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diffuse ApoE expression in glomerular capillaries. 2) ApoE €4 carriers were more
likely to have islet amyloidosis than non-carriers (62.5% in & allele carriers vs.
23.6% in &3 allele carriers P=0.0232). There was immunolocalization of the
chaperone proteins, amyloid P and ApoE in both islet amyloid deposits and arterial
walls with hyaline arteriolosclerosis. 3) In T2DM cases, IDE rs6583813 C allele
carriers had higher prevalence of vascular disorders [hypertension (67.4% vs. 43.6%,
P=0.0332), death due to cardiovascular disease (58.1% vs. 25.6%, P=0.0479) and
cerebral vascular accident (CVA) (20.9% vs. 2.4%, P=0.0412)] than T allele carriers.

CONCLUSIONS: These findings suggest that genetic factors have important effects
in the development of tissue-specific changes and chronic complications in T2DM.
Islet amyloidosis, arteriosclerosis and glomerulosclerosis in T2DM may share
common pathogenetic processes as suggested by the coexistence of chaperone
proteins, amyloid P and ApoE. Genetic—pathologic correlation studies are useful in

advancing our understanding of the mechanisms of complex diseases such as T2DM.
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CHAPTER1 INTRODUCTION



1. INTRODUCTION

1.1. Background

1.1.1. Overview of diabetes
1.1.1.1. Classification of diabetes

Diabetes mellitus is a group of metabolic disorders characterized by chronic
hyperglycemia, usually resulting from defects in insulin secretion or insulin action, or
both [1]. Many hereditable and environmental factors are involved in the development
and progression of diabetes, Based on aetiopathological processes, diabetes mellitus
can be classified into four main categories: type 1 diabetes (T1DM), type 2 diabetes
(T2DM), gestational diabetes (first diagnosed during pregnancy) and other specific
types. Both TIDM and T2DM have strong genetic backgrounds often precipitated by
lifestyle or environmental factors [2]. Type 1 diabetes, previously known as
insulin-dependent diabetes, often results from autoimmune destruction of pancreatic
islet beta-cells mediated by CD8+ T cells and macrophages, triggered by external
factors, such as viruses or cow’s miik antigens [3]. Thus, TIDM is characterized by
proneness to ketoacidosis due to severe insulin deficiency [4]. Type 2 diabetes,
previously known as non-insulin-dependent diabetes, is the major form of diabetes
characterized by insulin resistance in various target tissues and beta-cell dysfunction.
While genetic factors are important predisposing factors of T2DM, other precipitating
and perpetuating factors include glucotoxicity, lipotoxicity, mitochondrial dysfunction,
insulin resistance and amyloid formation, which can worsen beta-cell dysfunction.
Gestational diabetes encompasses subgroups formerly classified as gestational
impaired glucose tolerance (GIGT) and gestational diabetes [5]. Other specific types
of diabetes include monogenic disease due to genetic defects implicated in beta-cell
development, structure and function as well as insulin action. Other aetiologies
include diseases of the exocrine pancreas, endocrinopathies, drug- or chemical-
induced diabetes, infection-induced diabetes, uncommon forms of immune-mediated
diabetes and other genetic syndromes with diabetes as a component feature [6].

{ver time, undiagnosed or suboptimally managed diabetes can result in acute and
chronic complications. Acute complications include diabetic ketoacidosis, nonketotic
hyperosmolar coma, hypoglycemia and diabetic coma. Chronic hyperglycemia leads
to widespread angiopathies through a number of mechanisms including the formation
of glycosylated protein in the surface of endothelial cells. Damage to small blood

vessels {microvascular disease) leads to retinopathy, neuropathy, nephropathy and
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cardiomyopathy. On the other hand, destruction of large blood vessels (macrovacular
disease) results in coronary artery disease (CAD), stroke, peripheral vascular discase
and diabetic myonecrosis. Both vasculopathy and neuropathy contribute to diabetic
foot or/and skin ulcers, infection and necrosis. Among these complications,
cardiovascular and kidney diseases are the two most devastating complications
leading to multiple morbidities and premature mortality [7]. In this thesis, my main
focus is on T2DM which is referred to as ‘diabetes’ throughout the text, unless

otherwise stated.

1.1.1.2. History of diabetes as an amyloid disease

Diabetes mellitus is known to human beings even in the prehistoric times. Diabetes
was first mentioned by Egyptians about 3500 years ago. An Egyptian papyrus
described a disease characterized by rapid weight loss and frequent urination. The
term, ‘Diabetes’, was first mentioned by a Greek physician (30-90 Christian Era) who
identified a disease with symptoms of polydipsia, polyuria and weight loss. Similar
descriptions have also been recorded in the ancient civilizations of Egypt, Greece,
India, Rome and China. In the Middle Ages, a clinical diagnosis of diabetes was an
invariable death sentence [8]. By the early 19" century, availability of a chemical test
made detection of excess sugar in urine possible. During the same period, the French
physician, Bouchardat, noticed that a restricted diet helped to reduce glycosuria in
diabetic patients [9]. In 1869, microscopic studies by the German Pathologist, Paul
Langerhans, first revealed the composition of the endocrine pancreas although its
function was unknown [10]. Two decades later, the endocrine pancreas was referred to
the "islet of Langerhans" by Gustave-Edouard LaGuesse (1861-1922) when he
discussed the anatomy of the pancreas.

In 1889, Oskar Minkowski found that dogs developed diabetes upon removal of
their pancreas. Further studies led to the conclusion that the pancreas secreted a
substance which might affect glucose metabolism [11}. In 1901, another major step
was taken by an American pathologist, Eugene Opie, who clearly established the link
between diabetes and deposits of hyaline materials in the islet of Langerhans [12].
The amyloid nature of these material was established by Ahronheim in 1943 [13]. In
1961, Ehrlich JC and Ratner IM stained these deposits using alkaline Congo red [14].
In 1973, Westermark P demonstrated the fibrillar structure of islet amyloid in diabetes

using electron microscopy [15]. In 1987, the amyloidogenic protein in islet amyloid
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was discovered in two separate laboratories and referred to as islet amyloid
polypeptide (IAPP) by Westermark P [16} and amylin by Cooper GJS [17]. It is now
clearly established that human IAPP is a 37-amino acid polypeptide co-produced and

co-secreted with insulin from pancreatic islet beta-cells [18].

1.1.1.3. Histological hallmark in diabetic nephropathy

The other histopathological hallmark of diabetes is nodular glomerulosclerosis or
the Kimmelstiel-Wilson nodule (KWN) in the kidney. The latter was named in
honour of the two pathologists, Kimmelstiel P and Wilson C, who published their
clinical and pathological study of diabetic nephropathy in 1936 [19). From a
histopathological standpoint, the detection of islet amyloid is pathognomonic of
T2DM whereas that of KWN signifies a progressive kidney discase caused by
longstanding diabetes. Somewhat paradoxically, despite these well characterized
histological features and recent advancement in the field of the genetics of T2DM,
there is a paucity of knowledge regarding the correlation between genetic variants
and these hallmark histopathological changes which may provide important insights

into the understanding of disease mechanisms.

1.1.2. Epidemiology of islet amyloidosis and diabetic glomerulosclerosis
1.1.2.1. Epidemiology of diabetes

Diabetes is a global epidemic which poses major threats to public health in the 21*
century. The global prevalence of diabetes is approximately 5.9%, affecting 246
million people worldwide, According to the World Health Organization (WHO), the
number of people with diabetes will increase to 360 million by 2030. The majority
will have T2DM with less than 10% of affected people having T1DM and other types
of diabetes. The proportion of T2DM may be as high as 85-95% in developing
countries. Alarmingly, the onset age of T2DM is becoming younger and a large
proportion of affected people are in their middie age [20]. For the same number of
risk factors, people with T2DM have 2-4 fold higher risk of CHD [21] and stroke [22]
compared to those without. Diabetes, mainly T2DM, is also the leading cause of end
stage renal disease (ESRD) [23]. On an annual basis, approximately 3.8 million
people die from diabetes and related causes. This number is expected to increase by
more than 50% in the next decade if no urgent action is taken to curb this rising trend

of diabetes prevalence [20].



1.1.2.2. Epidemiology of islet amyloidosis

Even before the discovery of insulin from the pancreatic islets, islet amyloid (islet
hyalinization) had been linked to diabetes [24]. Nowadays, islet amyloid is considered
a pathological hallmark of T2DM [25, 26]. Islet amyloid in diabetic human pancreas
has been reported across different ethnic populations including Caucasians, Pima
Indians, Indians, Chinese, Japanese and other Asians [27]. Table 1 summarises the
prevalence of diabetes-associated islet amyloidosis in human autopsy studies reported
from 1950 to May 2007 [28]. Meta-analysis of these studies showed that the
prevalence of islet amyloid was 37% in diabetic cases and 7% in nondiabetic cases
after adjusting for sample size in each study [odds ratio (OR)=7.82, 95%CI=6.83-8.95,
P<0.0001). Asian diabetic patients appeared to have lower prevalence (48% versus
81%, OR=0.21, 95%CI=0.15-0.31, P<0.0001) of islet amyloid than their Caucasian
counterparts.



Table | Prevalence of diabetes-associated islet amyloidosis in autopsy studies [28]

Diabetic Patients  Nondiabetic subjects References

26 (1684) 7 (3959) Bell, 1952

39(72) 0 Mclean and Ogilvie, 1955
49 (91) 4 (178) Erlich and Ratner, 1961
56 (16) 0 (20) Vishwanathan et al, 1972
91 (11) 0(16) Westermark and Grimelius, 1973
77 (26) 27 (18) Saito et al, 1979

59 (27) 12 (142) Maloy et al, 1981

92 (13) 55(11) Westermark et al, 1987
92 24) 0(10) Clark et al, 1987

87 (15) 0(10) Clark et al, 1988

77 (26) 0(10) Clark et al, 1990

90 (111) 45 (22) Rochen et al, 1992

76 37) 8.3 (12) Ohsawa ¢t al, 1992

57 (41 28 (33) Sempoux et al, 2001

83 (57) 11 (48) Butler et al, 2003

40 (235) 3 (533) Zhao et al, 2003

37 (2486) 7 (5021} Sum

Data are expressed as percentage of total number of cases or control in parentheses.






Table 2 Prevalence of classical diabetic glomerulopathy in Type 2 diabetic patients

No of patients  Stage of DN Nodular Reference
lesions
35 UAE>300mg/day 77.1 (37]
52 Overt nephropathy 36.5 [38]
65 Persistent proteinuria 46.2 [39]
33 Persistent proteinuria 60.6 [40]
205 Autopsy 17.6 [41]
53 Microalbuminuria 294 [42]
74 Autopsy 39.2 [43]
200 Proteinuria 40 [44]
36 Proteinuria 47.4 [45]
35 Autopsy 309 [46]
158 Diabetic 27.2 [47]
nephropathy

UAE: urinary albumin excretion






Indians after interbreeding with European Americans [60].

The genetic factors of T2DM can be divided into two groups: monogenic and
polygenic. Monogenic factors cause diabetes by a single genetic mutation and are
characterized by early onset of disease and high phenotypic penetrance. Polygenic
T2DM typically results from interplay between genetic susceptibility and
environmental adversity. Patients with polygenic diabetes often harbour multiple risk

variants and develop disease during middle or old age [61].

1.1.3.1.2. Importance of genetic study

Genetic studies provide important insights into the understanding of molecular
mechanisms of diabetes. These risk variants can lead to discovery of causal metabolic
pathyways which will lead to targets for intervention including drug discovery. On a
shorter term basis, such knowledge may enable clinicians to predict risk, classify
disease and formulate the most appropriate strategy to maximize benefits and
minimize harm.

There are specific categories of diabetes due to hereditary defects affecting a
particular pathyway. These forms of disease, often referred to as monogenic diabetes,
are due to rare mutations within the family and characterized by strong familial
inheritance, early onset of disease and high penetrance of the phenotype. There are
many forms of monogenic diabetes but the most recognized one is maturity-onset
diabetes of the young (MODY 1-6) [62]. Here, apart from MODY 2 which is caused
by genetic defects in the enzyme glucokinase, other forms of MODY are due to
mutations in transcription factors which include hepatocyte nuclear factor (HNF-4
alpha, MODY 1), transcription factor 1 (TCFI, MODY 3), insulin promoter factor-1
(IPF-1, MODY 4), transcription factor 2 (TCF2, MODY 5) and NeuroD1 (MODY 6).
Due to their strong familial penetrence and because many of these patients require
insulin treatment to control hyperglycemia, genetic screening and diagnosis of MODY
is implicated in subjects with typical presentation (i.e. young onset typically less than
25-years-old, non-ketotic presentation and positive history in multiple generations)
[62].

1.1.3.1.3. Gene-environment interaction
In T2DM, structural variations (e.g. SNP, deletion/insertin polymorphisms, copy

number variations, CNV) or dysregulation of genomic expression (e.g. chromatin
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modification and DNA methylation) interact with lifestyle or environmental factors,
notably obesity often due to physical inactivity and excessive caloric intake, to cause
overt hyperglycemia [63].

James Neel first proposed the thrifty gene hypothesis to explain the role of
gene-environment interaction in the evolutionary nature of T2DM. Based on the
phenomenon that defects in erythrocytes protect the mutation bearers from malarial
infection, it was theorized that the susceptibility genes of diabetes might enable the
carriers to store calories efficiently. This genetic trait is conducive to survival during
times of famines and thus evolutionally preserved. However, in modern societies,
food abundance, technologies and reduced need of strenuous exercise contribute to a
positive energy state rendering these preserved genes to become disadvantages
resulting in obesity and diabetes [64].

In common chronic diseases, genetic effects can modify biological responses fo
environmental stressors, medications and disease processes. Although the effects of
each and individual genetic variants may be modest on their own, they may be
amplified in the presence of other causative/modifier genes or triggering
environmental factors to precipitate clinical disease [63]. Thus, the genetic makeup of
an individual may play a pivotal role in his/her responses to these acquired or
endogenous processes (e.g. aging or disease state). One such example is the genetic
variation of peroxisome proliferator-activated receptor gamma (PPARG) where
different genotype carriers display different patterns of fat intake and obesity. A C/G
variant in this gene predicts the substitution of Ala for Pro at position 12 in the
PPARG2-specific exon B [65]. The protective effect of the Ala allele for T2DM is
influenced by the degree of ingestion of saturated fat [66]). When the dietary
polyunsaturated fat to saturated fat ratio is low, the body mass index (BMI) in Ala
carriers is greater than the Pro homozygotes. On the other hand, when the dietary ratio
is high, the opposite is seen [67]. Other examples are pharmacogenetic responses to
drugs which may allow individualization of therapies. Carriers of risk alleles of
TCF7L2 have reduced insulin response [68] and suboptimal response to sulfonylurea
treatment [69].

1.1.3.1.4. Strategies of the genetic research in diabetes
Classically, association studies and genome scans have been used to discover the

genetic basis of T2DM [61]. The association study based on selection of candidate
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genes is primarily hypothesis-driven while the genome scan aims to discover novel
genes or chromosomal loci linked to various disease traits. In association study, a
candidate gene usually with known biological functions and gene structure is selected.
This is then followed by examination of mutations or polymorphisms, usually located
within the coding or regulatory region, in a case-control cohort for
genotype-phenotype associations. Using these strategies, novel genes such as
glucokinase which regulates glucose sensing in the beta cell and NEUROD which
regulates beta cell neogenesis have been discovered |70, 71]. However, in complex
and polygenic discases, these association studies often have limited power due to the
small effects of these risk variants and the heterogeneity of host and
environmental/lifestyle factors. With the recent development of high throughput
technology, Genome-Wide Association Study (GWAS) using microarrays containing
more than 500,000 SNPs can be used to study large populations. To date, more than
30 T2DM genes have been discovered by GWAS. The majority of these novel genes
are implicated in insulin secretion, beta-cell biology and cell cycle regulation [66].
Although microarrays used in GWAS cover most of the known SNPs in the human
genome, most of these disease-associated SNPs only confer 15-20% increased risk
and collectively, account for less than 20% of the heritability of T2DM. While more
powerful tools such as whole genome or whole exon sequencing are now being
advocated as preferred discovery tools, regulatory mechanisms of genomic expression
and genomic architectures such as copy number variations, non-coding RNAs, DNA
methylation and histone acetylation are also being intensively studied in the field of
complex disease such as T2DM [72, 73].

1.1.3.2. Hyperglycemia

Hyperglycemia is characterized by chronic elevation of blood glucose. While there
are multiple stress hormones which can elevate blood glucose (eg. catecholamines,
glucagon, cortisol, growth hormone), insulin is the only hormone that can reduce
blood glucose. Subjects who have defects either in insulin secretion or action are at
risk of developing diabetes [74]. Other factors such as eating disorders [75], drug
intake [76], critical iliness [77], and physiological stress [78] may contribute to
increased blood glucose.

Clinically, hyperglycemia is the defining characteristics of diabetes [74]. Persistent
high blood glucose is contributed by both fasting and postprandial hyperglycemia in
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varying degrees and can be measured by glycosylated hemoglobin (HbA,.). In T2DM,
hyperglycemia can lead to acute (e.g. hyperglycemic hyperosmolar nonketotic
syndrome) and chronic complications, notably vasculopathy and neuropathy which
play pivotal roles in maintaining normal structure and functions of tissues and organs.
In the United Kingdom Prospective Diabetes Study (UKPDS), a 0.9% difference in
HbA . between the intensively-treated (7%) and conventionally-treated group (7.9%)
was franslated to 10%-25% risk reduction in all diabetes-related endpoints including

death, macro- and microvascular complications [79].

1.1.3.2.1. Hyperglycemia and beta-cell dysfunction

Apart from its adverse effects on vasculopathy, hyperglycemia also contributes to
beta-cell dysfunction although it is not the initial factor for beta-cell death. In this
respect, glucose desensitization, beta-cell exhaustion and glucotoxicity may contribute
to progressive beta cell failure to set up a vicious cycie. Glucose desensitization is a
physiological adaptive mechanism referring to rapid and reversible refractoriness of
the beta-cell exocytotic machinery after exposure to elevated glucose for a short
period of time {80]. The mechanism of desensitization may result from dysregulation
of intracellular calcium [Ca®*] homeostasis which is a crucial sigal for insulin
secretion [81]. Beta-cell exhaustion refers to depletion of releasable insulin from
vesicles after persistent and excessive secretory signals despite increased insulin
synthesis [82]. Persistent glucotoxicity may cause impaired beta-cell function or/and
loss of beta-cell mass due to apoptosis or endoplasmic reticulum stress [83, 84].

