
Yes No Yes No Yes No Yes No

Number 14 51 19 46 26 39 37 28

Age (years) - - - 66+11 6011 0.043 - - -
Sex (m:f ratio) - - - - - - 1.3 4.6 0.001
OPG (pmol/l) - - - 5.311.5 4.611.1 0.026 - - -

Ntx (hm BCE) - - - - - - 4661332 307+282 0.046
25 OH D ng/ml - - - - - - 72.2+33.5 | 48.8+21.2 0.003 65.2£32.2 | 48.9+¥21.1 | 0.016
Weight (kg) 82.0£16.5 97.7+¥22.9 | 0.020 82.7+15.6 | 100.6+25.8 0.001 82.5+17.6 | 103.9+25.1 | <0.001 84.3£17.5 | 110£25 0.001
Neuropathy (%) | 43 73 0.056 - - - - - - - - -
CrClcg (ml/min) - - 78.8+22.1 | 101.6+36.8 0.015 81.3+t31.5 | 104.0+33.9 | 0.008 84.1+28.7 | 109+36 0.003
Bicarbonate - 24.5+2.7 26.0+2.7 0.051 - - - - - -
HbA1c (%) - - - 7.4x1.6 8.4x1.8 0.040 - - - 7.6x1.4 8.8x1.9 0.007
HDL (mmol/l) 1.45+0.33 1.24+0.33 | 0.044 - - - 1.45+0.36 | 1.18+0.28 0.001 1.38£0.35 | 1.16+0.27 | 0.007
Tchol:HDL 2.7+0.6 3.7+1.2 <0.001 - - -- - - - - -
Legend

Associations of osteopenia at various sites. Normally distributed parameters represented as mean + standard deviation. Non-normally

distributed parameters represented as median (minimum, maximum). The p value represents the statistical significance of changes as

determined by student t test. OPG = Osteoprotegerin, Ntx = N -linked telopeptide of type 1 collagen, 25 OH D = 25 hydroxyvitamin D,

CrCI-CG = Creatinine clearance by Cockcroft-Gault method, HDL = High density lipoprotein, T chol = Total Cholesterol.
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Multivariate models

Factors significantly associated with bone mineral density were included in multiple
regression analysis to determine the predictors of bone mineral density. The model for
the lumbar spine is shown in table 10.12. At this site significant predictors of bone

mineral density were age, weight, peripheral neuropathy, and HDL cholesterol levels.

Table 10.12 Predictors of BMD at Lumbar Spine

R square = 0.231 t Sig. 95% Cl for B
Variables B S.E | Beta Lower Upper
Step 1 (Constant) .752 .188 4.007 .000 .376 1.129
Age .004 .002 | .238 1.531 132 -.001 .008
Weight .002 .001 .264 2.105 .040 .000 .005
Neuropathy .000 .0565 |.000 -.007 .995 -.110 .109
OPG .016 .020 122 .804 425 -.024 .057
Duration .003 .003 | .136 1.014 315 -.003 .009
HDL -.163 .069 | -.300 | -2.354 .022 -.301 -.024
Step 2 | (Constant) .752 .181 4.158 .000 .390 1.115
Age .004 .002 | .238 1.772 .082 .000 .008
Weight .002 .001 .264 2.243 .029 .000 .005
OPG .016 .020 122 .816 418 -.024 .056
Duration .003 .003 | .136 1.034 .306 -.003 .009
HDL -.163 .066 | -.300 | -2.465 .017 -.295 -.030
Step 3 | (Constant) .757 .180 4.199 .000 .396 1.118
Age .004 .002 | .287 2.406 .019 .001 .008
Weight .002 .001 .265 2.255 .028 .000 .005
Duration .004 .003 | .182 1.548 127 -.001 .010
HDL -.150 .064 -.276 -2.347 .023 -.278 -.022
Step 4 | (Constant) .743 .182 4.077 .000 .378 1.108
Age .005 .002 | .342 2.966 .004 .002 .009
Weight .003 .001 .283 2.396 .020 .000 .005
HDL -.159 .064 | -.293 | -2.468 .017 -.288 -.030
a. Dependent Variable: L_Spine_ BMD

If age was omitted from the model OPG became a significant predictor though R square

was reduced to 0.213 (Table 10.13).

187



Table 10.13 Predictors of BMD (excluding age) at Lumbar Spine

R square = 0.213 95%C I for B
Variables B S.E Beta t Sig. Lower| Upper
Step 1 (Constant) .908 .160 5.692 .000 .589 1.228
Weight .002 .001 216 1.756 .085 .000 .004
Neuropathy .041 .048 .109 .849 .400 -.056 .138
OPG .030 .018 224 1.616 112 -.007 .067
Duration .003 .003 .128 .948 .347 -.003 .009
HDL -.146 .069 -.270 -2.117 .039 -.285 -.008
Step 2 (Constant) 915 .159 5.756 .000 .597 1.233
Weight .002 .001 .241 2.019 .048 .000 .004
OPG .032 .018 .243 1.778 .081 -.004 .069
Duration .003 .003 .145 1.089 .281 -.003 .009
HDL -.159 .067 -.294 -2.375 .021 -.294 -.025
Step 3 (Constant) .907 159 5.704 .000 .589 1.226
Weight .002 .001 .252 2115 .039 .000 .004
OPG .042 .016 .318 2.708 .009 .011 .074
HDL -.173 .066 -.318 -2.610 .012 -.305 -.040

a. Dependent Variable: L_Spine_BMD

The model for the neck of femur is shown in table 10.14. The predictors of BMD at this

site were weight, PTH levels and HDL levels.
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Table 10.14 Predictors of BMD at Neck of Femur

R square = 0.241 t Sig. 95.0% ClI for B
Variables

B S.E Beta Lower Upper

Step 1 (Constant) .599 .261 2.294 .026 .075 1.122
Age .000 .002 -.057 -.307 .760 -.005 .004
Weight .002 .002 .221 917 .363 -.002 .005
E_GFR_C-G .001 .001 .130 .481 .633 -.002 .003
PTH -.007 .006 -.140 -1.144 | .258 -.019 .005
HDL -.088 .053 -.204 -1.657 | .103 -.195 .019
Bicarbonate .007 .007 125 1.074 .288 -.006 .020
HbA1c .008 .012 .093 .630 .531 -.017 .032
Step 2 | (Constant) .549 .202 2.714 .009 143 .954
Weight .001 .001 176 .930 .357 -.001 .004
E_GFR_C-G .001 .001 192 1.093 .279 .000 .002
PTH -.007 .006 -.138 -1.140 | .259 -.019 .005
HDL -.088 .053 -.205 -1.679 | .099 -.194 .017
Bicarbonate .007 .007 125 1.086 .282 -.006 .020
HbA1c .009 .011 110 .801 426 -.013 .031
Step 3 | (Constant) .566 .200 2.823 .007 .164 .967
Weight .002 .001 .248 1.493 A4 .000 .004
E_GFR_C-G .001 .001 179 1.024 .310 .000 .002
PTH -.007 .006 -.143 -1.187 | .241 -.019 .005
HDL -.084 .052 -.194 -1.605 | .114 -.188 .021
Bicarbonate .007 .007 131 1.138 .260 -.006 .020
Step 4 | (Constant) 573 .200 2.863 .006 72 .975
Weight .003 .001 .368 3.134 .003 .001 .004
PTH -.009 .006 -.178 -1.531 131 -.021 .003
HDL -.093 .051 -.216 -1.806 .076 -.196 .010
Bicarbonate .008 .007 135 1.173 .246 -.005 .021

Step 5 | (Constant) .764 118 6.471 .000 527 1.000
Weight .003 .001 .367 3.111 .003 .001 .004
PTH -.010 .006 -197 -1.713 | .092 -.021 .002
HDL -.086 .051 -.200 -1.682 | .098 -.189 .016

a. Dependent Variable: Neck of Femur_BMD

The model for the heel is shown in table 10.15. Factors which were significant in

univariate analysis but omitted from model were Cockcroft Gault creatinine clearance
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(significantly correlated with MDRD eGFR), Ntx (significantly correlated with PTH), and
total cholesterol (significantly correlated with HDL cholesterol). The predictors of BMD at

this site were age, weight, sex, bone alkaline phosphatase levels, 25 OH D levels.