In support of this notion, there was little evidence to suggest insufficient insulin
content or defective insulin secretion when insulin-secreting cells were cultured in
medium with different glucose concentrations for a short period of time. However,
with prolonged exposure, the insulin secretory capacity was reduced. Besides, the
degree of beta cell recovery appears to be time-dependent with shorter the period of
antecedent glucose toxicity, the greater the degree of recovery [85]. In sum, glucose
toxicity to beta-cells appears to be a result of continuous exposure rather than a
threshold function of blood glucose. Possible mechanisms of glucotoxicity include
impaired insulin gene expression through diminished activity of beta-cell transcription
factors, loss of differentiation of beta-cells, generation of reactive oxygen species and
accumulation of advanced glycosylaticn end products [83]. Besides, glucotoxicity and

lipotoxicity can act in concert to condribute to beta-cell dysfunction and development
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of diabetes [83].

1.1.3.2.2. Hyperglycemia and diabetic complications

Hyperglycemia is one of the key causal factors in the development of diabetic
vascular complications through multiple pathways. Long-term diabetic complications
correlate with the severity and duration of hyperglycemia. Patients with suboptimal
glycemic control are at higher risk of developing microvascular complications in the
kidneys, eyes and peripheral nerves as well as macrovascular complications notably
CVD, than those with good control [86].

1.1.3.2.2.1. Hyperglycemia and microvascular complications

In 1993, data from the Diabetes Control and Complications Trial (DCCT) in TIDM
and in 1998, data from the UKPDS in T2DM demonstrated the linkage between
hyperglycemia and microvascular complications in randomized clinical trial settings.
In the DCCT, intensively-treated TIDM patients with a target to achieve near
normoglycemia using multiple insulin injections or insulin pump, had 60% risk
reduction in all microvascular complications compared to the conventionally-treated
group. These effects were independent of age, sex or duration of diabetes. There was
also no apparent threshold for the blood glucose value in delaying the onset or
slowing the progression of these complications [87, 88].

Similar findings were also reported in the 7-year study of the UKPDS where T2DM
patients treated intensively with an achieved Alc level of 7% had 25% risk reduction
in all microvascular complications, compared to the conventionally-treated group with
an attained Alc level of 7.9%, [79, 89]. In agreement with the DCCT and UKPDS,
other studies including the Blue Mountains Eye Study, Australian Diabetes, Obesity
and Life Style, and the Multi-Ethnic Study of Atherosclerosis conducted in four
different diabetic groups (including T1DM and T2DM) also did not demonstrate clear
giycemic threshold for onset or progression of diabetic retinopathy [90].

There are several mechanisms whereby hyperglycemia contributes to the
development of microvascular complications. These include the sorbitol pathway,
protein kinase C (PKC) pathway, the advanced glycosylation end product (AGE)
hypothesis and oxidative stress. The sorbitol pathway was the first proposed
mechanism link hyperglycemia to the complications [91, 92]. Sorbitol is one of the

products of the aldose reductase pathway with nicotinamide adenine dinucleotide
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phosphate (NADPH) as cofactor of the reaction. Under hyperglycemic condition,
there is increased activity of aldose reductase with elevated sorbitol levels which can
lead to dysregulation of cellular energy metabolism and cell-membrane integrity [89].
Hyperglycemia can also activate the PKC system through increased diacylglycerol
signals. Activation of the PKC system can lead to dysergulation of growth factors
with abnormal DNA synthesis and transcription as well as cellular turnover.
Furthermore, PKC can promote expression of transforming growth factor-beta
(TGF-beta) resulting in increased extracellular matrix production [93, 94]. In chronic
hyperglycemia, excess glucose may bind to circulating proteins (early glycosylation)
to form AGE after a series of rearrangements and oxidative reactions. AGE can cause
cross-linking of proteins which affect cellular function and are widely found in

plasma, cells, tissues, arterial wall, renal mesangium and basement membranes [89].

1.1.3.2.2.2, Hyperglycemia and macrovascular complications

In the primary results of the DCCT and UKPDS, intensively-treated TIDM and
T2DM patients had lower risk of macrovascular events compared to the
conventionally-treated group, albeit short of significance [79, 95). However, post-trial
data from both studies have recently confirmed the long term benefits of glycemic
control on cardiovascular complications and all-cause mortality [96, 97). These
randomized trial data are in line with the observed risk associations between 2-hour
post-challenge blood glucose level and risk of CVD in epidemiological surveys
including the Hoorn Study in Netherlands [98], the Honolulu Heart Study in men of
Japanese ancestry [98], the Chicago Heart Study in Americans, and the DECODE
(Diabetes Epidemiology: Collaborative Analysis of Diagnostic Criteria in Europe)
study [98]. In meta-analysis, hyperglycemia, especially postprandial hyperglycemia,
has been shown to be an independent risk factor for CVD [98].

Macrovascular complications may share similar mechanisms with microvascular
complications, such as the adverse effects of AGE, oxidative stress and the PKC
pathway albeit with different emphasis. The effects of hyperglycemia on endothelial
cell dysfunction have been extensively investigated. High blood glucose can activate
nuclear factor-kB (NF-kB) in endothelial cells, vacular smooth muscle cells (VSMC)
and macrophages, which can lead to inflammation and atherosclerosis. Both
hyperglycemia and AGE can activate the oxidative pathway and stimulate endothelial

cells to produce superoxide [99, 100]. For VSMC, hyperglycemia activates
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matrix-degrading metalloproteinase and stimulates VSMC proliferation and migration
[101, 102]. Glucose can also activate NF-xB and PKC in monocytes, stimulate

monocyte growth and release inflammatory factors [103].

1.1.3.3. Dyslipidemia

Dyslipidemia is characterized by abnormal quantity and quality of lipid particles
and content in the blood. Apart from lipoprotein overproduction (hyperlipidemia) or
deficiency (hypolipidemia), a large number of pathways are involved in the clearance
and precessing of these lipid particles. The Fredrickson classification divides
hyperlipidemias into five types with different patterns of distribution of lipoproteins
[104], all of which can be found in T2DM. The commonest lipid phenotype is
increased triglyceride (TG) and reduced high-density lipoprotein cholesterol (HDL-C)
[105]. In the Framingham Heart Study, diabetic subjects had higher prevalence of
hypertriglyceridemia (men: 19% versus 9%; women: 17% versus 8%) and low
HDL-C level (men: 21% versus 12%; women: 25% versus 10%) than control subjects.
Although both groups had similar LDL-C levels, diabetic patients are known to have
increased numbers of small dense low-density lipoprotein (sd-LDL) particles [106].
Similar results have also been reported in the UKPDS [107].

Although the exact aetiological factors of diabetic dyslipidemia are unknown,
several studies point to the important role of insulin resistance. Increased energy
intake or high fat diet or excessive lipolytic activities can cause increased delivery of
free fatty acid (FFA) to the liver resulting in excess production of TG-rich very low
density lipoprotein cholesterol (VLDL-C) and ApoB rich lipoprotein particles. Insulin
resistance, in part due to fuel competition between FFA and glucose as energy
substrates, can cause reduced lipoprotein lipase (LPL) activity leading to increased TG,
low intermediate density lipoprotein cholesterol (IDL-C) and low HDL-C. Insulin
resistance can also enhance hepatic lipase (HL) activity to promote transfer of TG to
LDL-C and HDL-C particles. This leads to increased production of atherogenic small
dense LDL-C particles which are rich in apo B content as well as that of small dense
HDL particles with reduced reverse lipid transport from lipid-laden macrophages from
endothelial cells. Apart from this dyslipidemic pattern of high TG, low HDL-C, apo B
rich LDL-C and TG-rich HDL-C particles, insulin resistant subjects also have reduced
hepatic responsiveness to the inhibitory effects of insulin on ApoB secretion and
VLDL-C synthesis. The resultant hepatic fatty infiltration can further impair the

16



clearance of circulating LDL-C, setting up a vicious cycle [105].

1.1.3.3.1. Dyslipidemia and beta-cell dysfunction

Like hyperglycemia, dyslipidemia also contributes to beta-cell dysfunction.
Paolisso et al showed that high fasting FFAs predicted T2DM [108]. In experimental
studies, increased levels of FFAs stimulate insulin secretion in normal individuals but
lead to beta-cell failure in individuals with genetic susceptibility to diabetes [84]. In in
vitro studies, physiological concentrations of FFAs are toxic to isolated islets and
insulin-secreting INS-1E cells. Prolonged exposure of pancreatic beta-cells to FFAs
increases basal insulin release but inhibits glucose-induced insulin secretion.
Excessive FFAs induce beta-cell death by apoptosis both in vifro (isolated rat islets)
and in Zuker diabetic fatty (ZDF) rats [83]. Several mechanisms underlie the
lipotoxicity to beta-cells. Free fatty acid oxidation is normally mediated by carnitine
palmitoyl transferase-1 (CPT-1), the latter normally inhibited by malonyl CoA. Under
diabetic conditions, elevated FFAs result in increased malonyl CoA, reduced FFA acid
oxidation and elevated long-chain acyl CoA esters [84]. The latter is proposed to
mediate the deleterious effects of chronically elevated FFAs, such as suppression of
glucose-induced depolarization in beta-cells [109]. Prolonged exposure to FFAs also
enhances uncoupling protein-2 (UCP2) expression, increases production of reactive
oxygen species (ROS) production [84], activates the ER stress pathway, such as
inositol-requiring enzyme-1(IRE1), and causes electron-lucent clefts which extend
throughout the cytoplasm and ER lumen in insulin-secreting INS-1 cells [110]. Since
the ER is the main cell organelle responsible for processing protein, ER stress can
lead to protein misfolding which may also underlie lipotoxicity to beta-cells [111]. In
summary, dyslipidemia and hyperglycemia have independent and joint toxic effects
on beta-cells through multiple mechanisms including inhibition of oxidation of FFAs,

decreased insulin gene expression, accelerated cellular apoptosis and ER stress.

1.1.3.3.2. Dyslipidemia and diabetic complications
1.1.3.3.2.1. Dyslipidemia and macrovascular complication

Both epidemiological and interventional studies have firmly established the
independent risk association between diabetes and CVD [112-114]. Diabetic patients
had the same risk of myocardial infarction as non-diabetic patients with previous
myocardial infarction [115]. In the epidemiological analysis of the UKPDS, high
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LDL-C (hazard ratio of 1.57 for every 1 mmol/L increase) and decreased HDL-C
(hazard ratio of 1.15 with every 0.1 mmol/LL decrease) were the most important risk
factors for CVD followed by HbA,, (hazard ratio of 1.11 for every 1% increase) and
systolic blood pressure (hazard ratio of 1.15 for every 10 mmHg increase) [116].
Large scale randomized clinical trials, such as Cholesterol and Recurrent Events
{CARE) study, have confirmed the benefits of LDL-C lowering using statins in
reducing CVD incidence [117]. In the Helsinki Heart Study, diabetic men treated with
gemfibrozil, a fibrate, which predominantly lowers TG and to some extent, increases
HDL-C, had lower incidence of CHD than placebo-treated patients [118]. In the
Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) [70] study,
fenofibrate significantly reduced CVD risk in subjects with elevated TG and low
HDL-C levels [119]. Based on this evidence, several international bodies such as the
American Diabetes Association, have recommended the need to control blood lipid

levels in diabetic patients asymptomatic of vascular disease [119].

1.1.3.3.2.2. Dyslipidemia and microvascular complication

Apart from macrovascular complications, dyslipidemia is also a risk factor for
diabetic microvascular disease, including nephropathy [120, 121]. Patients with
diabetic nephropathy have adverse lipid profiles characterized by increased VLDL-C
and LDL-C levels, small dense LDL-C and HDL-C particles [122]. In prospective
studies, elevated levels of LDL-C and TG predicted decline in renal function while a
high level of HDL-C was protective [122]. The protective effects of HDL-C may be
attributed to the reverse cholesterol transport, in which HDL-C shuttles cholesterol
from cells in the arterial wall to the liver [123]. Of note, the prediction of dyslipidemia
in diabetic nephropathy may be different in different stages of diabetic nephropathy.
In the Pittsburgh Epidemiology of Diabetes Complications (EDC) study, dyslipidemia
predicted microalbuminuria onset within five years. While elevated LDL-C predicted
increased albuminuria in TIDM patients with short disease duration, TG was a better
predictor in patients with long disease duration {124, 125].

These deleterious effects of dyslipidemia on diabetic nephropathy may be mediated
by several mechanisms. These include alterations in the coagulation-fibrinolysis
system, damage in basement membrane and endothelial cells with consequent
artherosclerosis [126]. Dyslipidemia can promote oxidation of LDL-C which can

promote VSMC and mesangial cells proliferation, endothelial cell apoptosis, foam
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cell formation, smooth muscle cell migration, and decreased nitric oxide
bicavailability [127]. Compared with circulating lipid particles, local lipid synthesis
may play a more important role in pathogenesis of diabetic nephropathy. Increased
lipid synthesis in the renal system can lead to extracellular matrix accumulation,

mesangial expansion and glomerulosclerosis [128].

1.1.3.4. Hypertension

Hypertension is a cardiovascular risk factor which frequently coexists with diabetes.
Depending on definition, hypertension is present in about 70% of T2DM patients
which is approximately two-fold higher than in individuals without diabetes [129,
130]. On the other hand, individuals with hypertension have 2.5 times higher risk of
T2DM than individuals without hypertension [130]. Coexistence of hypertension and
diabetes was also found in populations with increased risk of CHD, chronic kidney
disease, ischemic cerebrovascular disease and retinopathy [131]. In the “Hypertension
in Diabetes Study” (HDS), 5-10 mmHg lowing in blood pressure in T2DM patients
reduced one-quarter of all-related endpoints, one-third of related deaths, one-half of

stroke and heart failure, and one-third of microvascular disease [132].

1.1.3.4.1. Hypertension and diabetic complications

Hypertension is a major risk factor for diabetic macrovascular complication {132)
and contributes to approximately 75% of CVD which is a leading cause of death in
T2DM. Given their additive effects on development of complications [133], intensive
control of blood pressure has been shown to reduce CVD morbidity and mortality as
well as end stage renal disease (ESRD) in T2DM. In elderly T2DM patients, control
of systolic blood pressure also reduced CVD morbidity [134]. In the Hypertension
Optimal Treatment [135] trial which aimed to define the optimal level for control of
diastolic blood pressure, reducing level to 85-90 mmHg reduced CVD morbidity in
patients with T2DM compared to 90 mmHg. Similar benefits were not found in
non-diabetic patients [136]. In the Systolic Hypertension in Europe (Syst Eur), T2DM
patients had greater reduction in CVD mortality compared with nondiabetic subjects
for the same level of controlled diastolic blood pressure [137].

Hypertension is a major risk factor for microvascular complications including
nephropathy, neuropathy and retinopathy [138, 139]. In addition to hypertension,
renal function is an independent risk factor of CVD [140]. Diabetic patients with
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chronic kidney disease (CKD) are more likely to die from CVD than from ESRD
[141]. In the Heart Outcomes and Prevention Evaluation (HOPE) study, patients with
mild renal insufficiency had higher frequency of CVD (22.2%) than individuals with
normal renal function (15.0%) {140]. In the Prevention of Events with
Angiotensin-Converting Enzyme Inhibition (PEACE) trial, incidence of CVD
increased in a stepwise fasion with the reducing glomerular filtration rate (GFR)
[142].

A large number of epidemiological studies indicate that insulin resistance is a
common feature in subjects with hypertension. In one of these surveys, 25-47% of
hypertensive individuals have insulin resistance or impaired glucose tolerance [143].
This evidence suggests that insulin resistance may be a common link for hypertension
and T2DM. Apart from its effect on glucose and lipid metabolism, insulin resistance
can impair endothelium-dependent wvasodilatation, vascular recruitment, and
vasodilator responses [144, 145). Diabetic patients often have upregulation of the
renin-angiotensin-aldosterone  system (RAAS) with increased angiotensin-1I
production. The latter can lead to impaired signaling of insulin and insulin-like growth
factor-1 (IGF-1) through the PI3K/AKt pathway with reduced vasodilatation and
glucose transport [146].

1.1.4. Pathology
1.1.4.1. Diabetic pancreas
1.1.4.1.1. Normal pancreas

Description of the normal structure of pancreas is essential in understanding
changes that take place in diabetic pancreas. Pancreas is a solid organ with coated
connective tissue tegument. The connective tissue extends and separates
parenchymatous tissues into distinct lobes and lobules. In human, distinction of the
lobules is not apparent. Parenchyma tissues include exocrine pancreas and endocrine
pancreas. The exocrine pancreas plays an important role in digestion and secretes
multiple digestive enzymes which are drained into the duodenum. The endocrine
pancreas or islet of Langerhans is distinct cellular clusters with abundant blood supply
and vasculature. Various hormones are secreted from islets into the circulation to
regulate glucose metabolism [114].

Exocrine pancreas includes a duct system and acinar cells. About 85% of the

pancreas is made up of acina cells and 2-4% by the duct system [147, 148)]. The acina
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cells are the fundamental secretory unit of the exocrine pancreas. Acinar cells are
arranged in rounded nests to form acinis which are suwrrounded by basement
membrane. Glandular cell exhibits features of a protein-synthesizing cell. The basal
cytoplasm is basophilic due to copious ER while the apical cytoplasm is eosinophilic
due to enrichment of aymogen granules. The duct system of exocrine pancreas
includes the centroacinar cell-lining smallest duct (interceliular canaliculi) and
progressively larger ducts (intercalated duct, intralobular duct, interlobular duct, main
pancreatic duct, and duct of Wirsung and Santorini) [149].

In aduilts, the total islet mass is about 1-4% of the total pancreatic weight. The islet
of Langerhans comprises about 90% endocrine cells while the remaining 10% are
scattered amongst the acina cells, located in or near pancreatic ducts [149]. The islet
size ranges from 50 to 250 pm in adults. On average, there are about 1000 endocrine
cells in an islet with an average size of 140 um in diameter [150]. In tissue sections
derived from body or tail of pancreas, the proportions of different endocrine cell types
are 60-80% for insulin-containing beta-cells, 15-20% for glucagon-containing a cells,
5-10% for somatostatin-containing 6 cells, and less than 2% for pancreatic
polypeptide-containing PP cells [151]. Alpha-cells and & cells have close anatomical
relationships and are mainly located in the periphery of the islets while the beta-cells
tend to aggregate in the center of islets. There are one to five arterioles in each islet.
These arterioles form glomerulus in islets to distribute nutritive materials, oxygen and
secretory products. The main innervation of pancreas is vagus and splanchinic nerves
[149] (Figure 1)[152].
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Figure 1 Anatomy of pancreas.