Table 10.15 Predictors of Heel BMD

95.0% Cl for B

R square = 0.546
Variables B S.E Beta t Sig. Lower [Upper

Step 1 (Constant) 731 .263 2.773 .008 [.202 1.259
Weight .001 .000 .344 3.617 .001 .001 .002
PTH -.005 .004 -.130 -1.171 .247 -.013 [.003
250HD .000 .000 |-.264 -2.813 .007 |-.002 |.000
OPG -.003 .008  |-.046 -416 679 [-.020 [.013
Calcium -.024 .105 -.023 -.227 .821 -235 [.187
E_GFR_MDRD 9.149E-5(.001 .015 .136 .892 -.001 .001
BAP -.002 .002 -131 -1.282 .206 -.005 [.001
HDL -.026 .030 |-.085 -.871 .388 |-.085 ].033
Sex -.084 .023 -.387 -3.669 .001 -130 [-.038
Age .000 .001 -.085 =771 444 -.003 [.001

Steps

2-5

Step 6 (Constant) .678 .076 8.875 .000 .525 .831
Weight .002 .000 |.358 4.034 .000 |.001 .002
250HD .000 .000 -.256 -2.871 .006 -.002 |.000
BAP -.003 .001 -.185 -2.099 .040 -.005 [.000
Sex -.100 .019  |-.462 -5.194 .000 |-.138 |-.061
Age -.001 .001 -.151 -1.715 .092 -.003 [.000

a. Dependent Variable: L_Heel_BMD

Omitting age from the model (Table 10.16), PTH replaced bone alkaline phosphatase in

the model with no significant change in R square (= 0.533) Omitting sex from the model
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did not bring any other factors into significance but significantly reduces the R square

value.

Table 10.16 Predictors of Heel BMD (excluding age)

95% Cl for B
R square = 0.533
Variables B SE Beta t Sig. [Lower Upper
Step 1 (Constant) .674 |.252 2.674 .010 |.169 1.179
Weight .001 .000 .352 3.739 .000 |.001 .002
PTH -.005 |.004 -.143 -1.308 .196 |-.013 .003
250HD .000 |.000 -.273 -2.932 .005 |-.002 .000
OPG -.006 |.007 -.084 -.858 .395 |-.021 .009
Calcium -.017 |.104 -.016 -.164 .871 |-.226 192
E_GFR_MDRD .000 [.001 .032 .307 .760 |-.001 .002
BAP -.002 ].002 -.140 -1.384 172 1-.005 .001
HDL -.027 ].029 -.088 -.909 .367 |-.086 .032
Sex -.080 [.022 -.371 -3.601  |.001 [-.125 -.036
Steps
2-5
Step 6 (Constant) 552 [.057 9.699 .000 ].438 .666
Weight .002 ].000 .386 4.314 .000 |.001 .002
PTH -.008 |.003 -.233 -2.457 .017 |-.015 -.002
250HD -.001 |.000 -.296 -3.290 .002 |-.002 .000
Sex -.087 ].021 -.401 -4.191 .000 |-.128 -.045

Table 10.17 shows a logistic regression model (R square = 0.588) for the predictors
of osteopenia at any site, obtained by entering the factors shown to be associated
with osteopenia in univariate analysis. The significant predictors were age, sex,

weight, NTX levels, and Cockcroft-Gault creatinine clearance
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Table 10.17 Predictors of Osteopenia at any Site

R square = 0.588 95% Cl for B
Variables B S.E. Wald df  [Sig. Exp(B)

Step 1 Age .146 .063 5.401 1 .020 1.157
Sex(1) 2.115 .978 4.677 1 .031 8.289
Weight -.155 .053 8.608 1 .003 .856
Ntx .004 .002 4.911 1 .027 1.004
HDL 2.306 1.730 1.775 1 .183 10.031
250HD .012 .016 .584 1 445 1.012
E_GFR_CG .084 .032 6.759 1 .009 1.088
HbA1c -.298 .293 1.032 1 310 742
Constant -4.917 [5.282 .867 1 .352 .007

Steps 2 &3

Step 4 Age .154 .058 7.129 1 .008 1.166
Sex(1) 1.987 .966 4.232 1 .040 7.292
Weight -.168 .051 10.795 1 .001 .845
Ntx .004 .002 6.801 1 .009 1.004
E_GFR_CG .078 .030 6.522 1 .011 1.081
Constant -2.575 [3.186 .653 1 419 .076

a. Variable(s) entered on step 1: Age, Sex, Weight, Ntx, HDL, 25 OH D, E_GFR_CG, HbA1c.

Hence in multivariate analysis the significant predictors of calcification were age and
the presence of peripheral neuropathy, other potential factors being 25 OH D levels
and BMD at the lumbar spine and neck of femur. The significant predictors of
osteopenia were age, weight, sex, and indices of bone turnover (PTH, Ntx, bone
alkaline phosphatase — the most significant depending on the particular model used).
Other potential factors were renal function (particularly Cockcroft-Gault creatinine

clearance), 25 OH D levels, HDL levels and OPG levels.
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Apart from age, there was minimal overlap of predictors of calcification and
osteopenia. However, at the heel, there were indications that the greater the degree
of bone thinning, the greater the degree of calcification (Table 10.18: p = 0.029). The

prevalence of frank osteoporosis at sites other than the heel was minimal.

Table 10.18 Relationship between Heel Osteopenia and Foot Calcification
(Likelihood ratio = 0.029)

Normal Osteopenia|Osteoporosis |Total

CT foot calcification No 24 12 0 36
Yes 15 10 4 29
Total 39 22 4 65

10.6 Discussion

This is the first study to report the status of vasculopathy in relation to peripheral
vascular calcification, bone mineral density, limb blood flow and biochemical markers
of vascular and bone metabolism in type 2 diabetes patients with early microvascular
complications (nephropathy and neuropathy). Among the principal findings are i) there
is extensive peripheral vascular calcification in patients with normal eGFR, serum
calcium, phosphate, PTH levels, and before the onset of microalbuminuria ii) the
severity of calcification increases with the degree of albuminuria iii) patients with
peripheral neuropathy have significantly more vascular calcification as compared to
those without iv) there is high prevalence of osteopenia in this group of patients v)
serum osteoprotegerin levels are higher in those with calcification and in those with

proteinuria.
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The presence of peripheral vascular calcification in DM patients without microvascular
complications, as assessed by x ray of the feet, has been reported before.36® 36°
However, there are very few reports on structured assessments of the diabetic foot
involving the use of CT scanning.®”? 37 Previous studies in this area employed cruder

methodologies 6% %6°

or where CT scanning was deployed, the study groups were
unstructured ®” or consisted of patients with advanced chronic kidney disease. *2
Vascular calcification was associated with increasing age, duration of DM, serum
creatinine, OPG levels and falling GFR. Femoral -calcification had significant
associations with cardiovascular risk factors (age, diabetes duration, and blood
pressure), renal parameters (serum creatinine and MDRD eGFR), mineral metabolism
(25 hydroxyvitamin D and OPG) and bone (lumbar spine BMD). Foot calcification had

similar correlations, except that in place of OPG, foot calcification had significant

correlation with BAP.

A significant proportion of patients in the current study had bone mineral density in the
osteopenic range (T score < -1). The high prevalence of osteopenia in type 2 DM
patients found in our patient group is in agreement with previous studies in similar
patient groups.®”* 3”®> Lumbar spine BMD correlated with age, weight, duration of DM,
OPG levels, HDL levels and CT femoral calcification. Neck of femur BMD correlated
with age, weight, Cockcroft-Gault creatinine clearance, PTH levels, and HDL
cholesterol levels. Age, weight, peripheral neuropathy and HDL cholesterol were
independent predictors of spine BMD, whereas, weight, PTH and HDL cholesterol
levels were independent predictors of neck of femur BMD. Apart from being an
independent predictor of BMD, weight had a protective effect on osteopenia. This is in

agreement with a previously published report. "
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Heel BMD had a significant correlation with age, weight, renal function (Cockcroft-
Gault creatinine clearance and MDRD eGFR, indices of bone resorption (PTH, Nix,
bone alkaline phosphatase, OPG levels, 25 hydroxyvitamin D levels, and lipid
fractions (total cholesterol levels and HDL cholesterol levels). Heel BMD was
significantly higher in males than in females. The independent predictors of heel BMD
were age, weight, sex, BAP and 25 hydroxyvitamin D levels. In overall analysis for
independent predictors for osteopenia at any of the three sites, the predictors were
age, sex, weight, Ntx levels, and Cockcroft-Gault creatinine clearance. Weight had an
overwhelming protective effect on BMD and those with osteopenia at any site weighed

significantly less than those without.

It has been speculated that there may be a causal link between vascular calcification
and bone mineral density. *’” We hypothesized that there is an inverse relationship
between vascular calcification and BMD, and found only sparse support for this from
this study. We found that neck of femur and lumbar spine BMD were weak predictors
of femoral calcification. However, neck of femur BMD had an inverse relationship,
whereas, lumbar spine BMD had a direct relationship with vascular calcification at
either site. This dissociation may be an artefact due to interference of aortic
calcification in the assessment of lumbar spine BMD. Alternatively it may reflect
different mechanisms of regulation of BMD at these sites. This phenomenon needs
further investigation. In the foot, there were indications that the greater the degree of

bone thinning, the greater the degree of calcification (Table 10.18).

A second hypothesis was that both vascular calcification and osteopenia are related to

clinical indicators of microvascular disease, particularly the degree of proteinuria and
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the presence of neuropathy. It has been established that peripheral neuropathy is
associated with vascular calcification. 3’ We found that age, peripheral neuropathy
and 25 hydroxyvitamin D were independent predictors of calcification in the foot
whereas, the predictors of femoral calcification were age, peripheral neuropathy and
neck of femur BMD. Age and peripheral neuropathy were independent predictors of
VC irrespective of the site. Those with peripheral neuropathy had a significantly
higher Agatston score of femoral and foot calcification than those without, and a
significantly higher proportion of patients with peripheral neuropathy had evidence of
calcification on CT and foot x ray. Those with peripheral neuropathy had significantly
lower 1, 25-dihydroxyvitamin D levels along with significantly higher lumbar spine and
heel BMD. However, in multivariate analysis peripheral neuropathy was a strong
independent predictor of vascular calcification but not of BMD or osteopenia. This

dissociation warrants further investigation.

In addition, whilst peripheral neuropathy was a strong independent predictor of
calcification, the association of proteinuria with calcification was weak. There was a
weak correlation of albumin: creatinine ratio with femoral but not foot calcification. The
median Agatston scores for femoral calcification, but not foot calcification was
significantly higher in a stepwise fashion in the normoalbuminuric, microalbuminuric
and proteinuric groups. However, proteinuria was not a significant predictor of
calcification in logistic regression model. In addition, albumin: creatinine ratio did not
correlate with BMD at any site. The dissociation of the effects of these different
microvascular complications (proteinuria and peripheral neuropathy) also warrants

further study.
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The final component of the hypotheses driving this study was that both vascular
calcification and osteopenia are related to modulators of diabetic vasculopathy such
as the OPG/RANKL axis. The study findings suggest further dissociations relating to
the impact of such potential modulators as 1, 25-dihydroxyvitamin D, 25
hydroxyvitamin D, PTH and OPG on VC and osteopenia. While, 1, 25-
dihydroxyvitamin D did not have any association with VC or osteopenia, 25
hydroxyvitamin D was a significant predictor of foot calcification and heel BMD but not
femoral calcification or BMD at other sites. In agreement with a previous report, 38
there was no correlation between OPG and RANKL levels with BMD at the spine, hip
and heel. If age was excluded as a factor as a factor in multivariate modelling, OPG
emerged as an independent predictor of BMD at lumbar spine and PTH as an
independent predictor of BMD at heel. The bone formation marker, BAP, was an
independent predictor of heel BMD whereas, the bone resorption marker, Ntx, was a
significant predictor of osteopenia at any site. Surprisingly, HDL cholesterol was a
significant predictor of BMD at the spine and neck of femur. It is difficult to explain this

association and further investigation is required.

The process of vascular aging is accelerated in patients with DM *° due to several
vascular risk factors associated with chronic hyperglycemia such as dyslipidemia,
hypertension, defects in fibrinolysis, chronic low-grade inflammation and others. *® In
addition, peripheral neuropathy leading to sympathetic denervation of the smooth
muscle of the tunica media has been reported as an important predictor of MAC in
DM. %% Age and neuropathy were independent predictors of VC in the current study,

supporting a role for these factors in the pathogenesis of VC 39 380. 363

I

Osteoprotegerin has been reported to have a strong correlation with age and vascular
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disease in diabetes. *' The predictive effect of age on VC in the current study may

well be mediated through OPG. However, this too needs further investigation.

Deterioration in glomerular filtration rate (GFR) results in abnormal mineral
metabolism, which in turns favours the pathogenesis of VC in patients with renal
impairment. 2% In this study, despite normal serum creatinine, patients with proteinuria
had significantly lower eGFR (MDRD) and significantly higher femoral calcification
compared to those without proteinuria. However; there were no significant differences
in the level of foot calcification. This suggests that although deterioration in renal
function may contribute to deranged mineral metabolism in advanced stages, its

contribution to early VC, as seen in the current cohort, remains limited.

Subjects with proteinuria had significantly higher levels of OPG and OPG/RANKL
ratio, suggesting increased activity of this system in the proteinuric compared to the
non-proteinuric group. The mean OPG levels increased with proteinuria and were
significantly higher in the proteinuric group. This is in agreement with a recent report of
higher OPG levels with increasing albumin excretion in type 2 DM. %2 The median
RANKL levels reduced significantly with increasing proteinuria and were significantly
different across the groups. This had an effect on the OPG/RANKL ratio, which

increased significantly with proteinuria.

OPG has been detected in calcified regions of blood vessels, suggesting a significant
role for the regulators of bone metabolism in the pathogenesis of VC in patients with
DM. 3% OPG/RANKL ratio is a better indicator of the activity of OPG/RANKL axis in

the bone and vascular milieu. *'> OPG/RANKL ratio was significantly higher in the

198



proteinuric group as compared to the microalouminuric and the normoalbuminuric
groups and it increased with the severity of proteinuria. The fact that those with
proteinuria had significantly higher OPG/RANKL ratio coupled with significantly higher
femoral calcification and absence of any correlation with foot calcification, suggests a

complex association of OPG/RANKL axis with VC, which needs further investigation.

The endocrine hormones (LH, FSH, Oestradiol, progesterone and testosterone) did
not have any significant association with OPG and BMD. This is contrary to a previous
study, which reported Oestradiol and OPG to be significant determinants of bone
turnover and BMD in postmenopausal woman. *2 This could be due to differences in
the groups studied. This study compared patients with and without diabetes, whilst

previous studies focussed on postmenopausal women.

The present study had several limitations. First and foremost, it is a cross sectional
study, and therefore no causal relationship can be established. In addition, the number
of participants was small. Finally, the design did not include an age and sex matched

healthy control group.

10.7 Conclusions

The present study demonstrates presence of a weak inverse relationship between VC
and osteopenia in patients with type 2 diabetes patients with normal serum creatinine
and mineral metabolism. Although the degree of calcification increased with the

severity of proteinuria, only age and peripheral neuropathy were significant
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independent predictors of vascular calcification. Excluding age from multivariate
models uncovered lumbar spine and neck of femur BMD as independent predictors of
foot calcification and OPG and PTH as independent predictors of spine and heel BMD
respectively. Weight and urinary Ntx were also independent predictors of osteopenia

overall.