The exocrine pancreas consists of acinar and duct cells. The acinar cells produce
digestive enzymes and constitute the bulk of the pancreatic tissue. The grape-like
acini link to the centroacinar cells that are linking the smallest termini of the
branching duct system. The endocrine pancreas consists of four specialized cell types
{(beta-cells, a cells, & cells, and PP cells) which are organized into compact islets
embedded within acinar tissue. These cells secrete various hormones into the
bloodstream to regulate metabolism. (Panel a: gross anatomy of the pancreas; panel b:
the exocrine pancreas; panel ¢: a single acinus; panel d: a pancreatic islet embedded in

exocrine tissue} [152].
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1.1.4.1.2. Diabetic pancreas
1.1.4.1.2.1. Diabetic islet

Grossly, the pancreatic weight and size were not significantly altered in T2DM
[153]. However, the number of pancreatic islets has been reported to range from
normal to 30-50% lower in T2DM patients than that of normal subjects [153, 154].
Using immunohistochemistry technique, researchers were able to identify individual
cell types and reported 24% reduction in beta-cell population and 58% increase in
glucagon-containing alpha-cells in T2DM patients [155]. The relative increase in
alpha cells is associated with hyperglucagonemia which contributes to hyperglycemia
in addition to insulin deficiency resulting from reduced beta-cell mass. The latter has
been partially attributed to islet amyloidosis in T2DM [156).

Islet amyloidosis is one of the pathological hallmarks of T2DM and was firstly
reported by Opie. In autopsy specimens of pancreas, islet of Langerhans showed
peculiar hyaline degeneration [157] which are homogeneous pink materials in
haemtoxylin and eosin (H&E) staining sections. In Congo red staining sections, these
lesions are red-colored under light microscopy and show apple-green birefringence
under polarizing microscopy. When observed under electron microscope, these
amorphous materials appear as non-branching fibrils [158] (Figure 2). Amyloidosis
occurs in many kinds of diseases involving multiple organs (systemic amyloidosis) or
single organ (localized amyloidosis) [159]. Amyloidogenic protein or peptide
undergoes structural transformation from soluble monomers, to oligomers, and
eventually to fibrils which has predominantly beta-sheet structure [158, 160] (Figure 3)
[161].

Each kind of amyloidosis has its unique protein. In T2DM pancreas, the major
protein is a 37-amino acid polypeptide known as amylin or islet amyloid polypeptide
(IAPP) [17, 162]. Amylin is an important neuroendocrine hormone colocalized and
co-secreted with insulin in islet beta-cells [163]. Monomeric amylin regulates
postprandial glycaemia level by reducing food intake, suppressing post-meal glucagon
secretion and delaying stomach emptying time [164]. It is a highly conserved protein
with only few changes in amino acids between species suggesting its biological
importance. Interestingly, mouse and rat amylin do not form “beta-pleated sheet” and
amyloid fibrils. By contrast, amylin from human, monkey, feline and canine share
similar amino acid sequence 20-29 which can form amyloid [163], suggesting its

possible pathogenetic role.
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Figure 2 Islet amyloidosis

In autopsy specimens of pancreas, islet of Langerhans showed peculiar hyahne
degeneration forming homogeneous pink materials (a) in H&E staining section (panel
A). In Congo red staining section (panel B), these materials are red (a) under light
microscopy and show apple-green birefringence (a) under polarizing microscopy
{(panel C). When observed under electron microscope {panel D), the amyloid deposits

consist of non-branching fibrils

Monomers Oligomers Amyloid fibrils

o::..S:*\

Figure 3 Proposed model for the aggregation states of hIAPP.
Amyloidogenic protein hIAPP undergoes structural transformation from soluble
monomers, to oligomers, and eventually to fibrils which have predominantly

beta-sheet structure.

24



1.1.4.1.2,2, Diabetic exocrine pancreas

Type 2 diabetic pancreas has a full spectrum of arteriosclerotic changes, including
hyaline arteriolosclerosis (thickening of the arteriole wall due to deposition of glassy
materials with scarred appearance) and atherosclerosis (vascular changes
characterized by intimal thickening, lipid deposition and loss of elasticity of arterial
walls). The histopathological changes of hyaline arteriolosclerosis include
subendothelial exudation, intimal foam cell accumulation, and calcification. The
prevalence of arteriosclerotic changes was slightly higher in pancreas with islet
amyloid than those without. Fat infiltration, fibrosis, and chronic inflammatory
infiltrates have also been found in diabetic pancreas. Furthermore, pancreatic fibrosis
is often accompanied by islet amyloidosis, chronic inflammatory infiltrates, and
acinar atrophy [27, 165]. Other interstitial lesions and exocrine atrophy can also

distort the pancreatic microarchitecture with vascular insufficiency [166].

1.1.4.1.2.3. Pathogenesis of islet amyloidosis
1.1.4.1.2.3.1. Amyloid fibril formation

Although a number of studies focus on the pathogenesis of amyloidosis, the exact
mechanism of amyloidogenesis remains elusive. In Macaca monkeys, islet
amyloidosis precedes the spontaneous development of T2DM [167]. In both human
and animal studies, the prevalence and degree of amyloidosis is positively correlated
with clinical severity of T2DM [167, 168]. Islet amyloidosis is associated with
decreased beta-cell function, loss of beta-cell mass, and increased beta-cell apoptosis
f169]. In keeping with the potential toxic effects of amyloidosis on beta cells,
mutation S20G in amylin gene is associated with high risk of T2DM, elevated amylin
to insulin ratio, early occurrence of hyperglycemia, and severe T2DM [170].
Furthermore, synthetic S20G amylin has been shown to form amyloid more readily
than the wild-type amylin and exerts greater biological cytotoxicity [171).

Despite these findings, the toxicity of amyloid deposition remains controversial.
Some studies have failed to demonstrate relationship between amyloidosis and
duration and/or severity of T2DM [158, 172]. In hIAPP homozygous transgenic
model, mice developed diabetes due to increased beta-cell apoptosis without islet
amyloidosis. In obese hemizygous hIAPP transgenic mice, no relationship was found
between islet amyloidosis and beta-cell apoptosis. Other in vifro studies revealed that

amyloid fibrils did not induce beta-cell apoptosis, but small non-fibril hIAPP
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oligomers contribute to damage of cell membrane [158]. Thus, there is a need to
distinguish the cytotoxic effects of these three distinct forms of amyloid: monomer,
oligomer and fibrils. In this respect, increasing evidence implicates oligomers as the
culprits for beta-cell dysfunction in T2DM [158] (Figure 3).

The islet amyloidosis in T2DM share common features with some
neuro-degenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease,
prion encephalopathy and amyotrophic lateral sclerosis. All these conditions show cell
loss associated with aggregation of misfolded proteins [158]. Amyloid deposits in
these diseases also share common components such as Apolipoprotein E (ApoE),
serum amyloid P, heparan sulfate proteoglycan (HSPG), perlecan amongst other
proteins and substances. It is likely that these components contribute to the
organization of amyloid fibrils, some of which may be implicated in the pathogenesis
of amyloidosis [173]. It is interesting to note these common components are structure
specific but not amino acids specific, suggesting that common mechanisms may
underlie amyloid fibril formation.

There is a growing body of evidence suggesting that ApoE may paly direct role in
the fibril formation of amyloidosis with most of the evidence coming from studies in
AD. ApoE is the lipid-binding protein of various lipoproteins including HDL, VL.DL,
and chylomicron (CM) in the regulation of TG and cholesterol metabolism, The ApoE
gene exon 4 polymorphism is the major genetic variant associated with AD, in which
Ap is the amyloidogenic peptide [174]. ApoE has three common isoforms: €2, £3, and
e4. ApoE €3 is the predominant isoform which accounts for about 80% of total ApoE
content. The isoforms of £2 and 4 differ from £3 by only one amino acid.

Compared to the reference isoform &3 allele, there is a change from Cys to Arg in
the 112" residue of the ApoE &4 isoform, which leads to arginine 61 being more
exposed which facilitates its interaction with glutamic acid 255 in its
carboxyl-terminal [174]. The ApoE €4 carriers have higher level of TG and LDL-C
than ApoE €2 and €3 carriers, Thus, its has been hypothesized that
hypercholesterolemia in ApoE &4 carriers may aggravate the accumulation of
beta-amyloid [175]. Furthermore, ApoE 4 has high affinity to beta-amyloid and
amylin peptides and thus can promote aggregation process with possibly reduced
transport and clearance of beta-amyloid [174]. In support of this notion, ApoE
knock-out mice show decreased deposition of beta-amyloid [176]. Of note, the
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association between T2ZDM and AD is particularly strong among ApoE &4 allele
carriers [177]. Given the shared risk factors of abnormal lipid metabolism and
amyloid formation in both diseases, it is plausible that ApoE £4 may exert similar

effects on amyloid fibril formation in the pancreas.

1.1.4.1.2.3.2.Clearance of amyloid fibril

Amyloid deposition is dependent on the balance between fibril formation and fibril
clearance. Insulin degredation enzyme (IDE) is a widely expressed zinc
metalloprotease and was the first major enzyme discovered in vivo insulin proteolysis
[178). Glucagon is the next substrate found to be lysed by IDE [179]. Other small
molecular weight proteins have also been found to be substrates of IDE which include
amylin [180], atrial natriuretic peptide (ANP} [181], transforming growth factor-o
(TGF-a) [182], insulin-like growth factor-1 (IGF-I), and IGF-II [183]. Although the
amino acid sequences of these substrates are significantly different, some of these
proteins share three-dimensional structural properties similar to amyloid fibril.

In AD, IDE is found in pericytes, endothelial and cerebrovascular smooth muscle
cells suggesting that it may contribute to cerebral amyloid angiopathy {184]. In the
central nervous system and under physiological conditions, IDE is secreted at high
levels from the microglial cells to degrade beta-amyloid in the extracellular
compartments [185]. In AD, apart from reduced amount of hippocampal IDE protein,
there is also reduced beta-amyloid degradation activity of IDE. In line with these
findings, IDE knock-out mice have increased beta-amyloid load in the brain
suggesting that IDE activity is critical in regulating beta-amyloid deposition in vivoe
[178]. Since amylin secreted by the islet B cells is also a substrate of IDE, it is
plausible that genetic polymorphism of IDE may be implicated in islet amyloidosis in

diabetic pancreas.

1.1.4.1.2,3.3.Islet homeostasis

In autopsy studies, islet amyloidosis is often accompanied by vascular changes and
interstitial fibrosis. Here, alteration of the microarchitecture of the islets due to
vasculopathy and neuropathy may contribute to amyloid formation due to ischemia
and abnormal neuronal sensing. Notably, ApoE protects against the development of

atherosclerosis, but this benefit depends on the ApoE isoform [174].
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with diabetes, also suppress NO production by coronary endothelial cells ([202].
While the nature of these observations requires clarification, apart from having direct
effects on clearance, IDE may also contribute to islet amyloid formation through

vascular dysfunction.

1.1.4.2. Diabetic kidney
1.1.4.2.1. Normal kidney

The structure and functional unit of the kidney is the nephron comprising of
glomerulus (mesangium, capillary and Bowman’s capsule) and renal tubule (proximal
tubule, thin limbs, and distal tubule). There are marked inter-individual variations in
the number of nephrons [203]. There are two groups of nephrons: nephrons with a
short and nephrons with a long loop. The length of the loop of Henle is generally
related to the location of glomeruli in the cortex. Cortical nephrons located at the
superficial renal cortex have a shorter medullary loop, while juxtamedullary nephrons
locating near the renal medulla have a longer medullary loop [204].

The renal corpuscle consists of a tuft of interconnected capillaries and an enclosing
capsule named after Bowman. The glomerulus presents a round configuration and the
diameter is about 200pum [205]. The glomerular tuft originates from the afferent
arteriole that enters the glomerulus at the vascular pole and divides into several
lobules. The efferent arteriole is formed by rejoined capillaries and leaves the
glomerulus at the vascular pole. The central region of the capillary tuft is occupied by
mesangium that consists of intercapillary cells and their surrounding matrix materials.
The capillaries are lined by a thin layer of endothelial cells with a basement
membrane (GBM) and covered by podocytes. The glomerular filtration barrier
includes the fenestrated endothelium, GBM, and the podocyte slit diaphragm. The
permeability is high to water and small molecules but low to larger molecules such as
atbumin. At the urinary pole, the epithelial cell of the parietal layer in Bowman’s
capsule continues to form the lumen and epithelium of the proximal tubule [204]
( Figure 4).

The renal tubule starts with the capsule of the glomerulus, and includes the
proximal tubule, thin limbs of Henle’s loop, distal tubule, connecting segment, and
collecting duct. Each part of the renal tubule has its exclusive function in reabsorption,

concentration, resorption of water, secretion and acid-base equilibrium function [204].
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prooemal convoluted tubule
Figure 4 Renal corpuscle
The renal corpuscle consists of capillaries and a Bowman’s capsule. The capillary
tufts originate from the afferent arteriole and divide into several lobules, then rejoin
and form the efferent arteriole. The central region of the capillary tuft is occupied by
mesangium that consists of messagial cells and their surrounding matrix materials.
The glomerular filtration barrier includes the fenestrated endothelium, GBM, and the
podocyte slit diaphragm. At the urinary pole, the epithelial cells of Bowman’s capsule
form the proximal tubule.
http://anatomy.iupui.edw/courses’histo_D502/D502f04/lecture.f04/urinaryfO4/urinaryf
04.html
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glomerular endothelial ceils although these results need further verification given the
technical difficulty in isolating these cells in primary culture for detailed molecular
study [222]. Considering the cytoarchitectural relation between glomerular endothelial
cells and mesangial cells, enhanced glucose concentration of endothelial cells may
contribute to the development of diabetic nephropathy by promoting ECM formation

and activating profibrogenic cytokines in mesangial cells [218].

Table 3 Glucose transporter expression in whole glomeruli and in specific glomerular

cell types

Effect of Mesangial cell Podocyte Endothelial cell

diabetes
GLUTI1 Increase + + +
GLUT2 NA NA + NA
GLUT4 Decrease/ + + NA
Increase
GLUTS Increase + NA NA
GLUTS Increase NA + NA
NA + NA NA

In diabetes, GLUT4 is decreased in mesangial cells and increased in podocytes.

GLUT: glucose transporter; NA: information not available.
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1.1.4.2.2.3.2. Hemodynamic changes

Hemodynamic changes represent another important etiological factor in diabetic
nephropathy. The coexistence of hypertension in diabetic patients markedly increases
the frequency and severity of cardiac events, especially in the presence of
microalbuminuria [223]. Untreated or inadequately controiled hypertension
accelerates the decline of renal function in diabetic patients [224]. There is now strong
evidence showing the independent effect of upregulation of the RAAS in the initiation
and progression of diabetic nephropathy [225]. In both TIDM and T2DM, inhibition
of the RAAS by angiotensin converting enzyme inhibitors or angiotensin II receptor
blockers reduced progression of albuminuria, rate of decline in renal function and
onset of cardio-renal complications [224].

Hyperglycemia is the major risk factor in the development of macro- and
microvascular complications of T2DM in part due to the modifying effects of
glucotoxicity on morphology and functions in endothelial and VSMC [132]. The
predominant glucose transporter in vascular endothelial and vascular smooth muscle
cells is GLUTI. Alteration in expression of GLUT1 may lead to increased
intracellular glucose [226], excessive protein glycosylation and uncontrolled
production of free radicals. The overall consequences are basement-membrane
thickening, enhanced vascular permeability and occlusion followed by ischaemia and
extracellular deposition with loss of structure and function of the vasculature [227]. In
addition to its effects on large blood vessels, GLUT1 also alters the intra-glomerular
hemodynamics through activation of inflammatory cytokines and growth factors such
as VEGF, TGF-B1, and angiotensin II [228]. Activation of these cytokines may
participate in the pathophysiological processes of vasodilatation, hyperfiltration, and
mesangial matrix accumulation [228].

Another factor which may alter glomerular hemodynamic balance is ApoE. As
described, ApoE £4 is associated with hypercholesterolaemia and increased risk of
cardiovascular complications [174, 186]. Although some researchers suggested a link
between ApoE £2 and diabetic nephropathy, others have reported a faster rate of

progression in renal function in ApoE €4 carriers compared to non-carriers {229, 230].

1.1.4.2.2.3.3. Lipotoxicity
Both cross-sectional and prospective studies have demonstrated the association of

diabetic nephropathy with an adverse apolipoprotein profile characterized by
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increased level of VLDL, LDL and small LDL particle size as well as reduced level
and particle size of HDL [122]. As a major lipid transport protein, ApoE has been
associated with the initiation and progression of diabetic nephropathy [231].
Epidemiological data have reported risk association of the ApoE €2 allele with
diabetic nephropathy [232], macroalbuminuria [233] and renal failure {234]. These
correlations may result from the specific effects of the ApoE £2 isoform on lipid
metabolism. The genetic polymorphism of the ApoE €2 isoform results in a change
from Arg to Cys in residue 158 when compared with ApoE £3 [174). This amino acid
change reduces the ability of ApoE &2 to bind to its receptors, which contributes to the
higher levels of TG and VLDL as well as decreased level of HDL in ApoE €2 carriers
[174]. These TG-rich lipoproteins can enhance glycosylated or oxidized LDL
accumulation in mesangial cells [232] and macrophages [235], which in turn can
activate various cytokines to promote accumulation of extracellular matrix and
mesangial expansion. In this connection, TG and low HDL-C have been shown to be
independent predictors for new onset of chronic kidney disease in T2DM [236].
Unlike other lipoproteins which are synthesized in liver and/or gut, ApoE is
synthesized by many tissues, including kidney, brain, and lung and can influence a
wide range of biological functions including platelet aggregation, lymphocyte
activation, and foam cell formation which may also contribute to these risk
associations [122].

In most association studies of ApoE polymorphisms and diabetic nephropathy,
ApoE €2 allele appears to be risk-conferring while ApoE e4 was protective [229, 237,
238]. However, other researchers have reported accelerated rates of decline in renal
function in ApoE &4 carriers [229, 230]. Given the emerging role of lipotoxicity in
diabetic nephropathy and the importance of genetic risk associated with lipid
metabolism, further research is needed to clarify the risk association between ApoE

genetic polymorphism and diabetic nephropathy.

1.2. Working hypothesis

Pancreatic amyloidosis, glomerulopathy and arteriolar hyalinosis are classical
histopathological features of T2DM. In this thesis, I hypothesize that genetic variants
encoding proteins implicated in intermediary metabolism and vascular biology may
give rise to these histopathological changes.