Though estimating OPG/RANKL ratio in clinical setting may provide an insight into the
mineral metabolism of patients with DM, it does not appear to be a reliable marker of
VC or osteopenia in these patients. Further studies with bigger numbers are warranted
to confirm these findings and help untangling the complexities the pathogenesis of

vascular calcification in DM. Prevention may then become a possibility.

The following study examines the status of OPG/RANKL axis in DM patients with

progressive kidney disease and those on haemodialysis as compared to non-diabetic

CKD patients.
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CHAPTER 11

OPG/RANKL AXIS THROUGH THE SPECTRUM OF DIABETIC NEPHROPATHY
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OPG/RANKL AXIS THROUGH THE SPECTRUM OF DIABETIC NEPHROPATHY

11.1 Introduction

Diabetic nephropathy (DN) is an important complication of diabetes mellitus (DM) that
may lead to end stage renal disease (ESRD). It is now the most common cause of
ESRD in patients requiring renal replacement therapy (RRT) in the UK. %* Type 2
DM patients with DN manifest higher mortality and poor quality of life, not only when
they require renal replacement therapy, but also in the predialysis stage. **° ESRD
results in extensive loss of functioning nephrons. A common clinical syndrome,
characterised by hypertension, proteinuria and a progressive decline in renal function
is in place. In this stage, a patient with DM, usually suffers from a multitude of
medical problems; caused by diabetic microvascular and macrovascular

complications.

The development of DN often accompanies other vascular complications of DM; in
particular the co-existence of peripheral and autonomic neuropathy and peripheral
vascular disease (PVD) often closely parallels nephropathy. Thus, the development
of a host of contributory factors alongside DN, are implicated in progressive foot
problems in patients with advancing DN. The prevalence of PVD is two times higher
in DM patients as compared to the general population. ®¢ PVD is an independent
predictor of enhanced risk of death due to cardiovascular disease (CVD). *®” Almost
50% of patients presenting with symptoms of PVD may have underlying CVD with
extensively compromised coronary circulation as evident by coronary angiography

studies in these patients. %’
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The etiopathogenesis of vascular calcification in DN is multifactorial and not well
understood. In patients with chronic kidney disease (CKD), several studies have
reported associations of both traditional and uremic-specific risk factors such as
hyperphosphatemia, hypocalcaemia and/or increased calcium intake, chronic
inflammation, low serum Fetuin-A levels, dyslipidemia, elevated homocysteine and
dialysis duration, with calcification. However, these associations do not successfully

prove cause-effect of the associations of these factors. %

Diabetic bone disease is associated with low bone turnover as a result of impaired
parathyroid hormone (PTH) secretion or reduced sensitivity of osteoblasts to PTH. 3%
Adynamic bone disease is common in patients with DM and may manifest in the
predialysis stage, during the course of DN. ** Earlier bone loss in the course of DN is
suggested by low bone mineral density (BMD) and bone loss is a progressive feature
in patients with DN. **' PTH acts as a uremic toxin and it may contribute to altered
bone metabolism resulting in renal osteodystrophy, non-skeletal abnormalities,

including generalised vascular calcification, abnormalities in cardiovascular structure

and function, immune dysfunction and renal anaemia. 3%

The diabetic renal foot is at multiple risks in terms of chronic hyperglycemia,
peripheral neuropathy, progressive endothelial dysfunction, hypoxia, deranged
mineral metabolism, vascular calcification, bone loss and progressive kidney disease.
All these factors work simultaneously and there is no unifying hypothesis to correlate
all of them. The osteoprotegerin (OPG)/ receptor activator of nuclear factor-«-B ligand
312 In

(RANKL) system may be a possible link between bone and vascular disease.

the bone milieu, OPG promotes bone formation, whereas RANKL promotes bone
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resorption. '® In the vasculature, RANKL promotes calcification and OPG has a
protective role against calcification. ®'® PTH and 1, 25-dihydroxyvitamin D are
important modulators of OPG/RANKL axis. 3%

CVD and cardiovascular mortality have been associated with elevated OPG levels '
and the higher OPG levels has been suggested be a compensatory mechanism to
counteract osteoporosis or vascular calcification. The relationship of OPG/RANKL
axis with other modulators of bone metabolism, with progressive kidney disease is
not known. The aim of this study was to examine the relationship between
modulators of diabetic vasculopathy and the degree of chronic kidney disease,

throughout the spectrum of DN as compared to non-diabetic patients with CKD.

11.2 Research Design and Methods

11.2.1 Patient recruitment

All the patients (DM and non-diabetics) were recruited from diabetic and renal clinic
in East and North Herts NHS Trust hospitals in Hertfordshire, UK. The patients were
screened according to predefined inclusion and exclusion criteria. Inclusion criteria
were age >18 years, DM or non-diabetic with history of CKD, estimated glomerular
filtration rate (eGFR) by MDRD-4 formula ** less than 60 ml/min.. The exclusion
criteria were immunosuppressive therapy, currently pregnant, hormone replacement

therapy and malignancy.
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The study was approved by the Hertfordshire research ethics committee. After
screening the medical records, suitable patients were approached with the patient
information sheet and explained about the study. The prospective study subjects,
who agreed to participate, gave written informed consent and there were no drop-
outs post consent. Based on eGFR, the DM and non-diabetics patient groups were
divided into Group 1 (Moderate or stage 3 CKD), Group 2 (Advanced or stage 4 and
5 CKD) and Group 3 (on haemodialysis). There were 20 patients each (10 each of
DM and non-diabetic) in group 1 and Group 2. The haemodialysis group consisted of
30 patients (15 each of DM and non-diabetics). In the haemodialysis group, only

those patients, who had undergone at least 3 months of dialysis, were considered.

11.2.2 Data collection

A detailed medical history was recorded including, age, gender, type of diabetes,
weight, height, blood pressure, recording of medical history including, duration of
diabetes, treatment for diabetes, history of hypertension, duration of hypertension,
history of erectile dysfunction, type of antihypertensive therapy, duration of CKD in

non-diabetics, and finally all other concomitant medication.

11.3 Laboratory Investigations

A single overnight fasting blood sample was collected to measure baseline blood
chemistry including fasting blood glucose (FBG), full blood count, blood urea, serum

creatinine, serum albumin, C reactive protein, serum bilirubin serum alanine

205



transferase (ALT), serum alkaline phosphatase, serum parathyroid hormone (PTH),
serum calcium, serum phosphate, and serum magnesium. Samples were also taken
for serum OPG, RANKL and bone specific alkaline phosphatase (BAP) estimation. In
the predialysis groups, a spot urine sample was collected to assess levels of urinary

albumin excretion, urine phosphate levels and urinary creatinine excretion. .

11.3.1 Laboratory Methodology

Full blood count measurement was performed on the ABX Pentra ® (Horiba
Diagnostics, Northampton, UK) according to manufacturer specifications. Routine
biochemistry analyses (sodium, potassium, urea, creatinine, alanine transferase
(ALT), full lipid profile, C-reactive protein (CRP), glucose and urine microalbumin
were performed on the Olympus AU 2700 ® multi-analyzer (Olympus Diagnostics,
Watford, UK) according to manufacturer specifications. PTH concentrations were
measured on the Beckman Access ® 2 immunoassay system (Beckman Coulter,
(High Wycombe, UK). The reagents for OPG, RANKL, BAP, and Ntx were obtained
from Oxford biosystems, Oxford, UK. All analyses were performed as a single batch.
The analytical coefficients of variation ranges are mentioned in general methodology.
These analytes were also measured in duplicate to exclude the occurrence of

random analytical.
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11.4 Sample Size and Statistical Analysis

The primary objective of this pilot study is to determine the relationship of
OPG/RANKL with markers of bone metabolism in diabetics and nondiabetics in the
predialysis and haemodialysis phase. As this relationship has not been examined
before, there are no published statistical estimates upon which to base a power
calculation. The findings of this pilot study will be useful in evaluating the need and
feasibility of future research projects exploring the role of OPG/RANKL in bone

metabolism in diabetics.