In light of the close association between AD and T2DM, the importance of genetic
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factors in AD and T2DM as well as the shared structural component of Ap amyloid
(ApoE) and pancreatic amyloid comprising of ApoE, I selected ApoE as a possible
candidate gene in my study of islet amyloidosis.

Since amylin, insulin and various vasoactive hormones are substrates of IDE, this
was also selected as a candidate gene for islet amyloidosis. In addition, I examined the
risk association between IDE genetic variants and CVD risk in T2D and protein
expression of some of its substrates.

Given multiple pathways involved in diabetic nephropathy including lipotoxicity,
glucotoxicity and vasculopathy, 1 further examined the role of genetic variants of
glucose transporter (GLUT1) as well as IDE and ApoE in renal morphology.

The following diagram summarises my overall understanding regarding the
potential interrelationships amongst these vascular and metabolic pathways and
histopathological changes.

Here, based on extensive review of the literature, I argue that genetic
polymorphisms of ApoE can cause dyslipidemia and abnormal cellular repair which
results in mesanagial activation, vasculopathy, and neuronal damage resulting in loss
of structure and function of the pancreatic islets and renal tissues. Based on the known
association of ApoE genetic polymorphisms with AD, genetic polymorphisms of
ApoE also increase formation and reduce clearance of pancreatic amyloid. Apart from
the possible effect of reducing the clearance of paneratic amyloid, genetic
polymorphism of IDE may reduce the clearance of vasoactive and growth factors to
increase CVD risk in T2DM. The loss of islet architecture due to direct toxic effects
of amylin oliogmers and accumulation of amyloid can worsen hyperglycemia to
induce renal dysfunction which can be further aggravated by the presence of genetic
variants of GLUT1 (Figure 5).

1.3. Research objectives

Due to the invasive nature of the study of pathological changes in the diabetic
pancreas and kidneys in human subjects, the examination of genetic-pathological
correlations using autopsy specimens is a possible strategy to resolve some of the
controversial issues such as relationships of ApoE polymorphisms and diabetic
nephropathy and provide new insights into the mechanims of pancreatic amyloidosis.

In this thesis, I shall investigate the associations between genetic variants and
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pancreatic/renal pathological changes in T2DM. Specifically, I shall test the following
hypotheses:

(1) ApoE and IDE genetic polymorphisms are assoctated with islet amyloid.

(2) ApoE and GLUT! polymorphisms are associated with diabetic glomerulopathy.

Aetiological factors of T2DM
|
‘ ! ¥
Hyperglycemia Dyslipidemia Hypertension
GLUT1 ApoE IDE
rs710218 £2,ed4 rs6583813
1 —L 1
Increased 1 TG rich Lipoproteins TibLC RAS
glucose trafficking (£2) (£4) activation
l ] L |
J Diabetic compfications
* ¥

Glomerulopathy +———— Arteriosclerosis +— Islet amylold

Figure 5 Hypothesis.

ApoE and IDE genetic polymorphisms may be associated with islet amyloid and
vascular complications while ApoE and GLUT1 polymorphisms may be associated
with renal pathological changes in T2DM.
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METHODOLOGY
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2. METHODOLOGY
2.1. Research design

Since there is no quantifiable clinical feature that correlates with islet amyloid
deposits and that pancreatic biopsy is not ethically acceptable, in this thesis, I used
autopsy cases in all clinicopathological studies. Ethical approval for human tissue
studies was in accordance to the institutional guidelines and granted by the Clinical
Research Ethics Committee of The Chinese University of Hong Kong. Autopsy
reports and clinical details were reviewed to extract relevant data of clinical
characteristics and histopathological changes. Secondary diabetes and TIDM were
excluded based on clinical and pathological information. In a consecutive study
population of autopsy cases and based on clinical diagnosis listed in the autopsy
report. T2DM and age- and sex-matched non-diabetic cases were selected according
to predefined criteria [27].

I used both genotyping and histological examination to evaluate the
genetic-pathological associations in the autopsy specimens of pancreas and kidney.
DNA samples of diabetic and control cases were extracted from the nucleolus-rich
spleen and/or liver tissues, followed by genotyping using PCR. In a2 subgroup of
pancreatic and renal sections, the histological findings in the autopsy reports were
ascertained by two histopathologists (Guan J and Zhao HL) with expertise in diabetic
pathology.

I further used histological and immunohistochemical stains to detect in situ protein
expression associated with pancreatic and renal structural changes. Stained sections
were examined by light and immunofluorescence microscopy and quantified by the
metamorph image system (MetaMorph 4.0 image acquisition program for Windows,
1999, Downingtown, PA).

Figure 6 summarises the overall research design.
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Figure 6 Summary of the overall research design.
A flow chart summarising the study design to examine the genetic-pathological and

protein expression in autopsy samples of diabetic pancreas and kidneys.
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2.2. Autopsy case selection
2.2.1 Study setting

In this thesis, all autopsy cases were archived at the Department of Anatomical and
Cellular Pathology of the Prince of Wales Hospital (PWH) which is the teaching
hospital of the Chinese University of Hong Kong, On average, 300-400 autopsy cases
were performed on an annual basis at the PWH. About 10% of these cases had T2DM
listed as one of the diagnoses in the autopsy reports. The CUHK Clinical Research
Ethics Committee approved the use of these autopsy samples for genetic-pathological
studies of T2DM. Since not all of the deaths at PWH were autopsied, we sought to

minimize selection bias by including consecutive autopsy cases.

2.2.2 Diagnosis of T2DM

The diagnosis of T2DM was based on the clinical history of “T2DM” or
“noninsulin dependent diabetes mellitus (NIDDM)” provided in the autopsy reports. 1
used autopsy cases archived during two periods (1984-1988 and 1994-1999) in this
thesis. During these two periods totaling 11 years, 3693 autopsy cases were performed
in the Department of Anatomical and Cellular Pathology in PWH. Autopsy reports in
1980s and 1990s were independently reviewed by two research staff (Guan J and
Zhao HL) respectively. Among these cases, 328 cases had a clinical diagnosis of
T2DM. Among the 3365 nondiabetic cases, 209 cases were selected and matched for

age and sex (Table 4).
Table 4 Clinical characteristics of Type 2 diabetic and control cases
T2DM Control P value
(N=328) (N=209)
Age (years) 70.6£10.8 69.0+£15.2 0.1752
Male 44.8 (147) 47.8 (100) 0.4922

Mean + SD or % (n). Comparison was done by the Student #-test or the chi-square
test.

2.2.3 Clinical assessments
Professor HL. Zhao examined available clinical records of the T2DM and control
cases and retrived available data on blood pressure, plasma glucose (PG), HbA, and

renal function. All clinical data were collected using the last available resulis one
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month before death to reflect the long term control of the disease. If results within one
month of death were not available, the clinical data just before death were not
included in this study. At the PWH, plasma creatinine was measured using the Jaffe
method on a Dimension AR system (Dade Behring, Deerfield, 1L, USA). The normal
reference range was 0.5 — 0.9 mg/dL (44 — 80 umol/L). Glomerular filtration function
was estimated using the formula proposed by the Modification of Diet in Renal
Disease (MDRD) Study Group (Glomerular filtration rate in mL/min/1.73m* = 170 x
[plasma creatinine in mg/dL] ~** x [age in year]  ®'7 x [0.762 if patient is female]
x [plasma urea in mg/dL] ~*!" x [plasma albumin in g/dL] **'*) [239]. Hypertension
was defined by a blood pressure = 140/90 mmHg or treatment with antihypertensive
medications.

Clinical details were not available for all autopsy cases. The numbers of cases with
available clinical data are shown, as appropriate. All control cases were selected from
samples archived during the 1984-1988 period. However, since clinical records before
1994 have been destroyed, clinical parameters in control cases were not available

except for age and sex which were included in the autopsy reports.

2.2.4 Representativeness of study population for pancreatic changes

In the T2DM cases (n=328), pancreatic tissue sections were available for further
investigation only in 117 cases. In the remaining 211 cases, either the tissue sections
were missing or not suitable for examination. Except for a higher proportion of CVA
in cases without pancreatic sections, both groups were largely comparable in terms of
clinical and biochemical characteristics (Table 5). All control cases had pancreatic

sections available for histological examination,
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Table 5 Representativeness of 117 diabetic cases with pancreas sections

Diabetic cases with

Diabetic cases

. without pancreas ~ P-value
pancreas sections .
section
N=117 N=211
Age (years) 70.1+11.8 71.0+£10.2 0.5008
Female 60.7 (71) 52.1 (110) 0.1358
N=25 N=35
BMI (kg/m?) 24.0£5.5 22.5+3.8 0.2199
N=57 N=114
FPG (mmol/L) 12.4£6.1 11.1+4.9 0.1271
N=12 =28
HbA, (%) 8.4+2.7 8.1£2.4 0.6809
N=55 N=106
Plasma creatinine (umol/L) 156.0 (105.0-299.0)  149.0(91.8-204.5) 0.1083
Plasma urea (mmol/L) 12.8 (7.7-21.4) 10.5(6.2-18.4) 0.1301
Estimated GFR
. 5 29.9 (14.9-50.0) 34.0(20.8-57.4) 0.0565
(mL/min/1.73m")
N=59 N=117
Systolic blood pressure (mmHg) 146.2+37.6 148.3+39.1 0.7311
Diastolic blood pressure
78.2+18.2 79.2422.1 0.7601
(mmHg)
N=115 N=211
Hypertension 55.7 (64) 67.3 (142) 0.0372
N=112 N=185
Death due to cardiovascular
429 (48) 45.4 (84) 0.6684
disease
N=117 N=211
CHD 53.0 (62) 63.5(134) 0.0628
LVH 43.6 (51) 47.9 (101) 0.4568
CAS 40.2 (47) 47.9 (101) 0.1797
CVA 94 (11) 25.7 (54) 0.0004

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary
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arteriosclerosis; CVA: cerebrovascular accident.

Data are presented as or mean+SD, medians (interquartile range) or % (n). They were
compared by Student -test, Mann-Whitney U test, Chi-square test or Fisher’s exact test,

as appropriate.
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2.2.5 Representativeness of 51 re-examined diabetic cases for renal lesions
study

In the diabetic cases, 51 cases with renal tissue sections available were recruited

consecutively for detailed microscopic examination to validate the histological

findings in the autopsy reports. There was no significant difference in clinical

characteristics between the two groups (Table 6). All of the control cases had renal

sections available for histological examinations.
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Table 6 Representativeness of 51 T2DM cases in which renal lesions were

re-examined
Case with detailed Case without
microscopic detailed microscopic ~ P-value
examination e€xamination
N=51 N=277
Age (years) 69.2+13.2 70.9£10.3 0.3914
Female 52927 55.6 (154) 0.7261
N=11 N=49
BMI (kg/m?) 24.6+7.4 22.8+3.7 0.4534
N=26 N=145
FPG (mmol/L) 13.4+7.6 11.2+4.8 0.1799
N=7 N=33
HbA (%) 8.7+2.9 8.1:2.4 0.5301
N=24 N=137
Plasma creatinine (umol/L)  183.5(106.8-287.3)  149.0 (96.5-236.5) 0.2877
Plasma urea (mmol/L.) 12.2 (6.6-24.4) 11.1 (6.9-18.5) 0.5877
Estimated GFR
29.0 (14.9-53.8) 33.9(19.3-53.9) 0.2942
(mL/min/1.73m?)
N=51 N=252
Diabetic nephropathy 70.6 (36) 65.5 (165) 0.4811
N=27 N=149
Systolic blood pressure
144.0+34.8 148.2+39.2 0.5992
(mmHg)
Diastolic blood pressure
77.4+16.8 79.1+£21.6 0.7033
(mmHg)
N=51 N=275
Hypertension 54.9 (28) 64.7 (178) 0.1815
N=51 N=246
Death due to cardiovascular
43.1(22) 44,7 (110) 0.8365
disease
N=51 N=277
CHD 52927 61.0 (169) 0.2802
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LVH 49.0 (25) 45.8 (127) 0.6764
CAS 54.9 (28) 43.3 (120) 0.1267
CVA 11.8 (6) 21.4 (59) 0.1141

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary
arteriosclerosis; CVA: cerebrovascular accident. Diagnosis of DN was given when the
cases had histological changes of diabetic kidney disease [38].

Data are presented as or mean+SD, medians (interquartile range) or % (n). They were
compared by Student t-test, Mann—Whitney U test, Chi-square test or Fisher’s exact test,

as appropriate.

2.3. Pathological assessment
2.3.1. Tissue processing

At least half of the postmortem examinations were performed within 24 hours after
the patient’s death., Representative specimens were taken from all selected cases
during postmortem examinations. Tissue was fixed in 10% buffered formalin,
dehydrated in gradient ethanol, lucidified in xylene and embedded in paraffin wax.
Sections (4-6 pm) were cut on microtome and mounted on glass slides. Detailed
protocol for tissue processing is included in Appendix I-1 under the subheading of

tissue processing.

2.3.2. Histopathological assessment
2.3.2.1 Hematoxylin and Eosin staining

Hematoxylin and Eosin (H&E) staining is the most popular staining method in
diagnostic pathology. As a routine in diagnostic pathology, most of the diagnosis was
made following tissue fixation, dehydration, embedding and H&E staining. Compared
to other staining methods, H&E staining is inexpensive, convenient and provides most
of the pathological information. In this thesis, pathological changes in the pancreas
and kidney were described using H&E stained sections.

For H&E staining, tissue sections were deparaffinized and rehydrated, followed by
H&E staining. After dehydration and lucidification, slides were mounted with

histomount (Appendix 1-2).

2.3.2.2 Thioflavin T staining
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Thioflavin T is a dye used to visualize plaques composed of amyloid proteins.
When it binds to amyloid fibrils, it can be selectively excited at 442 nm, resulting in a
fluorescence signal at 482 nm [240). This characteristic can be observed when
amyloid fibrils are present. However, thioflavin T does not labei precursor monomers,
small oligmers or high beta sheet content [241]. In this study, we used thioflavin T to
identify fibrillar amyloid deposits in pancreatic islets.

To identify islet amyloid deposits, sections (6um) were deparaffinized and
rehydrated, followed by staining with thioflavin T (10uM) and DAPI, as shown in
Appendix I-3.

2.3.2.3 Definition of pathological changes

Table 7 and 8 list the criteria for various histopathological diagnoses of renal and
pancreatic changes in T2DM and control cases [205-207]. All the pathological
changes were assessed by pathologisis who were blind to diabetic status and
genotypes. Diagnosis of DN was given when the cases had histological changes of
diabetic kidney disease [38]. Death due to renal disease or CVD was defined by the

same diagnosis listed as the primary cause of death in the autopsy report.
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Table 7 Diagnosis of different pathological changes in kidneys [205-207]

Diagnosis

Definition

Glomerulopathy
GGS

NGS

DGS

Glomerular
hypertrophy
Tubulointerstitial
lesion
Hyaline
arteriolosclerosis

Arterioscierosis

Tubular lesion

Interstitial fibrosis

Near normal

structure

Sclerotic lesions involving most if not all of the glomerular tuft
(>50%) and were not segments (Figure 7, panel A)

Single or multiple nodules in the glomeruli. These are round,
homogenous and eosinophilic masses located in the
centrolobular areas. With time, the nodules become laminated
and acellular, in which case, only a rim of peripheral mesangial
nuclei 1s visible. (Figure 7, panel B)

Enlarged glomeruli with expanded mesangial areas and
diffusely thickened basement membranes giving finger-like
appearance (Figure 7, panel C)

Increase in the size of glomeruli (Figure 7, panel D)

Thickening of the arteriolar wall due to deposition of glassy,
homogeneous materials (Figure 8, panel A)

Vascular changes characterized by thickening of arterial walls
with loss of elasticity (Figure 8, panel B)

Tubular atrophy with thickened basement membranes and
occasional protein casts in the lumen (Figure 8, Panel C)
Excessive fibrosis in the connective tissue within the
interstitium (Figure 8, panel D}

No apparent pathological change apart from those related to
age (Figure 7 and Figure 8, panel A and B)

GGS: global glomerulosclerosis; NGS: nodular glomerulosclerosis; DGS: diffuse

glomerulosclerosis
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Table 8 Diagnosis of different pathological changes in pancreas

Tissue Diagnosis

Definition

Pancreas Islet amyloidosis

Vascular and
Interstitial lesions
Hyaline
arteriolosclerosis

Arteriosclerosis

Interstitial fibrosis

Interstitial fat
infiltration
Near normal

structure

Thioflavin T reactive deposites within the pancreatic

islets (Figure 9, panel A)

Similar features as described in the renal section
(Figure 9, panel B)
Similar features as described in the renal section
(Figure 9, panel C)
Similar features as described in the renal section
(Figure 9, panel D)
Fat accumulation in exocrine acini and endocrine islets
(Figure 9, panel E}
Similar features as described in the renal section

(Figure 9, panel F)
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2.3.3. Immunostaining and image analysis
2.3.3.1 Immunostaining

Immunohistochemical and immunofluorescence staining have been widely used in
diagnostic pathology and basic research to understand the in situ distribution and
localization of specific molecular markers and expression of proteins in different
tissues. This technique is sensitive, specific and easy to apply in routinely processed
materials including postmortem samples.

We used cither DAB chrome or fluorescence to visualize antibody-antigen reactions.
The DAB chrome is included in the DAKO EnVision system (DAKO, K4006, CA,
USA) for light microscopy. The secondary antibody in this system is conjugated with
horseradish peroxidase (HRP) labeled polymer. The polymer does not contain avidin
or biotin, Consequently, non-specific background is eliminated or reduced. This 2-step
procedure offers greater sensitivity and convenience in routine histological work
{(Figure 10). Fluorescence microscopy was performed with the Invitrogen secondary
antibodies conjugated with fluorescein isothiocyanate (FITC, green) or Alexa Fluor
(red). Compared with traditional single labeling, immunofluorescence can be
performed with double labeling using antibodies derived from different animals
mixed and incubated as a cocktail. This procedure is more time efficient and can
provide information on protein interactions within the same tissue section (Figure 11).

The procedures of these immunostaining methods are listed in Appendix I-4 and I-5.
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Figure 10 DAKO EnVision system
The tissue sections are firstly incubated with the 1* antibody, followed by incubation
with 2™ antibody which is conjugated with HRP labeled polymer. After DAB colour

reaction, protein expression can be observed under a light microscope.

FITC or Alexa Fluor
2nd antibody v

e T8
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Application of 1%t antibody  Application of 2" antibody

Figure 11 Immunofluorescence staining
The tissue sections are firstly incubated with the 1% antibody, followed by incubation
with 2™ antibody which is conjugated with FITC or Alexa Fluor. Then protein

expression can be observed under a fluorescence microscope.
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2.3.3.2 Image analysis

After immunostaining, we used image analysis software to extract target
information from images, and turned them into quantitative data. Compared with
semi-quantitation by computer-coded scoring, image analysis using computer
program provides more precise and objective data. All immunostaining and image
analysis work were assessed with reviewers being blind to diabetic status and
genotypes. The procedure of operation is listed in Appendix I-6. Microscopic images
were obtained using a Digital Spot Camera with the same settings. For each case, at
least 10 islets or glomeruli were randomly captured at an objective magnification of
20 x or 40 x respectively and analysed using MetaMorph software (MetaMorph 4.0
image acquisition program for Windows, 1999, Downingtown, PA). ApoE expression
was indicated by the proportion of ApoE-positive area in glomeruli to the total
glomeruli area examined. The islet area was the pixels of islet area. Beta to alpha cell
ratio refers to the insulin positive area to glucagon positive area ratio (Figure 12). The
expression of insulin, amylin, glucagon, and IDE was indicated by areas stained
positively for these proteins in each islet to the total islet area examined. Frequency of
islet amyloid was defined by the number of thioflavin T positive islets to total islet
number examined. Severity of islet amyloid was indicated by the thioflavin T positive

area in islets to the total thioflavin-positive islet area examined.
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Insulin Glucagon

Figure 12 Image analysis procedure used to estimate the beta to alpha cell area ratio in
pancreatic islets.

The islet was stained with mouse-anti insulin antibody (red) and rabbit-anti glucagon
(green) antibody (panel A). Reactivity was analysed using the metamorph analysis
system. When we calculated the jpixels of insulin, the insulin positive area (Red, panel
A) would appear yellow (panel B) in the window of the software and the yellow area
could be calculated. The same procedure was repeated to calculate the glucagon
positive area (green, panel A). The number of pixels of insulin positive area (yellow,
panel B) and glucagon positive (green, panel C) area were obtained by using the
software to estimate the beta to alpha cell ratio as reflected by pixels of red area to

that of green area.
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2.4. SNP detection
2.4.1. DNA extraction

Total genomic DNA samples were extracted from paraffin blocks. Pitfalls for the
DNA samples isolated from paraffin blocks include degradation of target DNA during
tissue removal and fixation and DNA fragmentation during formalin fixation [242].
To improve the DNA quality in archived paraffin blocks, 1 used the white blood
cell-concentrated spleen tissues and a modified DNA extraction protocol [243]. Tissue
sections of 4—6 pm were cut from formalin-fixed, paraffin-embedded spleen blocks
and collected into an autoclaved microtube (1.5 mL). Genomic DNA was extracted as
previously described [243]. After incubation with an 800pL lysis buffer at 65°C
overnight, 700uL freshly prepared phenol: chloroform (1:1) mixture was added to the
supernatant. This step was repeated, followed by further extraction and purification
using chloroform: isoamyl alcohol (24:1) mixture. The upper aqueous supernatant was
pipetted to a fresh microtube, mixed with 0.1 volume 3 M sodium acetate (pH 5.2)
and 2.5 volumes 100% ethanol by vortexing followed by incubation at —20°C for at
least 30 min. The precipitated DNA was collected by centrifugation at 9590g at 4°C
for 20 min. The extracted DNA sample was dissolved in a Tris—-HC] EDTA buffer
(pH 8.0) after thorough drying at room temperature. DNA quality was examined by
gel electrophoresis and assessed by the ratio of absorbance at 260-280 nm. A260/280
ratio of 1.7 to 1.9 indicates highly pure genomic DNA samples (appendix II-1).

2.4.2. PCR amplification

During the formalin fixation [242], the length of the DNA fragment averages
100-500bp. Seven pairs of primers which lead to 100-300bp PCR products were used,
with denaturation at 95°C for 30 s, annealing for 1 min and extension at 72:C for 1
min for 40 cycles. The primers and the annealing temperatures are shown in Table 9.

The protocol was described in Appendix II-2,
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Table 9 Primers and annealing temperatures of PCR in different target genes

Gene SNPs Primers Product Aunnealing
size temperatur

€

Apo E 15429338 (T/C), P1: 3TCGCGGGCCCCGGCCTGGTACAS, 263bp 68°C
157412 (T/C) P2: ’CAACTGAGCCCGGTGGCGGY

IDE rs6583813 (T/C) Pl1: ’CAAACAATACGATACCAAAGA3Y, 117bp  49°C
P23 TTTATACTGAGCATTTTCCA3Z’
GLUT1 5710218 (A/T)  P1: 5°- CCTTCCCTCAATCCATCT -3’ 170bp  50°C

P2: 5’-GAGCAGCAACAATACCAA-3Y
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2.4.3. Genotyping

Amongst various genotyping techniques, DNA sequencing is considered the gold
standard method but is expensive. Other techniques such as restriction fragment
length polymorphism can be time-consuming while Tagman is also costly. Compared
with these methods, the ligase detection reaction (LDR) is a popular method which is
reliable, efficient and low cost. In this study, following a PCR amplification of the
regions of interest, each polymorphism was detected using a thermostable ligase that
joined pairs of adjacent oligonucleotides complementary to the sequences of interest.
Ligation occurred only when the sequence at the junction between the paired
oligonucleotides was exactly complementary to the template sequence. Thus, LDR
can readily discriminate different genotypes [244-247]. In this study, LDR was
performed using four sets of probes (Table 10). PCR product, ligase and probe
mixture reacted in 35 cycles of amplification consisting of denaturation at 94°C for 30
s and annealing and extension at 60°C for 2 min. The LDR product was then
sequenced to confirm the results (ABI PRISM 3100 DNA Sequencer) (appendix
I1-3). The sequencing maps are shown in table 11
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Table 11 Sequencing maps of LDR products
Gene SNPs Genotypes

ApoE  rs429358 K
e . . X -

TC CC

il

IDE 156583813

[sx 100 _s0] ez o7 [ex oo ox] [ew oo a1]
T TC CcC
GLUT1 rs710218
= e G=oo.7a]
AA AT TT
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2.,5. Statistical analysis
2.5.1. Sample size estimation

Our group has reported that 40% of diabetic autopsy cases had islet amyloid
(defined by positive Congo Red staining in pancreatic islet) which was associated
with a reduced P/a cell ratio [27] and that 32.3% of cases had classic diabetic
glomerulopathy [248]. According to published data, the frequency of ApoE &2 carriers
(2/€2 and £2/e3) was 17.8% [249] and that of the AA genotype of GLUT1 was 44.4%
[250]. Assuming that the presence of any risk allele will increase the risk of diabetic
nephropathy by 2 fold, I estimated that 98 {ApoE €2) and 70 (GLUT1) T2DM autopsy
cases would give more than 80% power with an error rate of 0.05. The percentage of
ApoE &4 carriers (e3/e4 and €4/e4) was 12.4% [249]) and the frequency of IDE
156583813 TT genotype was 44.4% [251]. A sample size of 105 (ApoE &£4) and 45
(IDE) T2DM cases will give 80% power with an error rate of 0.05. Assuming that the
presence of any of the genetic variants will increase the risk of diabetes by 2 fold, a sample

size of 300 cases and 200 control subjects will have a 80% power with an error rate of 0.05.

2.5.2. Data analysis

Observed distributions of genotypes were analysed for deviation from the
Hardy-Weinberg equilibrium by chi-square tests with one degree of freedom. Allele
frequency refers fo the number of occurrences of the test allele in the group divided by
the total number of alleles. Data are presented as meantSD (normal distributed
continuous variables), medians (interquartile range) (skewed continuous variables) or
% (n) (categorical variables). Means were compared using the Student’s /-test and
one-way analysis of variance (ANOVA). Bonferroni adjustment was used in post-ho¢
test for multiple comparisons. Categorical variables were compared using the
chi-square test, Fisher’s exact test or linear trend test. The odds ratio (OR) and
corresponding 95% confidence interval (CI) were calculated using logistic regression,
A two-tailed P-value <(.05 was considered significant. Calculations were performed
using SPSS (Statistics Package for the Social Sciences 10.0.7 for Windows, 2000,
SPSS Inc., Chicago, IL, USA).
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RESULTS
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3. RESULTS
3.1. Demographic data

3.1.1. Demographic data of whele study population
The clinicopathological characteristics of the 328 diabetic and 209 age and

sex-matched nondiabetic cases are shown in Table 11. Compared with control subjects,

the diabetic cases had higher frequencies of phenotypes related to renal disease

(diabetic nephropathy, death due to renal disease) and vasculopathy (hypertension,
CHD, LVH, CAS, death due to CVD and history of CVA).

Table 12 Clinicopathological characteristics of type 2 diabetic and non-diabetic cases

T2DM Control P-value
N=328 N=209
Age (years) 70.7+10.8 69.0£15.2 0.1752
Female 55.2(181) 52.2 (109) 0.4922
N=326 N=209
Hypertension 63.2 (206) 13.4 (28) <0.0001
N=328 N=209
CHD 59.8 (196) 13.4 (28) <0.0001
LVH 46.3 (152) 53(11) <0.0001
CAS 45.1 (148) 12.0(25) <0.0001
CVA 19.9 (65) 8.6 (18) 0.0004
N=303 N=209
Diabetic nephropathy 66.3 (201) 0.0 (0) <0.0001
N=297 N=209
Death due to renal disease 8.8 (26) 1.0 (2) 0.0002
=297 N=209
Death due to cardiovascular
44 .4 (132) 19.1 (40) <0.0001

disease

CHD: coronary heart disease; LLVH: left ventricular hypertrophy; CAS: coronary

arteriosclerosis; CVA: cerebrovascular accident, Data are meantSD or % (x) and

were compared by the Student #-test, chi-square test or Fisher’s exact test.



3.1.2. Renal pathological changes in T2DM and non-diabetic cases

In the 328 T2DM cases, 303 had records of diabetic nephropathy. Among the 303

cases, we consccutively selected a subgroup of 51 T2DM cases and reviewed their

renal tissue sections for detailed pathological changes. Table 13 compares the renal

pathological changes between controls and a subgroup of T2DM cases with repeat

evaluation by Guan J and Zhao HL. Except for tubular lesions, T2DM cases were

more likely to have glomerular, vascular and interstitial pathological changes than

control cases. Overall, 98% of this subgroup of T2DM cases had some abnormal

histopathological changes.

Table 13 Renal pathological characteristics of type 2 diabetic and non-diabetic cases

T2DM Control P-value
Renal pathology N=51 N=209
Glomerular lesion 82.4 (42) 49.8 (104) <0.0001
GGS 72.5(37) 44.5 (93) 0.0003
NGS 29.4 (15) 0.0 (0) <0.0001
DGS 5.93) 0.0 (0) 0.0072
Glomerular hypertrophy 35.3 (18) 13.4 (28) 0.0002
Vascular lesions 96.1 (49) 57.9(121) <0.0001
Hyaline arteriolosclerosis 80.4 (41) 8.6 (18) <0.0001
Arteriosclerosis 78.4 (40) 56.9 (119) 0.0047
Tubulointerstitial lesions 58.8 (30) 44.5 (93) 0.0662
Tubular lesion 35.3(18) 282 (59) 0.3218
Interstitial fibrosis 51.0 (26) 354 (74) 0.0404
Vascular-tubulointerstitial
98.0 (50) 66.0 (138) <0.0001
lesions
Near normal structure 2.0 (1) 27.8 (58) 0.0001

GGS: global glomerulosclerosis; NGS: nodular glomerulosclerosis; DGS: diffuse

glomerulosclerosis. Data are % (n) and were compared by Chi-square test or

Fisher’s exact test.

3.1.3. Pancreatic pathological changes in type 2 diabetic and non-diabetic

controls
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Pancreatic pathological characteristics of T2DM cases and control are shown in

Table 14. Diabetic pancreas showed higher percentage of pathological changes than

nondiabetic pancreas. Nearly 96.6% of the T2DM cases had vascular interstitial

lesions compared to 67.5% in the control cases. Overall, 30.8% of T2DM cases and

only 1.9% of control cases had islet amyloid.

Table 14 Pancreatic pathological characteristics of type 2 diabetic and non-diabetic

control subjects

T2DM Control P-value
Pancreas lesions N=117 N=209

Vascular lesions 76.9 (90) 22.0 (46) <0.0001
Hyaline arteriolosclerosis 70.1 (82) 72(15) <0.0001
Arteriosclerosis 54.7 (64) 19.6 (41) <0.0001
Interstitial lesions 89.7 (105) 60.8 (127) <0.0001
Interstitial fibrosis 59.0 (69) 21.1 (44) <0.0001
Interstitial fat infiltration 79.5 (93) 53.6 (112) <(.0001
Vascular interstitial lesions 96.6 (113) 67.5 (141D <0.0001
Islet amyloid 30.8 (36) 1.9 (4) <(0.0001
Near normal structure 34(4) 24.9 (52) <0.0001

Data are % (n) and were compared by Chi-square test or Fisher’s exact test.

3.1.4. Summary of the study population

Figure 13 summarises the cases selection for the DN study population and islet

amyloid study population including the number of cases successfully genotyped, and

number of cases with detailed examination of pathological changes.
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T2DM Control

N=328 N=209
i _I
I
‘ ¥
Cohort for DN study Cohort for islet amyloidosis study
] !
' } v '
T2DM* Control T2DM Control
N=303 (51) N=209 N=117 N=209
L T !wGenotyping-ot“ " I I
' ' } S
Apot GLUT1 ApoE IDE

o T e T e

T2DM* Control T2DM* Control T2DM Control T2DM Control
N=213(51) N=111 N=161{37)N=115 N=86 N=111 N=84 N=117
Figure 13 Summary of study population
In the study population for the DN study, 51 cases had detailed record of renal
pathological changes *Data were cases with genotype data. Number in bracket
referred to number of cases with detailed records of renal pathological changes. In the
study population for the islet amyloidosis study, all T2DM cases had detailed records
of pancreatic pathological changes. All control cases had detailed records of renal and

pancreatic pathological changes.
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3.2. Islet amyloidosis
3.2.1. Prevalence of islet amyloidosis

There were more cases with islet amyloidosis in the T2DM [30.8% (36/117)] than
control group [1.9% (4/209), OR=22.8, 95%CI=7.9-66.0, P<0.0001] (Table 14).

3.2.2. Clinical and pathological characteristics associated with islet amyloidesis

In the T2DM cases, the clinical characteristics were largely similar between cases
with and those without islet amyloid except for a higher GFR and lower plasma
creatinine in the amyloid group. Diabetic cases with islet amyloidosis had a higher
percentage of pancreatic vascular interstitial lesions than those without amyloidosis
(Table 15). In H&E stained sections, pancreatic tissue with islet amyloidosis showed
extensive vascular changes. The lesions included extensive hyaline arteriolosclerosis
in small arterioles and atherosclerotic lesions in larger pancreatic arteries with
pronounced thickening of the arterial wall. In some instances, lumenal atresia was
found in arterioles. In contrast, the arteriosclerosis-associated changes in the pancreas
free from amyloidosis were relatively mild (Figure 14). Interstitial lesions were also
found to be more frequent in pancreas with istet amyloidosis compared to those
without. Islets affected by amyloid deposits often showed intra-islet and peri-islet
fibrosis (Figure 15) and to a lesser extent fat infiltration (Figure 14). Possibly due to
the small number of cases with amyloidosis in the control group, no meaningful
difference was detected (Table 15).

70



Table 15 Clinicopathological characteristics of T2DM and control cases in relation to

the presence of islet amyloidosis

T2DM Control
Without Withislet  Without
With islet P-valu
amyloidosi amyloidos amyloidos P-value
amyloidosis e ) .
s is is
N=36 N=81 N=4 N=205
Age (years) 69.8+10.4 70.3+x12.4 0.8356 78.3+13.5 68.8+15.2 0.2217
Female 52.8(19)  642(52) 0.2431 50.0(2) 52.2(107) 1.0000
N=8 N=17
BMI (kg/m?) 22.9+2.5 24.5¢6.5 0.5171 - - -
N=19 N=38
FPG (mmol/L) 10.6+3.9 13.44+6.8 0.1083 - - -
N=20 N=39
Systolic blood pressure
154.6£30.2  141.9+40.5 0.2238 - - -
{mmHg)
Diastolic blood pressure
81.4+15.5 76.6£19.5 0.3495 - - -
(mmHg)
N=19 N=36
207.5
Plasma creatining 124.0
(115.0-329 0.0209 - - -
(pmol/L) (88.0-164.0) 8)
11.7 14.0
Plasma urea (mmol/L) 0.3527 - - -
(8.1-17.9) (7.3-22.0)
. ) 38.0 21.0
GFR (mL/min/1.73m") 0.0139 - - -
(27.8-57.6) (11.6-36.7)
N=36 N=79
Hypertension 66.7 (24) 50.6 (40) 0.1085 25.0(1) 13227y 0.4400
N=36 N=81
CHD 55.6 (20) 51.9(42)y 0.7110 25.0(D) 13.2(27y 0.4400
LVH 50.0(18) 40.7(33) 03512 0.0 (0) 54(11)  1.0000
CAS 33.3(12) 43.2(35) 0.3145 25.0(1) 11.7 (24) 04016
CvA 11.1(4) 8.6 (7) 0.7353 0.0 (0) 8.8(18) 1.0000




Diabetic nephropathy
Death due to renal
disease
Death due to
cardiovascular disease
Renal pathelogy
Glomerular lesion
GGS
NGS
DGS
Glomerular
hypertrophy
Vascular lesions
Hyaline
arteriolosclerosis
Arteriosclerosis
Tubulointerstitial
lesions
Tubular lesion
Interstitial fibrosis
Vascular-tubulointerstit
ial lesions
Near normal structure
Pancreas lesions
Vascular lesions
Hyaline
arteriolosclerosis
Arteriosclerosis
Interstitial lesions
Interstitial fibrosis

Interstitial fat

N=35
71.4 (25)
N=34

8.8 (3)

38.2(13)

N=36

66.7 (4)
66.7 (4)
16.7 (1)
0.0 (0)

50.0 (3)
100.0 (6)

66.7 (4)
100.0 (6)

16.7 (1)
16.7 (1)
16.7 (1)

100.0 (6)
0.0 (0)
N=36

88.9 (32)

83.3 (30)

72.2 (26)
94.4 (34)
75.0 (27)
83.3 (30)

N=80
78.8 (63)
N=78

10.3 (8)

44.9 (35)

N=81
83.3 (35)
71.4 (30)
28.6 (12)
4.8 (2)

35.7 (15)
95.2 (40)

83.3 (35)
76.2 (32)

61.9 (26)
40.5 (17)
52.4 (22)

97.6 (41)
2.4 (1)
N=81

71.6 (58)

64.2 (52)

46.9 (38)
87.7 (71)
51.9 (42)
77.8 (63)

0.3940

1.0000

0.5140

0.3119
1.0000
1.0000
1.0000

0.6583
1.0000

0.3119
0.3203

0.0733
0.3883
0.1908

1.0000
1.0000

0.0406

0.0369

0.0111
0.3387
0.0188
0.4922

0.0 (0)

25.0 (1)

N=4
50 (2)
50 (2)
0 (0
0 (0)

0 (0)
50 (2)

25 (1)
25(1)

50 (2)
0(0)
50 (2)

75 (3)
25 (1)
N=4
0.0 (0)

0.0 (0)

0.0 (0)
50.0 (2)
25.0 (1)
25.0 (1)

1.0 (2)

19.0 (39)

N=205

49.8 (102)

44.4 (91)
0.0 (0)
0.0 (0)

13.7 (28)
58.0(119)

8.3 (17)
57.6 (118)

44.4 (91)
28.8 (59)
35.1(72)

65.9 (135)
27.8 (57)
N=205
22.4 (46)

7.3 (15)

20.0 (41)
61.0 (125)
21.0 (43)
54.1 (111)

1.0000

0.5754

1.0000
1.0000

1.0000
1.0000

0.3044
0.3169

1.0000
0.5789
0.6158

1.0000
1.0000

0.5780

1.0000

1.0000
0.6461
1.0000
0.3391
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infiltration
Vascular interstitial

. 100.0 (36) 95.1(77) 03104 50.0(2) 67.8(139) 0.5974
lesions

Near normal structure 0.0 (0) 49(4) 03104 00(0) 254(52) 0.5740

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary arteriosclerosis;
CVA: cerebrovascular accident; GGS: global glomerulosclerosis; NGS: nodular glomerulosclerosis;
DGS: diffuse glomerulosclerosis.