The statistical analysis was performed by SPSS (Statistical Package for Social
Sciences) Version 16 (SPSS Inc., Chicago, USA). The results of the analysis have
been presented as mean (95% Cl) when data were normally distributed, and as
median values, when the distribution was not normal. Thus routine biochemical
measurements and OPG have been reported as means, whereas, median values

have been reported for PTH, RANKL, OPG/RANKL ratio and CRP.

Comparisons between groups were carried out using the Kruskal-Wallis and Mann-
Whitney U-tests for non-normally distributed data and One Way Analysis of Variance
(ANOVA) followed by Bonferroni post-hoc testing when data was normally
distributed. Differences between the groups with respect to the distribution of
categorical variables were examined using the Chi-squared test. P-values < 0.05

were considered to be statistically significant.
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11.5 Results

11.5.1 Demographics and clinical factors (Table 11.1)

There was no difference in the age across the moderate CKD (M), Advanced CKD
(A) and Haemodialysis (HD) groups. All the participants were white. The proportion
of females across the groups did not differ significantly and was 29%, 42% and 31%
in the M, A and HD groups respectively. There was no difference in the systolic blood
pressure; however, the diastolic blood pressure was significantly lower in the HD
group (73 mm of Hg) compared to M (84 mm of Hg: p = 0.028) and A (95 mm of Hg:
p < 0.001) groups. The groups did not differ as regards to known duration of
diabetes. The M group had significantly higher BMI as compared to A (33.4 vs. 26.5:
p < 0.001) and HD (83.4 vs. 27.1: p < 0.001) groups. The BMI did not differ
significantly between the A and HD groups. In the HD group there were no significant
differences in dialysis vintage between the diabetic and non-diabetic (34 vs. 38

months: p = NS) patients.
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Table 11.1 Patient Characteristics of OPG/RANKL in CKD study

Variables Groups Comparison of Groups
Moderate Advanced Haemodialysis Mv A Mv HD Av HD

CKD CKD

(M) (A) (HD) p-value p-value p-value
Number 21 19 32 NS NS NS
Age (yrs) 64 +9.8 66+ 17 64+ 14 NS NS NS
Gender (M:F) 15/6 11/8 22/10 NS NS NS
DM Duration (yrs) 16 + 8.6 20 £10.7 15.6 £10 NS NS NS
SBP (mmHg) 145+13 143 +£43 134 £17 NS NS NS
DBP (mmHg) 85+ 12 95+ 23 73+ 11 NS 0.028 <001
BMI 33.4+6.2 26534 27158 <0.001 <0.001 NS

Legend

Demographic and clinical characteristics in diabetics and non-diabetics with chronic
kidney disease (CKD). Normally distributed parameters represented as mean *
standard deviation. Non-normally distributed parameters represented as median
(minimum, maximum). The p value represents the statistical significance of changes
as determined by ANOVA test, M = Moderate CKD, A = Advanced CKD and HD =
Haemodialysis, SBP = Systolic blood pressure, DBP = Diastolic blood pressure, BMI =
Body mass index, NS = non-significant.

11.5.2 Baseline biochemistry and haematology (Table 11.2)

The mean glucose levels were similar across the three groups. In the diabetic group,
those on HD had significantly better HbA1c (6.8 vs. 9.0: p = 0.005) as compared to the
M group but not with A group (9.0 vs. 8.0: p= NS). In the whole group, HbA1c had
significant correlation only with age (r = -0.423: p = 0.011). Serum creatinine was
significantly higher in the HD group (746 mmol/l) as compared to the M (150 mmol/l: p
< 0.001) and the A (288 mmol/I: p = 0.024). Serum urea was significantly lower in the
M group (10.3 mmol/l) as compared to A (20.3 mmol/l: p < 0.001) and HD (20.7

mmol/l: p < 0.001) groups. Haemoglobin levels were significantly higher in the M
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group (12.7 g/dl) compared to A (11.2 g/dl: p = 0.050) and HD (11.1 g/dl: p = 0.010)
groups. The corrected calcium was significantly higher in the HD group (2.43 mmol/l)
as compared to the M group (2.38 mmol/l: p = 0.026). Serum albumin was significantly
lower in the HD group (37.6 g/L) compared to M (41.1 g/L: p = 0.002) and A (41.7 g/L:
p = 0.006) groups. The HD group had significantly higher inflammation as reflected by
higher median CRP (14 vs. 7: p = 0.033) as compared to the predialysis groups.

Serum ferritin, folate and vitamin Bz levels did not differ across the groups.

11.5.3 OPG and RANKL levels (Table 11.2)

The mean OPG levels in the HD group were significantly higher than the M (9.8 vs.
5.4 pmol/l: p < 0.001) and A (9.8 vs. 5.8 pmol/l: p < 0.001) groups. There were no
significant differences in the median RANKL levels across the three groups. Overall,
the OPG/RANKL ratio was significantly different across the groups (p = 0.038). The
median OPG/RANKL ratio was higher in the HD group as compared to the A (109 vs.
45: p = 0.016) and M (109 vs. 61: p = 0.066) groups. In addition, OPG/RANKL ratio
was significantly higher in the HD (109 vs.53: p = 0.014) group as compared to the

predialysis groups (M and A) taken together.

OPG levels were significantly higher in diabetic patients compared to non-diabetics in
the M (6.1 vs. 4.5 pmol/l: p = 0.032) and A (6.7 vs. 4.6 pmol/l: p = 0.032) groups
(Figure 11.1). The HD group demonstrated lower OPG levels in diabetics (8.6 vs. 10.9
pmol/l: p = 0.079), however it was not statistically significant. There was no difference
in the RANKL and OPG/RANKL ratio across the three groups and also between

diabetics and non-diabetics in the M, A and HD groups. In the whole group, OPG had
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a significant correlation with PTH (r = 0.439: p < 0.001), haemoglobin (r = -0.272: p =
0.023), corrected calcium (r = 0. 289: p = 0.015), diastolic blood pressure (r = -0.391:
p = 0.001) and BMI (r = -0.265: p = 0.027). Median RANKL levels correlated
significantly only with age (r = -0.292: p = 0.014). OPG/RANKL ratio did not correlate

with any parameters in the study.
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Figure 11.1 Osteoprotegerin levels in Diabetic and Non-diabetic CKD patients

Legend

CKD = Chronic kidney disease, M = Moderate CKD patients, A = Advanced CKD
patients, HD = Haemodialysis, dotted lines represent non-diabetics, straight line
represents diabetics.
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11.5.4 Parathyroid hormone levels (Table 11.2)

The median PTH levels were significantly higher in the HD group compared to the M
(19.1 vs. 3.2 pmol/l: p < 0.001) and A (19.1 vs. 5.5 pmol/: p < 0.001) groups. Serum
PTH levels correlated significantly with OPG (r = 0.439: p < 0.001), haemoglobin (r = -
0.445: p < 0.001), eGFR (r = -0.322: p = 0.043), diastolic blood pressure (r = -0.375: p

= 0.001) and BMI (r = -0.314: p = 0.008).