Data are presented as or meantSD, medians (interquartile range) or % (n). They were compared by
Student t-test, Mann—Whitney U {est, Chi-square test or Fisher’s exact test, as appropriate.
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Figure 15 Interstitial fibrosis in pancreas with or without islet amyloidosis.

Serial pancreatic sections with (panels A and B) and without (panels C and D) islet
amyloidosis were stained with H&E and thioflavin T (green) as well as anti-insulin
antibody (red). Amyloidosis in islets was often accompanied by fibrosis, or even
surrounded by fibrotic tissue. Pancreases without islet amyloidosis have relatively
minor vascular-interstitial lesions compared to those with islet amyloidosis. (Paneis A

and C: H&E stain, panels B and D: Immunofluorescence stain; magnification x200.)
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3.2.3. Association between islet amyloidosis and pancreatic beta to alpha cell
ratio

In a subgroup analysis, I selected age- and sex- matched T2DM cases with islet
amyloidosis (n=14), T2DM cases without amyloidosis (n=10) and control cases (n=6)
to calculate the pancreastic beta to alpha cell ratio. Both islet beta- and alpha-celis
were decreased in amyloid containing islets. After adjustment for multiple
comparisons and using non-diabetic, non-amyloid containing cases for reference
(4.6+3.8), the beta to alpha cell ratio was lower in T2DM cases with islet amyloidosis
(1.6+0.6, P=0.006) but not in those without amyloidosis (2.0+1.0, P=0.032) (Figure
16).
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Thioflavin T Insulin  Glucagon Insulin

T2DM
Amyloid+

T2DM
Amyloid-

Non-T2DM
Amyloid-

Figure 16 Association between islet amyloidosis and pancreatic beta to alpha cell

ratio.

Immunofluorescence staining was performed in diabetic pancreatic sections with islet
amyloidosis (A and D), without amyloidosis (B and E) and non-diabetic pancreatic
sections (C and F). The sections were stained with Thioflavin T (green) and
anti-insulin antibody (red) (A, B, C) as well as anti-insulin antibody (red) and
anti-glucagon antibody (green), respectively. Islet cells were replaced by thioflavin
T-reactive amyloid deposits (green} (A). Diabetic islets (A, B) had more irregularity
than nondiabetic islets (C). Islet amyloid deposition (D) was associated with
diminished beta and alpha cells when compared with amyloid-free islets in diabetic (E)

or nondiabetic pancreas (F). (Immunofluorescence microscopy, magnification x400.)
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3.3. Diabetic glomerulopathy
3.3.1 Clinicopathological characteristics of T2DM cases with or without DN
Based on autopsy reports, over 60% of T2DM cases had diabetic nephropathy
defined by presence of diabetes-related renal changes. These changes were validated
in a subgroup in which detailed examination was performed by 2 pathologists (GJ and
ZHL) with experience in diabetic pathologies. Compared with cases free from DN,
DN patients showed lower level of calculated GFR, higher plasma creatinie and urea
as well as higher frequency of vascular disorders (CHD, LVH and CVA) (Table 16).
In the subgroup analysis, cases with DN had higher frequency of NGS (Figure 17) and
hyaline arteriosclerosis (Figure 18) than those without DN,
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Table 16 Clinicopathological characteristics of type 2 diabetic cases with or without

diabetic nephropathy
With diabetic without
diabetic P-value
nephropathy nephropathy
N=201 N=102
Age (years) 71.0£10.5 69.7+11.3 0.3217
Female 56.7 (114) 53.9(55) 0.6434
N=50 N=9
BMI (kg/m?) 23.2+4.8 23.5+3.2 0.8362
N=142 N=25
FPG (mmol/L) 11.3£5.5 12.74£3.7 0.2322
N=144 N=26
Systolic blood pressure (mmHg) 148.1+39.1 140.8+36.4 0.3784
Diastolic blood pressure (mmHg) 79.1%21.1 77.2%20.4 0.6662
N=133 N=24
Plasma creatinine (umol/L) 126.0 703 0.0002
(109.0-252.0) (70.0-134.8)
Plasma urea (mmol/L) 12.4 (7.3-21.1) 7.5(5.2-11.1)  0.0003
GFR (mL/min/1.73m?) 29.8 (16.0-45.2) 60.5 0.0001
(34.7-70.7)
N=200 N=102
Hypertension 64.0 (128) 63.7 (65) 0.9625
N=201 N=102
CHD 66.7 (134) 50.0 (51) 0.0049
LVH 59.2 (119) 22.5(23) 0.0000
CAS 50.7 (102) 39.2 (40) 0.0573
CVA 23.5(47) 11.8 (12) 0.0150
N=191 =86
Death due to renal cause 94 (18) 7.0 (6) 0.5029
Death due to Cardiovascular disease 48.7 (93) 37.2 (32) 0.0756
Detailed renal pathology in subgroup N=36 N-15

analysis
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Glomerular lesion
GGS
NGS
DGS
Glomerular hypertrophy
Vascular lesions
Hyaline arteriolosclerosis
Arteriosclerosis
Tubulointerstitial lesions
Tubular lesion
Interstitial fibrosis
Vascular-tubulointerstitial lesions
Near normal structure
Pancreas lesions
Vascular lesions
Hyaline arteriolosclerosis
Arteriosclerosis
Interstitial lesions
Interstitial fibrosis
Interstitial fat infiltration
Islet amyloidosis
Vascular interstitial lesions

Near normal structure

86.1 (31)
75.0 (27)
41.7(15)
5.6(2)
36.1(13)
97.2(35)
91.7 (33)
77.8 (28)
63.9 (23)
333 (12)
55.6 (20)
97.2 (35)
2.8 (1)
N=88
76.1 (67)
69.3 (61)
55.7 (49)
88.6 (78)
53.4(47)
77.3 (68)
28.4 (25)
96.6 (85)
3.4(3)

733 (11)
66.7 (10)
0.0 (0)
6.7 (1)
33.3(5)
93.3 (14)
53.3(8)
80.0 (12)
46.7 (7)
40.0 (6)
40.0 (6)
100.0 (15)
0.0 (0)
N=27
77.8 (21)
70.4 (19)
51.9 (14)
92.6 (25)
74.1 (20)
85.2 (23)
37.0 (10)
96.3 (26)
3.7(1)

0.4206
0.7316
0.0021
1.0000
0.8500
0.5059
0.0039
1.0000
0.2548
0.6499
0.3113
1.0000
1.0000

(.8603
0.9172
0.7265
0.7290
0.0568
0.3761
0.3940
1.0000
1.0000

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary

arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis;

NGS: nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or meant+SD, medians (interquartile range) or % (n). They were

compared by Student t-test, Mann—Whitney U test, Chi-square test or Fisher’s exact

test, as appropriate,
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3.4. Association with ApoE polymorphism
34.1 ApoE polymorphisms and expression in diabetic nephropathy
3.4.1.1 ApoE genotype and allele frequencies

ApoE gene polymorphism (rs429358 and rs7412) were successfully genotyped in
213 diabetic and 111 control cases respectively. The ApoE rs429358 genotypes were
in Hardy-Weinberg equilibrium in both cases (P=0.7897) and control (P=0.2098). For
ApoE 157412, the genotypes were in Hardy-Weinberg equilibrium for the control
group (P=0.3696) but deviated in the T2DM cases {P=0.0067). In the 51 cases
re-examined for renal lesions, the genotypes were in Hardy-Weinberg equilibrium for
both SNPs (P=0.8287 in ApoE rs429358, P=0.1104 in ApoE rs7412).

Table 17 shows the frequency of different genotypes and alleles of ApoE
polymorphism. Since the frequency of £€3/e3 [66.1% (141/213) in diabetic cases and
79.3% (88/111) in control groups] was higher than that of other genotypes, I used the
predominant £3/e3 genotype as the referent group. The frequency of the £2 allele
(P=0.0071) and €2 carriers (£2/e2, €2/e3) (P=0.0369, crude OR=2.1, 95%CI=1.0-4.2;
P=0.0309, adjusted OR=2.2, 95%CI=1.1-4.4 after adjustment by age and sex) was
higher in the T2DM than in the control cases. The non £3/e3 carriers (€2/g2, g2/¢3,
g2/e4, £3/e4, and £4/e4) were more likely to be diabetic with an OR of 1.9 (P=0.0141,
crude OR=2.0, 95%CI=1.1-3.4; P=0.0161, adjusted OR=1.9, 95%CI=1.1-3.3)

compared with control cases.
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Table 17 ApoE allele and genotype frequencies in type 2 diabetic cases and controls

T2DM Control
(N=213) (N=111)
Allele
£2 12.9 (55)* 6.3 (14)
£3 79.8 (338) 88.3 (196)
£4 7.8(33) 5.4(12)
Genotype
£2/€2 3.8(8) 0.9 (1)
£2/€3 15.0 (32) 9.9 (11)
£2/g4 33(7) 0.9 (1)
£3/€3 66.2 (141) 79.3 (88)
£3/e4 11.3 24) 8.1(9)
e4/e4 05(1) 09()
Carrier
2 carrier (€2/¢2, €2/e3)  19.4 (40)** 10.9 (12)
€3 carrier (€3/¢3) 68.4 (141) 80.0 (88)
e4 carrier (£3/e4, e4/e4)  12.1 (25) 9.1 (10)

Data are % (n); *P=0.007 vs. €3 allele group, *P=0.0369 vs. €3 carrier, calculated by
Chi square test.
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3.4.1.2, Clinicopathological characteristics of ApoE carriers
3.4.1.2.1. Clinicopathological characteristics of ApoE carriers in T2DM

The majority of cases were £3 allele carriers in the control and T2DM cases.
Previous studies indicate associations of ApoE €2 and €4 genotypes with different
diseases including dyslipidemia [252], CVD [253], AD [254] and renal disease [231].
For comparison purpose, we categorized these cases into three groups: €2 carriers
(€2/e2, €2/€3), €3 carriers (£3/e3) and €4 carriers (g3/e4, £4/e4). Table 18 shows the
clinicopathological characteristics of cases with each of these three ApoE carrier
groups. Compared with €3 carriers, €2 allele carriers were more likely to have renal
glomerular hypertrophy (P=0.0421) with an OR of 4.33 (95%CI 1.2-16.3, P =
0.0421). After further adjustment for risk factors (age, sex, hypertension and death
cause due to renal disease), the adjusted odds ratio of €2 and €4 carriers were 5.42
(95% CI = 1.1-26.8, P = 0.0382) and 22.50 (95% CI = 1.1-454.9, P = (0.0424) (Table
19). Other clinicopathological parameters were not significantly different among these

three groups.

84



Table 18 Clinicopathological characteristics of ApoE allele carriers in T2DM

€2 (e2/e2, €2/€3) £3 (e3/€3) e4 (e3/e4, ed/ed)
N=40 N=141 N=25
Age (year) 68.9x11.6 70.4+11.1 72.1£10.5
Female 37.5(15)* 56.0 (79) 64.0 (16)
N=16 N=35 N=7
BMI (kg/m?2) 23.4+4.7 23.1x4.6 23.0+4.3
N=30 N=113 N=22
FPG (mmol/L) 10.7+6.2 11.6+5.1 12.3+5.6
N=33 N=114 N=23
Systolic biood pressure
(mmHg) 135.6+36.9 151.2+37.5 149.5+41.7
Diastolic blood pressure
(mmHg) 75.5+16.2 80.2+20.9 80.7423.8
N=32 N=105 N=19
Plasma creatinine (umol/L) 141.0 158.0 124.0
(96.8-237.8) (103.0-263.0) (80.0-151.0)
Plasma urea {mmol/L) 11.0 (6.2-17.2) 12.0 (7.0-20.7) 9.9 (6.2-14.7)
GFR (ml/min/1.73m?) 36.1 (20.6-56.8) 29.0 (15.5-48.6) 38.0 (31.6-56.0)
N=40 N=139 N=25
Hypertension 57.5(23) 64.7 (90) 60.0 (15)
N=40 N=141 N=25
CHD 65.0 (26.0) 71.6 (101.0) 64.0 (16.0)
LVH 57.5(23.0) 63.8 (90.0) 80.0 (20.0)
CAS 50.0 (20.0) 55.3 (78.0) 52.0 (13.0)
CVA 15.0 (6.0) 26.4 (37.0) 28.0(7.0)
N=38 N=137 N=23
Diabetic nephropathy 73.7 (28) 77.4 (106) 91.3 (21)
N=39 N=139 N=25
Death due to renal diseases 51() 6.5(9) 4.0(1)
Death due to Cardiovascular
disease 46.2 (18.0) 55.4 (77.0) 32.08.0)
Detailed renal pathology in N=14 N=34 N=3
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subgroup analysis

Glomerular lesion 71.4 (10) 76.5 (26) 66.7 (2)
GGS 64.3 (9) 76.5 (26) 66.7 (2)
NGS 21.4(3) 32.4(11) 33.3 (1)
DGS 14.3 (2) 29 0.0 (0)
Glomerular hypertrophy 57.1 (B)** 23.5(8) 66.7 (2)
Vascular lesions 85.7(12) 100.0 (34) 100.0 (3)
Hyaline arteriolosclerosis 78.6 (11) 79.4 (27) 100.0 (3)
Arteriosclerosis 78.6 (11) 79.4 (27) 660.7 (2)
Tubulointerstitial lesion 50.0(7) 58.8 (20) 100.0 (3)
Tubular lesion 35.7(5) 324 (11) 66.7 (2)
Interstitial fibrosis 50.0(7) 50.0(17) 66.7 (2)
Vascular-tubulointerstitial
92.9(13) 100.0 (34) 100.0 (3)
lesions
Near normal structure 7.1(1) 0.0 (0) 0.0 (0)

*P=0.0384 versus €3 carrier group, compared with pearson’s Chi-square test; **P = 0.0421
versus €3 carrier group, compared with Fisher’s exact test, a two-tailed P-value <(.025 was
considered significant. CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS:
coronary arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis;
NGS: nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as mean+SD, medians (interquartile range) or % (n). Means were compared
using the one-way ANOVA. Dunnett t adjustment was used in post-hoc test for multiple
comparisons. Medians among three groups were compared using Kruskal-Wallis H test.
Medians between two groups were compared using Mann—-Whitney U test, a two-tailed P-value
<0.025 was considered significant. Categorical variables among 3 groups were compared using
the Fisher’s exact test. Categorical variables between 2 groups were compared using the
Chi-square test or Fisher’s exact test, as appropriate, a two-tailed P-value <0.025 was

considered significant.
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Table 19 Associations of ApoE alleles and genotypes on renal glomerular hypertrophy
in T2DM

Crude OR (95%CI) P Adjusted* OR (95%CI) P
£2 carrier
4.33 (1.15-16.26) 0.0421 5.42 (1.10-26.80) 0.0382
(e2/g2, €2/€3)
€3 carrier
1 l 1 1
{€3/e3)
&4 carrier
6.5 (0.52-81.42) 0.1718 22.50 (1.11-454.90) 0.0424
(e3/e4)
Non £3/3
4.64 (1.33-16.19) 0.0160 6.72 (1.58-28.59) 0.0100
catrier

* Adjusted by age, sex, hypertension and death due to renal disease; OR; odds ratio.
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3.4.1.2.2. Clinicopatholegical characteristics of ApoE carriers in control cases
Table 20 shows the clinicopathological characteristics of control cases in relation to
the three different ApoE carrier groups. ApoE €4 allele carriers had higher frequency
of renal tubulointerstitial changes (P=0.0423) and tubular changes (£=0.0022) than £3
allele carriers. After further adjustment for risk factors (age, sex, hypertension and
death cause due to renal disease), the £4 carriers had an adjusted odds ratio of 10.1
(95%CI=1.7-60.3, P=0.0114) for these renal changes (Table 21). Other

clinicopathological parameters were not significantly different among these three

groups.
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Table 20 Clinicopathological characteristics of ApoE allele carriers in control cases

€2 (€2/e2, £2/£3) €3 (e3/e3) £4 (e3/e4, e4/ed)
N=12 N=88 N=10
Age (year) 63.2£17.9 67.3£16.7 76.0£15.7
Female 75.0 (9.0) 45.5(40.0) 60.0(6.0)
Hypertension 16.7 (2.0) 14.8 (13.0) 20.0 (2.0)
CHD 8.3(1.0) 10.2 (9.0) 10.0 (1.0)
LVH 8.3 (1.0) 4.5 (4.0) 0.0 (0.0)
CAS 8.3 (1.0) 9.1 (8.0) 20.0 2.0)
CVA 0.0 (0.0) 10.2 (9.0) 10.0 (1.0)
Death due to renal diseases 0.0(0.0) 1.1 (1.0) 0.0 (0.0)
Death due to
Cardiovascular disease 8.3(1.0) 14.8 (13.0) 20.0 (2.0)
Detailed renal pathology in N=12 N=88 N=10
subgroup analysis
Glomerular lesion 16.7 (2.0) 52.3 (46.0) 60.0 (6.0)
GGS 16.7 (2.0) 46.6 (41.0) 40.0 (4.0)
DGS ()} 0 0 (0)
Glomerular hypertrophy 8.3 (1.0) 13.6 (12.0) 40.0 (4.0)
Vascular lesions 41.7 (5.0) 59.1(52.0) 80.0 8.0)
Hyaline arteriolosclerosis 16.7 (2.0) 9.1 (8.0) 20.0 (2.0)
Arteriosclerosis 41.7 (5.0) 59.1 (52.0) 80.0 (8.0)
Tubulointerstitial lesion 25.0(3.0) 43.2 (38.0) 80.0 (8.0)*
Tubular lesion 83(1.0) 28.4 (25.0) 80.0 (8.0)**
Interstitial fibrosis 25.0 (3.0) 34.1 (30.0) 60.0 (6.0)
Vascular-tubulointerstitial
lesions 50.0 (6.0) 67.0 (59.0) 90.0 (9.0)
Near normal structure 50.0 (6.0) 26.1(23.0) 10.0(1.0)

* P=0.0423 and **P=0.0022 versus €3 carrier group, compared with Fisher’s exact test, a
two-tailed P-value <0.025 was considered significant, CHD: coronary heart disease; LVH: left
ventricular hypertrophy; CAS: coronary arteriosclerosis; CVA: cerebrovascular accident; GGS:

global glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or mean+SD or % (n). Means were compared using the one-way ANOVA.
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Dunnett t adjustment was used in post-hoc test for multiple comparisons. Categorical vartables
among 3 groups were compared using the Fisher’s exact test. Categorical variables between 2
groups were compared using the Chi-square test or Fisher’s exact test, as appropriate, a

two-tailed P-value <0.025 was considered significant.

Table 21 Associations of ApoE &4 carriers on renal tubular changes in control cases

Adjusted* OR
Crude OR (95%CI) P
(95%CI)
Tubulointerstitial
) 5.3(1.1-26.2) 0.0427 4.9 (0.8-30.4) 0.0878
lesions
Tubular lesion 10.1 (2.0-50.8) 0.0051 10.1 (1.7-60.3) 0.0114

* Adjusted by age, sex, hypertension and death due to renal disease; OR: odds ratio. Referent
group: ApoE g3 carriers group.
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3.4.1.2.3. Clinicopathological characteristics of ApoE carriers in the entire study
population

Table 22 shows the clinicopathological characteristics of different ApoE carriers in
the entire study population. Compared to the ApoE €3 carriers, €2 (P=0.0336} and &4
(P=0.0192) carriers (Table 22) showed higher percentage of renal glomerular
hypertrophy with adjusted odds ratio of 3.4 (95%CI=1.2-9.5, P=0.0212} and 5.2
(95%CI=1.4-18.9, P=0.0124) respectively (Table 22). ApoE &4 carriers were more
likely to have renal tubulointerstitial (P=0.0110) and tubular lesions (£=0.0012)
(Table 22) compared to ApoE €3 carriers with adjusted odds ratio of 6.4
(95%CI=1.2-33.7, P=0.0280) and 7.6 (95%CI=1.9-30.9, P=0.0048) (Table 23). Other

clinicopathologecal parameters were not found significantly different.

Table 22 Ciinicopathological characteristics of ApoE allele carriers in the entire study

population
€2 (e2/e2, €2/€3) £3 (£3/e3) &4 (e3/e4, ed/ed)
N=52 N=229 N=35
Age (year) 67.6x13.4 69.2+13.6 73.2+12.1
Female 46.2(24.0) 52.0 (119.0) 62.9(22.0)
N=52 N=227 N=35
Hypertension 48.1 (25.0) 45.4 (103.0) 48.6 (17.0)
N=52 N=229 =35
CHD 51.9 (27.0) 48.0 (110.0) 48.6 (17.0)
LVH 46.2 (24.0) 41.0 (94.0) 57.1(20.0)
CAS 40.4 (21.0) 37.6 (86.0) 42.9 (15.0)
CVA 11.5 (6.0) 20.2 (46.0) 22.9(8.0)
N=38 N=137 N=23
Diabetic nephropathy 73.7 (28.0) 77.4 (106.0) 91.3 (21.0)
N=51 N=227 N=35
Death due to renal diseases 3.92.0) 4.4 (10.0) 2901.0)
Death due to
37.3(19.0) 39.6 (50.0) 28.6 (10.0)
Cardiovascular disease
Detailed renal pathology in
N=26 N=122 N=13

subgroup analysis
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Glomerular lesion 50.0 (13.0) 61.5 (75.0) 61.5 (8.0)

GGS 42.3(11.0) 54.9 (67.0) 46.2 (6.0)
NGS 11.5 (3.0) 9.0 (11.0) 7.7 (1.0)
DGS 7.7 (2.0) 0.8 (1.0) 0.0 (0.0)
Glomerular hypertrophy 34.6 (9.0)* 16.4 (20.0) 46.2 (6.0)**
Vascular lesions 65.4 (17.0) 70.5 (86.0) 84.6 (11.0)
Hyaline arteriolosclerosis 50.0(13.0) 28.7 (35.0) 38.5(5.0)
Arteriosclerosis 61.5 (16.0) 64.8 (79.0) 76.9 (10.0)
Tubulointerstitial lesion 38.5 (10.0) 47.5 (58.0) 84.6 (11.0)F
Tubular lesion 23.1 (6.0) 29.5 (36.0) 76.9 (10.0) §
Interstitial fibrosis 38.5 (10.0) 38.5 (47.0) 61.5 (8.0)
Vascular-tubulointerstitial
73.1 (19.0) 76.2 (93.0) 92.3 (12.0)
lesions
Near normal structure 26.9(7.0) 18.9 (23.0) 7.7 (1.0}

¥P=0.0336 and +P=0.0110 versus €3 carrier group, compared with pearson’s Chi-square test;
*¥*P=0.0192 and }P=0.0012 versus €3 carrier group, compared with Fisher’s exact test, a
two-tailed P-value <0.025 was considered significant. CHD: coronary heart disease; LVH: left
ventricular hypertrophy; CAS: coronary arteriosclerosis; CVA: cerebrovascular accident; GGS:
global glomerulosclerosis; NGS: nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or meanSD or % (n). Means were compared using the one-way ANOVA,
Dunnett t adjustment was used in post-hoc test for multiple comparisons. Categorical variables
among 3 groups were compared using the Fisher’s exact test. Categorical variables between 2
groups were compared using the Chi-square test or Fisher’s exact test, as appropriate, a

two-tailed P-value <0.025 was considered significant.
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Table 23 Associations of ApoE carriers with renal changes in the entire study

population
Adjusted* OR
Crude OR (95%CI) P P
(85%CI)
ApoE €2 carrier
Renal glomerular
2.7 (1.1-6.9) 0.0382 3.4 (1.2-9.5) 0.0212
hypertrophy
ApoE €4 carrier
Renal glomerular
4.4 (1.3-14.4) 0.0152 5.2 (1.4-18.9) 0.0124
hypertrophy
Renal tubulointerstitial
) 6.1 (1.3-28.5) 0.0224 6.4 (1.2-33.7) 0.0280
lesions
Renal tubular lesion 8.0 (2.1-30.6) 0.0025 7.6 (1.9-30.9) 0.0048

* Adjusted by age, sex, hypertension and death due to renal disease; OR: odds ratio. Referent group:
ApoE €3 carriers group.
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3.4.2 ApoE polymorphisms and islet amyloidosis
3.4.2.1 ApoE genotype and allele frequencies

In 117 T2DM cases and 209 control cases with available pancreatic tissues, 86
T2DM and 111 control cases were genotypied successfully. Both ApoE genotypes
were in Hardy-Weinberg equilibrium in T2DM cases (P=0.5670 for rs429338,
P=0.1254 for rs7412) and controls (P=0.2098 for rs429358, P=0.3696 for rs7412).
The majority of cases were €3 allele carriers in the control and T2DM cases. For
comparison purposes, we categorized these cases into groups based on their
predominant allele. Thus, in the T2DM group, 65.5% (n=55) had the £3/e3 genotype
and were categorized as €3 carriers, 25.0% (n=21) had either £2/€2 or £2/¢3 genotypes
(g2 carrier) and 9.5% (n=8) had €3/e4 or £4/¢4 genotypes (€4 carrier). There was an
increased frequency of the £2 allele and the £2/e3 genotype in the diabetic group
compared to the control group (P=0.0292). The frequency of &2 carriers (g2/e2, £2/3)
was also higher in diabetic cases than controls (25.0% (21/84) in the diabetic group
versus 10.9% (12/110) in the control group, P=0.0085) (table 24). There were
increased frequencies of €2 allele (P=0.0024), €2/e3 genotype (P=0.0292, crude
OR=2.47, 95%CI=1.08-5.67; P=0.0242, adjusted OR=2.6, 95%CI=1.1-6.2) and €2
carriers (£2/e2, £€2/€3) (P=0.0085, crude OR=2.8, 95%CI=1.3-6.1; P=0.0075, adjusted
OR=3.0, 95%CI=1.3-6.6) in the T2DM group than the control cases. Analysed as a
group, non £3/e3 carriers (e2/€2, £2/€3, £2/e4, £3/e4, and £4/e4) was associated with
T2DM with an OR of 2.1 (P=0.0168, crude OR=2.2, 95%CI=1.14-4.07; P=0.0200,
adjusted OR=2.1, 95%CI=1.1-4.0) compared with control cases.
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3.4.2.2 Correlations of islet amyloidosis with ApoE polymorphisms

Consistent with our prior report [27], the percentage of cases with islet amyloidosis
was higher in the T2DM group (30.8% (36/117)) than the control group (1.9% (4/209),
OR=22.8, 95%CI=7.9-66.0, P<0.0001) (Table 14). In both the T2DM (Table 25) and
control group, there was no difference in clinical and metabolic profile amongst
different ApoE genotypes. In the T2DM cases, compared to cases with £3 carrier
status, cases with €4 carriers status were more likely to have islet amyloidosis [62.5%
(5/8) vs. 23.6% (13/55), P=0.0365] with an odds ratio of 5.4 (95%CI=1.1-25.6,
P=0.0345) which increased to 7.0 (95%CI=1.3-38.0, P=0.0232) after adjustment for
age, sex and hypertension (Table 26). Due to infrequent islet amyloidosis in control
cases, we did not analyse the assoctation of ApoE carriers and islet amyloidosis in

control cases and the entire study population.
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Table 25 Clinicopathological characteristics of ApoE carriers with T2DM

€2 (g2/€2, £4 (e3/e4,
£3 (e3/e3)
£2/€3) e4/c4)
N=21 N=55 N=§
Age(year) 67.1+11.8 70.6+£12.7 71.4+10.5
Female 61.9(13) 40.0 (22) 25.0(2)
N=21 N=53 N=8
Hypertension 47.6 (10) 69.8 (37) 62.5 (5)
N=7 N=16 N=2
BMI (kg/m?) 23.745.9 24.1+5.9 24.1£0.8
N=14 N=36 N=6
FPG (mmol/L) 10.7+7.3 13.2+£5.8 11.5£3.6
N=16 N=36 N=6
Systolic blood pressure
128.8+37.2* 157.1+£33.8 136.3+41.4
(mmHg)
Diastolic  blood  pressure
74.3:14.0 81.0£19.0 78.0£19.7
(mmHg)
N=15 N=34 N=5
. 146.0 233.5 112.0
Plasma creatinine (pmol/L)
(99.0-185.0)  (112.3-333.3)  (93.0-152.5)
13.2
Plasma urea {mmol/L.) 12.8 (7.8-23.1) 9.9(7.1-12.7)
(7.2-21.8)
. , 32.6 16.3 364
GFR (mL/min/1.73m")
(27.8-54.5) (13.3-40.9) (35.0-47.0)
N=21 N=53 N=8
Death due to renal disease 9.5(2) 5.7(3) 12.5 (1)
Death due to cardiovascular
. 47.6 (10) 52.8 (28) 25 (2)
disease
N=21 N=355 N=8
CHD 66.7 (14) 58.2(32) 62.5 (5)
LVH 57.1 (12) 50.9 (28) 62.5 (5)
CAS 57.1(12) 45.5 (25) 50 (4)
CVA 9.5(2) 12.7(7) 12.5(1)




Pancreas lesions N=21 N=55 N=8

Vascular lesions 76.2 (16) 80.0 (44) 75 (6)
Hyaline arteriolosclerosis 76.2 (16) 74.5 (41) 62.5 (5)
Arteriosclerosis 71.4 (15) 49.1 (27) 62.5(5)

Interstitial lesions 81.0(17) 90.9 (50} 87.5(7)
Interstitial fibrosis 71.4 (15) 63.6 (35) 50 (4)
Interstitial fat infiltration 66.7 (14) 81.8 (45) 87.5(7)
Islet amyloidosis 3337 23.6(13) 62.5 (5)**

Vascular interstitial lesions 95.2 (20) 94.5 (52) 100 (8)

Near normal structure 4.8 (1) 5.5(3) ¢ (0)

¥ P=0.0441 vs. €3 carrier, caculated by Dunnett t test; **P=0.0345 vs. €3 carrier,
caculated by Fisher’s exact test; a two-tailed P-value <0.025 was considered
significant. CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS:
coronary arteriosclerosis; CVA; cerebrovascular accident.

Data are presented as or mean+SD, medians (interquartile range) or % (n). Means
were compared using the one-way ANOVA. Dunnett t adjustment was used in
post-hoc test for multiple comparisons. Medians among three groups were
compared using Kruskal-Wallis H test. Medians between two groups were
compared using Mann—Whitney U test, a two-tailed P-value <0.025 was considered
significant. Categorical variables among 3 groups were compared using the Fisher’s
exact test. Categorical variables between 2 groups were compared using the
Chi-square test or Fisher’s exact test, as appropriate, a two-tailed P-value <0.025

was considered significant.
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Table 26 Associations of ApoE carriers with islet amyloidosis

Crude OR (95%Cl) P Adjusted* OR (95%CI) P
£2 carrier
1.6 (0.5-4.9) 0.3929 2.4 (0.6-9.0) 0.1884
(e2/€2, £2/€3)
£3 carrier
1 1 1 1
(e3/e3)
€4 carrier
5.4 (1.1-25.6) 0.0345 7.0 (1.3-38.0) 0.0232

(e3/54, £4/ed)

* Adjusted by age, sex, hypertension; OR: odds Ratio.

101






Thioflavin T Insulin Amylin Apo E

T2DM
Amyloid+
A
T2DM
Amyloid-
E
Non-T2DM
Amyloid-
C F

Figure 21 Co-localization of Apo E protein and islet amyloidosis.

Immunofluorescence staining were performed on diabetic pancreatic sections with
islet amyloidosis (A and D), without amyloidosis (B and E) and non-diabetic
pancreatic sections (C and F). The sections were stained with Thioflavin T (green) and
monoclonal anti-insulin antibody (red) (A, B and C}) as well as polyclonal anti-amylin
antibody (green) and monoclonal anti-ApoE antibody (red) (D, E, F), respectively,
ApoE immunoreactivity was co-localized with amylin-reactive extracellular amyloid
deposits, as demonstrated in yellow (D), whereas there was no Apo E expression in
the diabetic (E) or non-diabetic islet (F) without amyloidosis. (Immunofluorescence

stain, magnification x400.)
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Figure 22 Co-localization of Amyloid P and islet amyloidosis in T2DM.

Serial sections of a representive islet with amyloidosis were stained with thioflavin T
(pan¢l A) and amyloid P (panel B). Panel A showed the extracellular amyloid fibril
deposition. Amyloid P protein was also localized with the extracellular amyloid fibril

area. (Immunofluorescence stain, magnification x200.)
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Figure 23 Co-expression of ApoE and Amyloid P protein in arteriosclerosis in T2DM.

Senal pancreatic sections were stained with monoclonal anti-ApoE antibody (red,
panel A), polyclonal anti-Amyloid P antibody (Red, panel B) and H&E (panel C).
Panel D is negative control. As the common components of extra-cellular islet
amyloidosis, ApoE (ae) and Amyloid P (ap) preoteins were also co-localized in
arteriosclerotic lesions (h). (A and B: Immunofluorescence stain, C: H&E stain;

magnification x400.)
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Figure 24 Immunolocalization of amyloid P protein in islet amyloidosis and
arteriosclerosis in diabetic pancreas.

Pancreatic tissue section was stained with polyclonal anti-Amyloid P antibody. Light
microscopy demonstrates presence of amyloid P component in islet amyloid deposits
(1a), arteriosclerotic lesion (*) and fibrotic tissues (arrows) adjacent to amyloidosis.

Immunohistochemical stain, original magnification x400.






3.5.2. Correlation of IDE polymorphism with cardiovascular disease
3.5.2.1. Correlation of IDE polymorphism with cardiovascular disease in T2DM
Table 28 shows the clinicopathological characteristics of different IDE genotypes
under additive model. There was a graded and significant increase in cardiovascular
conditions (hypertension, CHD, CVA and death due to cardiovascular disease) across
the genotypes. Compared to the predominant TT genotype, C carriers (CC and CT
genotype, dominant model) had higher percentages of hypertension, CHD, CAS, CVA
and death due to cardiovascular disease in T2DM (Table 29).
Logistic regression analysis showed that the risk of hypertension, CVA and death
due to CVD in C carriers was increased by up to 2-fold compared to TT genotype
carriers after adjusting for confounding factors (Table 30). The cardiovascular

conditions in relation to different IDE genotype are shown in table 30.
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Table 28 Clinicopathological characteristics of IDE genotypes in T2DM

TT CT CC

N=41 N=30 N=13
Age (year) 68.4+13.4 72.1+12.9 71.1x8.1
Female 61.0 (25) 63.3 (19) 30.8 (4)

N=7 N=7 N=3
BMI (kg/m?) 23.3+5.6 23.7+3.0 22.6x3.1

N=18 N=19 N=8
Fasting plasma glucose

11.0£4.5 11.2+6.7 16.2+9.2

(mmol/L)

N=18 N=20 N=8
Systolic blood pressure

145.4+41.9 152.4+43.9 144.5+27.0
(mmHg)
Diastolic blood pressure
79.9+17.2 79.4424.3 78.9+14.1

{mmHg)

N=15 N=19 N=8
Plasma creatinine

146.0 (115.0-243.0) 185.0 (106.0-250.0) 198.0 (83.5-325.3)

(pmol/L)

Plasma urea (mmol/L)
GFR (ml/min/1.73m?)