11.5.5 Bone alkaline phosphatase levels (Table 11.2)

The mean BAP levels were significantly higher in the A group compared to the HD
(29.4 vs. 24.0 IU/I: p = 0.023), but not in the M (29.4 vs. 26.2 |U/l: p = NS). In addition,
BAP levels were significantly higher in the diabetic patients (27.5 vs. 20.9 IU/l: p =
0.004) as compared to non-diabetics in the HD group, but not in the other groups.
BAP correlated significantly with albumin (r = 0.363: p = 0.002), calcium (r = -0.340: p
= 0.004), cholesterol/HDL ratio (r = 0.338: p = 0.005), CRP (r = -0.249: p = 0.038) and
diastolic blood pressure (r = 0.292: p = 0.014). In the diabetes groups BAP levels

correlated significantly only with calcium (r = -0.395: p = 0.017).
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Table 11.2 Biochemistry of OPG/RANKL study

Groups Comparison of Groups
Variables M A HD MvA MvHD AvHD
p- p- p-value
value value
Glucose (mmol/l) 7.4+45 8.1+59 7.7+43 NS NS NS
Creatinine (umol/l) 150 + 29 288 £ 79 746 + 229 0.024 <0.001 <0.001
eGFR (MDRD 4) 42+18 20+5 NA <0.001 NA NA
Urea (mmol/l) 10.3+2.4 20.3+6 20.7 6 <0.001 <0.001 NS
Haemoglobin (g/dl) 12.7+2.4 11.2+2 11.1+£141 0.050 0.010 NS
CRP (mg/l) 5.0 (5,41) 5.0 (5,20) 5.5 (5,78) NS NS 0.027
Calcium(mmol/l) 2.38+0.08 2.32+£0.09 243 +0.18 NS NS 0.026
Phosphate (mmol/l) 1.11£0.24 1.34+0.25 1.6 £0.46 NS <0.001 0.018
Bilirubin (umol/l) 7624 6.4+1.1 6.4 +3.4 NS NS NS
Albumin (g/1) 411 +4.7 41.7 £ 4.7 37.6+29 NS 0.006 0.002
BAP (1U/l) 26.2+6.4 29.4+7.3 24+6.5 NS NS 0.023
PTH (pmol/l) 4.4(1.2,18.3) 5.5(1.2,18.3) 19.1 (1.0, 43.7) NS <0.001 <0.001
OPG (pmol/l) 54+1.76 578 +2.17 9.8 +3.67 NS <0.001 <0.001
RANKL (pmol/l) 0.05 (0, 0.47) 0 (0, 0.42) 0.02 (0, 0.37) NS NS NS
OPG/RANKL Ratio 61 (8, 550) 45 (14, 180) 109 (23,1450) NS NS 0.016

Legend

Baseline biochemical and haematological parameters in the three groups. Normally

distributed parameters represented as mean + standard deviation. Non-normally

distributed parameters represented as median (minimum, maximum). The p value

represents the statistical significance of changes as determined by ANOVA test. M

Moderate Chronic kidney disease, A

Advance chronic kidney disease, H

Haemodialysis, CRP = C - reactive protein, Co Calcium = corrected calcium, eGFR

(ml/min/1.73m? = estimated glomerular filtration rate calculated using MDRD 4

formula. BAP = Bone specific alkaline phosphatase, PTH = parathyroid hormone,

OPG = Osteoprotegerin, RANKL = Receptor activator of Nuclear factor kappa B

ligand.
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11.6 Discussion

This prospective study examined the levels of markers of modulators of bone and
vascular metabolism in non-diabetic patients with CKD and those with diabetic
nephropathy in the predialysis and haemodialysis patients. The principal findings in
this study are i) significant elevation in OPG levels with falling glomerular filtration rate
i) increased OPG/RANKL ratio with decline in renal function and iii) Compared to non-
diabetics, OPG levels were significantly higher in diabetic patients in the predialysis

phase, however levels were lower in the haemodialysis phase, but not significantly.

Chronic kidney disease is characterized by progressive deterioration of renal function,
abnormalities of mineral and bone metabolism, and vascular complications such as
vascular calcification (VC). %** Although traditionally regarded as a passive process of
vascular mineralization as a result of abnormalities of calcium and phosphorus
metabolism, recent in-vitro studies demonstrating expression of bone matrix proteins
by vascular smooth muscle cells in the vascular lumen, suggests the contrary.?®®

396

Vascular calcification is associated with cardiovascular mortality *° and its frequency

increases with progressive loss of kidney function. 3%’

Several studies have suggested an association between vascular calcification and
osteoporosis. 3%% 3% The suggestion of association between these two pathological
processes is based on observations of expression of osteoblast like cells in the
vascular lumen.®® An imbalance of common mediators of vascular and bone
metabolism such as OPG/RANKL axis has been suggested to play a major role in the

precipitation of vascular calcification. 3'
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Extensive VC with elevated levels of OPG has been reported in uncomplicated type 2
diabetes patients with DN, %° non-diabetic predialysis patients with CKD “® and
haemodialysis patients. “°' However, there is dearth of literature on the association of
biochemical markers of VC with progressive renal impairment in a single cohort. To
my knowledge, this is the first study to report the OPG/RANKL activity in structured
stages, throughout the spectrum of CKD and haemodialysis in patients with and

without diabetes.

The OPG levels in the present study increased stepwise with deterioration in renal
function. The haemodialysis patients had significantly higher OPG levels as compared
to the moderate and advanced CKD patients. This is in agreement with previous
studies, which have demonstrated elevated levels in various stages of CKD. 3% 401. 402
OPG levels were significantly higher in the diabetic patients in the predialysis groups

as compared to non-diabetics, however, OPG levels were lower in the diabetic HD

patients.

OPG is secreted by the endothelial cells as a protective factor against the processes
of VC in the blood milieu and vasculature. The low OPG levels in the diabetic HD
group may be due to loss of endothelial cells or increased endothelial cell dysfunction
as a result of chronic hyperglycaemia in a severely uremic milieu. This endothelial
exhaustion needs further investigation. RANKL levels decreased serially with falling
renal function in diabetics and non-diabetics. Several studies have suggested an
increased risk of VC in patients with elevated levels of OPG %" *% and reduced levels

of RANKL.4%*
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In view of the abnormalities of the OPG and RANKL levels, it is plausible that the
present cohort may have associated VC and abnormal bone, which was not assessed
in this study. As compared to the predialysis groups, the patients on haemodialysis
had significantly higher OPG levels. OPG is associated with mortality in haemodialysis
patients, “°' however, the interpretation of OPG levels in this group may be complex
because not much is known about the clearance of OPG by haemodialysis and a
greater accumulation of OPG in this group may result in reduced level of circulating
RANKL in this population. *°' The disparity in OPG/RANKL levels in this group may

contribute to the increased prevalence of VC in these patients. %" 4%

Median PTH levels were significantly higher in the haemodialysis group as compared
to the moderate and advanced CKD groups. It has been reported that chronically
elevated PTH promotes RANKL and suppresses OPG gene expression and increases
the OPG/RANKL ratio.*®® However, intermittent increase in serum PTH levels has an
anabolic effect on bone, and intermittent PTH treatment prevents VC. *°’ In the
present study PTH had a strong correlation with OPG and diastolic blood pressure, a
surrogate measure of arterial stiffness, suggesting the close association of elevated

PTH with modulators of mineral metabolism such as OPG and arterial stiffness.

The HD group had significantly higher calcium and phosphate levels as compared to
the predialysis groups. An association of osteoporosis and VC has been seen in the
elderly population in the absence of abnormal mineral metabolism.*®® However, in
patients with CKD, the presence of VC and abnormal bone metabolism is usually
associated with abnormal levels of serum phosphate and calcium and derangement of

endocrine and humoral pathways, including PTH and 1, 25-dihydroxyvitamin D.
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Parathyroid hormone and 1, 25-dihydroxyvitamin D are important modulators of
OPG/RANKL system 3% and abnormalities of these hormones occurs early in the
course of CKD, than previously thought. '? The early abnormalities of these
hormones may orchestrate the events in the vascular milieu and the bone by the virtue
of their influence on the mineral metabolism through the OPG/RANKL axis. In patients
with end stage renal disease, an inverse association has been reported between bone
activity and VC, independent of calcium load, age and other confounding factors
suggesting a direct cell-to-cell interaction between the bone and the vessel, which

may play an important role in the pathogenesis of VC in these patients. **°

OPG and RANKL are common mediators of the bone and vascular milieu and may be
the important interlocutor between these two systems. OPG has antagonist action
against RANKL. In animal model experiments, it has been shown that OPG knockout
mice develop severe calcification and suggesting that OPG may have a protective role

against calcium deposition in the vessels. *’

Uraemia in CKD promotes the
expression of calcification inhibitors such as OPG and matrix GLA protein. *'° The
compensatory elevation in OPG levels may be enhanced in the presence of

inflammation #°’

and this could be one of the reasons of higher OPG in the
haemodialysis group, which had a significantly higher CRP levels as compared to the

predialysis groups.

It has been reported that amongst various modulators of mineral metabolism such as
calcium, phosphate, PTH and OPG/RANKL axis, OPG levels were found to be the
strongest predictor of all-cause mortality in haemodialysis patients, especially so in the

401

presence of high inflammation. Given the calcification burden and bone
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abnormalities in patients with CKD, determination of OPG levels in this patient group

may provide an early insight into the bone and vascular health of these patients.

The present study has few limitations, which need to be mentioned. First and
foremost, this is a cross-sectional study and hence no causal relationships can be
established. Secondly, there was no assessment of the extent of vascular calcification
and bone mineral density in these patients. And finally, the OPG levels measured in
this study was total OPG and it is difficult to comment upon the free and inactive forms
of OPG. Nevertheless, this study demonstrates the presence of disturbed
OPG/RANKL axis along with other parameters of mineral metabolism such as PTH,

Calcium and phosphate in patients with different stages of CKD.

11.7 Conclusions

Prevalence of extensive vascular calcification and disturbances of bone metabolism is
known in patients with CKD. Abnormalities of mineral metabolism occur early in the
course of CKD and may provide the substrate for early VC and bone abnormalities in
these patients. OPG/RANKL axis is an important mediator of changes occurring in the
vasculature and the bone due to its modulatory action on the mineral metabolism. This
axis is disturbed quite early in the course of CKD and OPG levels rise as a

compensatory mechanism. This may help to prevent VC in patients with CKD.

OPG levels are higher in patients with DM in the pre-dialysis phase but lower in
dialysis patients. This may reflect a failure of these protective mechanisms in the

diabetic, severely uremic environment. Interestingly plasma OPG levels have been
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associated with increased all-cause mortality in HD patients, though differences in
diabetic and non-diabetic groups were not investigated. .Assessment of OPG levels in
patients with CKD may help to identify patients with disturbed mineral metabolism,

who may be at risk of VC and abnormal bone health.
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CHAPTER 12

GENERAL DISCUSSION AND CONCLUSIONS
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GENERAL DISCUSSION AND CONCLUSIONS

12.1 Introduction

Diabetes Mellitus (DM) is now a recognized pandemic and treatment costs of DM and
its complications are a major burden on healthcare systems throughout the world.
Diabetic vasculopathy (DV) is the most important consequence of chronic
hyperglycemia, in patients with DM. Clinically; DV is usually described into two main
pathological entities as microvascular complications and macrovascular
complications. In a patient with diabetes mellitus (DM), chronic hyperglycemia
orchestrates a series of abnormalities leading to impaired function of virtually every
organ in the body, as a result of, if not completely due to, vascular damage or
vasculopathy (Chapter 1). Macrovasculopathy such as cardiovascular disease CVD
and peripheral vascular disease (PVD) are the leading cause of mortality and
morbidity, respectively in diabetes. On the other hand microvascular complications
such as diabetic nephropathy (DN), diabetic retinopathy and diabetic neuropathy are
common associations of macrovasculopathy and contribute to the co-morbid disease

burden in DM.

This thesis discusses some facets of the pathogenesis of DV, which seem to
precipitate from a complex interaction between the blood milieu, the vasculature,
bone and mineral metabolism and kidney-related factors. Initially | carried out an
extensive literature search to understand the current concepts of pathogenesis of
macrovascular and microvascular diseases in DM and to identify gaps in literature.

This process lead to the proposal of a number of hypotheses relating to various
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facets of DV. Once this procedure was completed, a series of prospective studies
were planned and executed to examine these hypotheses. The findings from the
prospective studies were analysed and any new information obtained from the clinical
studies was integrated into the current knowledge base and the significance of these
findings were discussed. The information obtained from these studies has raised new

questions, upon which future work might be based.

The results of the literature search have been presented in chapters 2 to 4. These
original reviews suggest that the pathogenesis of microvascular and macrovascular
complications of DV may be mediated by several biochemical modulators, which are
common players in the blood milieu, the vasculature, bone and mineral metabolism
and the kidney. An abnormality in one organ system or a modulator may be
suggestive of abnormal metabolism of the other. Some of the potential modulators of
DV are, erythropoietin (EPO), parathyroid hormone, 25 hydroxyvitamin D and 1, 25-

dihydroxyvitamin D.

In addition to these modulators, there are some relatively new mediators, which seem
to play an important role in the bone and vascular metabolism. These mediators such
as osteoprotegerin (OPG) and receptor activator of nuclear factor kappa-B-ligand
(RANKL) are important links in the cross talk between the bone and the blood vessel.
The various hypothesis generated (chapter 5) were examined in the subsequent

prospective studies.
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12.2 Biological variation of potential modulators

The literature search suggested an important role of modulators (mentioned above),
in the pathogenesis of DV. However, it soon dawned that there was no data in the
literature on the normal biological variation of these modulators in the healthy
population. In the absence of this information, it would be difficult to interpret the
levels of these markers in the subsequent study cohort, which included patients with
DM and chronic kidney disease (CKD). To define the normal biological variation of
these modulators, a group of healthy volunteers were studied and serum samples

were collected over a few weeks.

The findings from this study (chapter 7) revealed a wide biological variation of these
modulators in the healthy population. In addition, the analytical variance and
coefficient of variance of assays for these modulators were established. The wide
variation in healthy individuals suggested the need for control groups to be
incorporated in future studies to provide the context to allow interpretation of the

results in different patient groups.

12.3 Tubular injury and dysfunction in early Diabetic nephropathy

The pathogenesis of DN a microvascular complication of DM is multifactorial, with
many factors contributing to the initiation and progression of DN. Traditionally, DN is
considered to be a glomerular disease; however, evidence from recent studies
support a tubular origin (chapter 2). To examine the hypothesis, whether

tubulointerstitial dysfunction occurs before the onset of microalbuminuria, a
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measurement of the above mentioned parameters was carried out along with
markers of tubulointerstitial injury such as N-acetyl-B-D-glucosaminidase (NAG) and
Retinol-binding protein (RBP), in patients with type 1 and type 2 DM without

microalbuminuria and in non-diabetic controls (chapter 8).

The study revealed that in comparison to non-diabetic healthy controls, a higher
excretion of tubular injury markers such as NAG and RBP is present in both diabetes
groups. In addition, low levels of the tubulointerstitial hormones, EPO and 1, 25-
dihydroxyvitamin D, were demonstrated in the diabetes groups, compared to
controls. There was no correlation between the level of tubular injury markers and the
tubulointerstitial hormones, which could be possibly due to different the cellular
locations of these two moieties. These abnormalities of tubular function, occurring
before the onset of microalbuminuria, provide a strong indication of early tubular

dysfunction and support the hypothesis of tubular origin for DM.

12.4 Erythropoietin therapy and tubular injury markers

Low levels of EPO were found, along with higher excretion of tubular injury markers,
in patients with DM with normal haemoglobin. To examine the hypothesis that EPO
therapy ameliorates tubular injury, a prospective study looking at the effects of EPO
supplementation on tubular injury markers was carried out. It was considered that,
given the current state of knowledge in this area, a trial of EPO supplementation in
subjects with early DN and normal haemoglobin levels was premature. Instead a
cohort of patients diabetic and non-diabetic, with stage 4 and 5 CKD was identified,

who were about to have EPO therapy initiated to treat their anaemia (chapter 9).

224



The levels of tubular injury markers were assessed before and after three months of
EPO therapy. We were unable to demonstrate an effect of EPO therapy on the
markers of tubular injury in spite of a beneficial haematological response. This may
be due to the advanced stage of CKD in these patients, which is characterised by a
significant loss of functional nephrons and presence of atubular glomeruli. In absence
of adequate tubular number, theoretically, there was limited scope for EPO action.
However, there have been encouraging reports from recent experimental studies,
which suggest that EPO therapy may confer reno-protection in patients with early and

moderate CKD.

12.5 Vascular calcification and bone mineral density in diabetes

The pathogenesis of Macrovascular disease such as CVD and PVD in DM is
complex with contribution from several associated factors. Vascular calcification (VC)
is an integral part of macrovasculopathy. Traditionally, VC was considered to be
associated with ageing, advanced renal disease and long duration of DM. Based on
the literature review (chapter 4), it was proposed that the genesis of VC may be
intricately entwined with endothelial cell dysfunction. To examine, whether VC and
bone mineral density (BMD) was linked in patients with diabetes mellitus and their
relationship to modulators of DV, an assessment of VC and BMD was undertaken in
age and sex matched patients with type 2 DM who had well- preserved renal and

varying degrees of proteinuria (chapter 10).

The assessment of VC was by CT scan and BMD by a DEXA scan. The modulators

of DV were measured including serum OPG and RANKL. The study demonstrated a
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high prevalence of VC and osteopenia in normoalbuminuric type 2 DM patients with
normal serum creatinine. There was a weak inverse relationship between VC and
osteopenia in these patients. The proteinuric patients had worse VC but not
osteopenia and there were weak relationships between OPG levels with both, VC
and osteopenia, masked by age in multivariate analysis. Age and peripheral
neuropathy were independent predictors of VC, whereas, weight was the most

significant predictor of BMD in these patients.

12.6 OPG/RANKL axis in Chronic Kidney Disease

The vasculature, blood milieu, bone and mineral metabolism, and the kidney are
intricately linked with multiple common mediators and modulators working towards
maintaining homeostasis in these systems. VC can occur on the background of
normal mineral metabolism (chapter 10) and yet its severity is increased in presence
of abnormal mineral metabolism. OPG/RANKL axis is a major modulator of this
common pool of mineral metabolism in the bone and blood vessel. Against this
background, the relationship between modulators of DV, including OPG and RANKL,

and the degree of CKD was examined, in patients with and without DM.

It was found that abnormalities of OPG and RANKL occur before the onset of
microalbuminuria (chapter 10) and progress with deterioration of renal function
(chapter 11). In addition, there was a discrepancy in OPG levels in DM patients as
compared to non-diabetics. In the predialysis phase, DM patients had significantly
higher OPG levels, suggesting increased secretion of OPG by the endothelial cells as

a protective mechanism against VC. However, DM patients on haemodialysis had
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lower levels of OPG as compared to non-diabetics, suggesting a reduced response
from endothelial cells, either due to extensive loss of endothelial cells or cellular
exhaustion in the surviving endothelial cells. This phenomenon needs further

investigation.

Along with abnormalities of PTH, phosphate and calcium levels, there was a
significant rise in OPG/RANKL activity with falling renal function. The haemodialysis
group had significantly higher OPG/RANKL ratio as compared to the predialysis
groups. The study result supports the hypothesis of a major role of OPG/RANKL axis
in the modulation of mineral metabolism in patients with CKD, with or without DM.
The close relationship of OPG/RANKL activity with VC earlier and disturbed
metabolism in the present study suggests a role for OPG estimation as a surrogate
marker of VC in clinical practice. However, this needs further critical examination in

bigger patient groups.

12.7 Future directions

The observations from the above-mentioned prospective studies have increased our
understanding of the relationship of blood, bone and kidney in patients with Diabetes
Mellitus (DM). Diabetic Vasculopathy (DV) is a huge subject and it is not practically
possible to address all the issues concerned with the pathogenesis, progression,
treatment and prevention of this condition. The results from these studies have led to
further questions-which remain to be answered and may be the basis of future work

in this field.
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The focus of future work should be primarily aimed at prevention of complication
studies in patients with DM before the onset of microalbuminuria. This is especially
relevant in the Indian context, which has a burgeoning population of people with
diabetes and little resources to deal with the diabetes epidemic. Given the genetic
predisposition of the Indian population towards diabetes, there are several issues,
which need to be addressed. However, based on the findings from the above-

mentioned studies, the ones that need further work in near future are

e To study the relationship of a wide range of tubular injury markers such as
NAG, RBP, Vimentin, Kidney injury Molecule (KIM-1) with EPO and 1, 25-
dihydroxyvitamin D in a bigger groups of DM patients before the onset of
microalbuminuria.

e To confirm the findings of low EPO and 1, 25-dihydroxyvitamin D in a large
group of DM patients and the effects of supplementation of these two
hormones on the progression of tubular injury.

e To study the effects of low dose ACEI (angiotensin converting enzyme
inhibitors) and ARB (angiotensin receptor blockers) on patients with higher
than normal excretion of tubular injury markers, in prevention of
progression of tubular enzymuria to microalbuminuria.

e To study the protective potential of OPG in vascular calcification and the
differences in this role between patients with progressive renal disease
with and without DM.

e To study the role of peripheral neuropathy in the pathogenesis of VC.

e To study the effects of intensive versus conventional long-term glycemic

control on OPG levels and severity of VC.
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12.8 Conclusions

The interaction between the blood milieu, bone metabolism and the kidneys in the
pathogenesis and progression of DV is complex and not well defined. The underlying
factor is chronic hyperglycemia, which, in a concerted manner, precipitates several
abnormalities, which in turn unleash a cascade of reactions, resulting in progressive
vessel and ultimately organ damage in DM. The pathogenesis of DV is complex and
the process begins earlier than previously thought. Microvascular and macrovascular
disease do not occur in isolation. The presence of one is strongly suggestive of the
presence of the other. Good glycemic control along with tight blood pressure control
is of paramount importance in patients with DM and has been proven to retard the
progression and reduce the risk of death due to macro and microvascular

complications.*"

In current medical practice, microalbuminuria is considered as the first clinical
indicator of diabetic nephropathy. It is a strong marker of cardiovascular disease and
is considered to be a state of generalised endothelial dysfunction. Unfortunately, by
the time a patient has clinical microalbuminuria, there is significant loss of functional
nephrons. ACEI and ARB therapy is known to reduce microalbuminuria and may
retard the progression. However, however the disease may remain progressive and it
is known that a significant proportion of patients with DM die of CVD, much before
end stage renal failure. These observations are indirect suggestions that the
prevention therapy in DM patients, especially those with type 2 DM, must begin in the

pre-microalbuminuric stage.
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The results from the tubular study with low EPO and 1, 25-dihydroxyvitamin D and
higher excretion of tubular injury markers such as NAG and RBP are strongly
suggestive of early tubular impairment before the onset of microalbuminuria. Similarly
a significant proportion of type 2 DM with normoalbuminuria demonstrated early
vascular calcification and osteopenia. These observations suggest that
microalbuminuria may occur later in the course of vascular damage in DM, than
previously thought, and there is an urgent need to devise and develop clinical

markers of vascular damage in DM before the onset of microalbuminuria.

Diabetic vasculopathy is a progressive phenomenon with contributions from multiple
metabolic derangements related to chronic hyperglycemia. The gap between the
diagnosis of DM and the onset microalbuminuria can be regarded as a ‘window of
opportunity’ for clinicians and researchers to contain the damage and prevent the
progression of diabetic vasculopathy. Further work is required to untangle these
complexities and to define the contribution of factors such as the adverse blood
milieu, the vasculature, abnormal bone and mineral metabolism, and early

tubulointerstitial damage.

These pilot studies are invaluable in terms of testing a hypothesis and to understand
a trend. However, these studies have a number of limitations, which need to be
considered. Due to small patient numbers and cross sectional design, the studies
need to be carried out in bigger population to confirm the findings. In addition, long-
term, follow-up studies are required to understand the progress of the various

disease processes and the evaluation of the potential modulators of DV.

230



The findings from the studies reported here may help in the formulation of new
hypotheses, which might contribute to future work in this area. Until definitive
therapies aimed at prevention and treatments of DV are available, research proven,
combined interventions such as appropriate diet and exercise, healthy lifestyle with
cessation of smoking and alcohol, tight glycemic control, optimum blood pressure,
correction of dyslipidemia and anaemia remain the mainstay for prevention of DV in

these patients.
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