Hypertension §

CHD §

LVH
CAS
CVA §

Diabetic nephropathy

Death due to renal
discase

Death due to

12.0 (7.7-21.4)
32.6 (15.6-49.5)
N=39
43.6 (17)
N=41
39.0 (16)
39.0 (16)
31.7(13)
2.4 (1)
N=40
80.0 (32)
N=39

7.7(3)

25.6 (10}

12.4 (7.0-15.8)
28.2 (14.9-38.0)
N=30
63.3(19)
N=30
66.7 (20) *
50.0 (15)
60.0 (18)
20.0 (6)1
N=30
733 (22)
N=30

3.3(1)

533 (16) }

13.8 (8.1-19.5)
25.5 (14.6-63.8)
N=13
76.9 (10)
N=13
76.9 (10)**
53.8(7)
46.2 (6)
23.1 (3)t1
N=13
92.3(12)
N=13

7.7 (1)

69.2 (9)F+







test; $P=0.0367, t1P=0.0077 and §1P=0.0393 vs. TT genotype, compared using Fisher’s exact test;
CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary arteriosclerosis;
CVA: cerebrovascular accident; GGS: global glomerulosclerosis; NGS: nodular glomerulosclerosis;
DGS: diffuse glomerulosclerosis.

Data are presented as or mean+SD, medians (interquartile range) or % (n). Means were compared
using the one-way ANOVA. Dunnett t adjustment was used in post-hoc test for multiple
comparisons. Medians among three groups were compared using Kruskal-Wallis H test. Medians
between two groups were compared using Mann—-Whitney U test, a two-tailed P-value <0.025 was
considered significant. Categorical variables among 3 groups were compared using the Fisher’s
exact test. Categorical variables between 2 groups were compared using the Chi-square test or
Fisher’s exact test, as appropriate, a two-tailed P-value <0.025 was considered significant. §P values

for trend<0.0500, linear-by-linear test was used to compare categorical variables for trend.
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Table 29 Clinicopathological characteristics of IDE C carriers in T2DM

C carrier
T P value
(CT, CC)
N=41 N=43
Age (year) 68.4+13.4 71.8+11.6 0.2136
Female 61.0(25) 53.5(23) 0.4882
N=7 N=10
BMI (kg/m?) 23.345.6 23.3£2.9 0.9794
N=18 N=27
Fasting  plasma  glucose
11.0+4.5 12.747.7 0.3933
{mmol/L)
N=18 N=28
Systolic  blood  pressure
145.4+:41.9 150.1+£39.5 0.7024
{mmHg)
Diastolic  blood  pressure
79.9+17.2 79.3+£21.6 0.9092
{mmHg)
N=15 N=27
Plasma creatinine ol/L 146.0 185.0
(mol’L) 0.6937
(115.0-243.0) (106.0-299.0)
Plasma urea (mmol/L) 12.0(7.7-21.4)  12.8(7.2-15.8) 0.9372
GFR (ml/min/1.73m?) 28.2
32.6 (15.6-49.5) 0.5905
(14.9-38.0)
N=39 N=43
Hypertension 43.6 (17) 67.4 (29) 0.0297
N=41 N=43
CHD 39.0 (16) 69.8 (30) 0.0047
LVH 30.0(16) 51.2(22) 0.2639
CAS 31.7(13) 55.8(24) 0.0261
CVA 2.4 (1) 209 (%) 0.0149
N=40 N=43
Diabetic nephropathy 80.0 (32) 79.1 (34) 0.9164
N=39 N=43
Death due to renal disease 7.7 (3) 4.7 (2) 0.6648
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Death due to Cardiovascular

discase 25.6 (10) 58.1 (25) 0.0030
Renal pathology N=18 N=22

Glomerular lesion 83.3 (15) 81.8(18) 1.0000

GGS 72.2(13) 72.7 (16) 1.0000

NGS 22.2(4) 22.7(5) 1.0000

DGS 5.6(1) 4.5(1) 1.0000

Glomerular hypertrophy 38.9(7) 409 0.8968

Vascular lesions 100.0 (18) 90.9 (20) 0.4923

Hyaline arterioloscierosis 83.3(15) 77.3(07) 0.7089

Arteriosclerosis 83.3(15) 72.7 (16) 0.4761

Tubulointerstitial lesions 61.1 (11) 54.5 (12) 0.6760

Tubular lesion 44.4 (8) 40.9 (9) 0.8220

Interstitial fibrosis 50.0(9) 50.0 (11) 1.0000

Vascular-tubulointerstitial

lesions 100.0 (18) 95.5 (21) 1.0000

Near normal structure 0.0 (0) 4.5(1) 1.0000
Pancreas lesions N=41 N=43

Vascular lesions 80.5 (33) 69.8 (30} 0.2567

Hyaline arteriolosclerosis 75.6 (31) 65.1 (28) 0.2931

Arteriosclerosis 51.2(21) 51.2(22) 0.9959

Interstitial lesions 90.2 (37) 86.0 (37) 0.7387

Interstitial fibrosis 58.5(24) 46.5 (20) 0.2700

Interstitial fat infiltration 82.9 (34) 76.7 (33) 0.4808

Islet amyloidosis 31.7 (13) 23.3 (10) 0.3852*

Vascular interstitial lesions 97.6 (40) 93.0 (40) 0.6162

Near normal structure 24 (1) 7.003) 0.6162

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary
arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis;
NGS: nodular glomerulosclerosis; DGS: diffuse  glomerulosclerosis.  *
Power=0.2159.

Data are presented as or mean+SD, medians (interquartile range) or % (n). They were

compared by Student t-test, Mann—Whitney U test, Chi-square test or Fisher’s exact
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test, as appropriate.
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3.5.2.2. Correlation of IDE polymorphism with renal vascular changes in control
cases

The nondiabetic control cases showed no differences in clinical, metabolic profile,
pancreatic changes and cardiovascular disorders amongst different IDE genotypes.
Compared to the TT genotype, the CT genotype in control cases had higher
percentage of renal vascular-tubulointerstitial lesions and lower percentage of
near-normal renal structure renal. C carriers were more likely to have renal vascular
lesions (Table 31, additive and dominant models). After adjustment for age, sex,
hypertension and death due to renal disease, P values remined significant for renal
vascular lesions in CT genotype (P=0.0078, OR=3.9, 95%CI=1.4-10.7) and C carriers
(P=0.0348, OR=2.7, 95%CI=1.1-6.7) as well as for arteriosclerosis in CT genotype
carriers (P=0.0168, OR=3.4, 95%CI=1.2-9.7) (Table 32).

Table 31 Clinicopathological characteristics of IDE genotype in control cases

TT CT CC
N=61 N=47 N=9
Age (year) 65.9+17.2 68.2+15.8 68.9+10.8

Female 49.2 (30) 46.8 (22) 55.6 (5)
Hypertension 14.8 (9) 12.8 (6) 0.0 (0)
CHD 11.5(7) 10.6 (5) 11.1 (1)
LVH 3.3(2) 4.3 (2) 0.0 (0)
CAS 9.8 (6) 10.6 (5) 11.1 (1)
Death due to renal disease 0.0 (0) 2.1 (1) 0.0 (0)
Death due to Cardiovascular discase 14.8 (9) 12.8 (6) 0.0(0)
CVA 6.6 (4) 17.0 (8) 0.0 (0)

Renal pathology N=61 N=47 N=9
Glomerular lesion 39.3 (24) 55.3 (26) 22.2(2)
GGS 32.8 (20) 51.1 (24)* 11.1 (1)

DGS ¢ (0) 0(0) ¢ (0)
Glomerular hypertrophy 14.8 (9) 10.6 (5) 11.1(1)
Vascular lesions # 44.3 (27) 72.3 (34)** 33.3(3)
Hyaline arteriolosclerosis 8.2 (5) 17.0 (8) 0.0 (0)
Arteriosclerosis # 44.3 (27) 70.2 (33)f 33.3(3)
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Tubulointerstitial lesions 37.7 (23) 55.3 (26) 22.2(2)

Tubular lesion 27917 29.8 (14) 222(2)

Interstitial fibrosis 31.1 (19) 44,7 (21) 11.1 (1)

Vascular-tubulointerstitial lesions 55.7 (34) 76.6 (36)t7 33.3(3)

Near normal structure 41.0 (25) 19.1 9t 66.7 (6)
Pancreas lesions N=61 N=47 =9

Vascular lesions 16.4 (10) 19.1(9) 22.2(2)

Hyaline arteriolosclerosis 4.9(3) 10.6 (5) 11.1 (1)

Arteriosclerosis 13.1 (8) 17.0 (8) 11.1 (1)

Interstitial lesions 59.0 (36) 53.2 (25) 44.4 (4)

Interstitial fibrosis 19.7 (12} 17.0 (8) 22.2(2)

Interstitial fat infiltration 50.8 (31 48.9 (23) 22.2(2)

Isiet amyloidosis § 0.0 (0) 0.0 (0) 11.1 (1)

Vascular interstitial lesions 63.9 (39) 63.8 (30) 55.6(5)

Near normal structure 27.9(17) 29.8 (14) 22.2(2)

*P=0.0553, **P=0.0035, 1P=0.0071, +1P=0.0244, 1P=0.0154 vs. TT genotype, compared with
pearson’s Chi-square test. CHD: coronary heart disease; LVH: left ventricular hypertrophy;
CAS: coronary arteriosclerosis; CVA: cerebrovascular accident; GGS:  global
glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or meantSD or % {n). Means were compared using the one-way
ANOVA. Dunneit t adjustment was used in post-hoc test for multiple comparisons, Categorical
variables among 3 groups were compared using the Fisher’s exact test. Categorical variables
between 2 groups were compared using the Chi-square test or Fisher’s exact test, as appropriate,
a two-tailed P-value <0.025 was considered significant. §P wvalues for trend<0.0500,
linear-by-linear test was used to compare categorical variables for trend. #P<0.0500 in C
allele carriers (CC/CT) vs. TT genctype. They were compared by Chi-square test or Fisher’s

exact test, as appropriate.
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3.5.2.3. Correlation of IDE polymorphism with renal vascular changes in the

entire study population

In the entire study population, the IDE CC genotype showed a higher percentage of
CHD while the CT genotype had higher percentages of CVA, renal vascular

tubule-interstitial lesions and a lower percentage of kidneys with near-normal

structures than TT genotype carriers. IDE C carriers were more likely to have CHD,

death due to cardiovascular disease, CVA and renal vascular lesions than TT genotype

carriers (Table 33, additive and predominant model). After adjustment for
confounding variables, renal vascular lesions (P=0.0434, OR=2.5, 95%CI=1.0-5.8)
and CVA (P=0.0099, OR=4.2, 95%CI=1.4-12.3) were correlated with CT genotype
and C carriers (P=0.0132, OR=3.8, 95%CI=1.3-11.1) (Table 34).

Table 33 Clinicopathological characteristics of IDE genotype in the entire study

population
TT CT cC
N=102 N=77 N=22
Age (year) 66.9+15.8 69.7£14.7 70.249.1
Female 53.9 (55) 53.2(41) 40.9 (9)
N=100 N=77 N=22
Hypertension 26.0 (26) 32.5(25) 45.5(10)
N=102 N=77 N=22
CHD§ # 22.5(23) 32.5(25) 50.0 (11)*
LVH 17.6 (18) 22117 31.8(7)
CAS 18.6 (19) 29.9(23) 31.8(7)
CVA§H 4.9(5) 18.2 (14)** 13.6 (3)
N=40 N=30 N=13
Diabetic nephropathy 80.0 (32) 73.3(22) 92.3(12)
N=100 N=77 N=22
Death due to renal disease 3.0 (3) 2.6(2) 4.5(1)
Death due to Cardiovascular disease§ # 19.0 (19) 28.6 (22) 40.9 (9)
Renal pathology N=79 N=65 N=13
Glomerular lesion 49.4 (39) 61.5 (40) 46.2 (6)
GGS  41.8(33) 56.9 (37) 30.8(4)

119






12l

£780°0 +45°€ 001£0 61 SLLOO  «+¥0 T9T0°0 0 VOEY0 +sL0 SFIT0 90 AMIONNS [BULIOU JEIN
&1-10) (0z-z0) (8°5-8°0) (os-1'1) (£€-9°0) (s'¢-6'0 SUOISI
CLEL'D »+4£0 ZLOFO0 90 PIZI'0 42T 1L£000 €T L69Y'0  sb'l 65210 L'l [enusIauIoMqN]-TeMoseA
&1-10) (8'1-20) 0°s-01) Or11) @e-L0) (re-60)
TISIO0  ++t0 £0€€0 90 $1900 «4TT L6100 €T 9ILT0 ++S'1 95800 81 SISOIQ[OSOLIMTY
&'T-T0) 670 (850D (Ts-TD 080 (00 1)
LO6V'0 %4970 LEESO 60 YEPO'0  £2S5°T 0100 ST 68€1°0 %481 95£00 1T SUOIS3] TRNOSEA
Adojoyed jeuway
(091-90) (6¢1-L°0) (g1 (9Z1-s'D) (I1r-¢'n W11-¥D
8ELI'0 1€ ILP1'0 1€ 66000 +T¥ vL000 €V TEI0'0 +8°€ L8000 O VAD
(€9-L'0) 61 (€e-L0) (¥'c-3°0) (re-370) (Leo1) ISBISIP IB[NISLACIpIE)
S661°0 +1'C yIE00 0 YIPE0 «S1 LOST'O LT GRIT0 +9°1 0LY00 61 0} anp tpea(
(93-0°D (68-€1) (SeL0 (ze-30 (8670 (ge11)
69500 46T y1100 € 89¢7°0 +9°1 L6ET0 L1 £001°0 481 8200 0T aHo
(1D%S$6) (10%S6) (10%56) (10%56) (10%56) (10%56)
d k(0] d d0 (8] d h: (8! d : (o) d d0
pasnipy prz) d  pasnpy Ppru) pasnlpy aprI)
adfiouad ) adfouss 1D IDLIeD D)

vonendod Apms a1mua ot ur sofueyo [eual im sad410us3 J(I] JO SUONRIOOSSY £ J[qeL



ol

-ad£jousd
1L :dnoiB [enuaisoy "ones Sppo 1Y SoSeasip [uI 0] anp Yiedp pue uosuapadLy “xas ‘ofe Aq pasnlpy ., ‘UosuapadAy pue ‘xas “a8e Aq paisnlpy ,

(Tri1-6'0) (19-9°0) (ri-1o 60-z0 &1-£0) (T1-c0)



3.5.3. Reclationship of IDE genotype and IDE substrate expression in pancreas
In the T2DM group, carriers of TT (¥ = 6) and CT/CC (N = 6) genotypes matched
for age and sex were selected for examination of the protein expression of IDE and its
substrates using immunohistochemical staining. In agreement with previous studies
[256], extensive IDE expression was found in the pancreas. IDE immunoreactivity
was mainly localized in islet endocrine cells and to a lesser extent in exocrine acinar
cells. As shown in figure 25, IDE expression in diabetic islets was found to be similar
between TT and CT/CC carriers (13.8+7.6 in the TT group vs. 13.6+5.9 in the CT/CC
carriers, P=0.9244) (Figure 25, panel A, B and C).
Immunofiuorescence microscopy also showed similar immunoreactivity of the
IDE substrates (amylin, insulin, and glucagen) in pancreatic islets (Figure 25).
Compared with TT genotype patients, C carriers had similar expression of amylin
(8.7%+4.3% in TT group vs. 8.0%+4.2% in C carriers, P=0.7247), insulin
(23.2%+3.5% in TT group vs. 24.2%+6.2% in C carriers, P=0.7130), glucagon
(15.844.8 in TT group vs. 17.0£7.0 in C carriers, P=0.7205) and IGF-1 (Figure 26).

3.54. Angiotensin-converting enzyme (ACE) expression in different IDE
genotypes

ACE protein immunoreactivity was found extensively in diabetic glomeruli
(Figure 27, panel A, E and I), tubules (Figure 27, panel B, F and J) and blood vessels
(Figure 27, panel C, D, G, H, K and L). There was a tendency for C carriers to show
higher ACE expression in renal glomeruli (1.2%+0.3% in C carriers vs. 0.3%+0.2% in
TT group, P=0.0744) and blood vessels (1.0%+0.5% in C carriers vs, 0.5%+0.3% in
TT group, P=0.1329) than TT genotype carriers, although the P values didn’t reach
significance. In the renal tubules, ACE was also numberically higher in C carriers
(52.1%+21.7%) than TT group (34.6%+19.4%, P=0.2041).
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Figure 25 IDE and expression of its substrates in diabetic pancreas in different IDE
genotypes.

Diabetic pancrestic sections were stained with rabbit-anti IDE (green), mouse
anti-amylin (red), mouse-anti insulin (green) and rabbit-anti glucagon (red) antibodies.
No significant differences were found in expression of IDE, amylin, insulin and
glucagon proteins in diabetic pancreatic sections among different IDE genotype

groups. (Immunofluorescence stain, magnification x400.)
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Figure 26 IDE and IGF-1 proteins expression in diabetic pancreas among different
IDE genotypes.

Immunofluorescence staining were performed in diabetic pancreatic sections with
rabbit anti-IDE (red) and goat-anti IGF-1 (green) antibodies among TT (panel A), CT
(panel B) and CC (panel C) genotype carriers. (Immunofluorescence stain.

magnification x400.)
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Figure 27 ACE protein expression in diabetic renal tissues among different IDE
genotypes.

Kidney tissue sections were stained with a rabbit anti-ACE antibody (green). ACE
protein was expressed extensively in renal glomeruli (panels A, E, and I), tubules
{panel B, F, and J) and blood vessels (C, D, G, H, K, and L). Panels D, H, and L are
the highlighted areas in the panels C, G and K respectively. The expression of ACE
was numerically higher in C carriers than TT genotypes in renal glomeruli, tubule and
blood vessels. (Immunofluorescence stain. A, B, D-F, H-J and L: magnification x400,

panel C, G and K: magnification x100.)
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3.6.2. Correlation of GLUT 1 polymorphism and renal glomerulopathy
3.6.2.1. Correlation of GLUT1 polymorphism and renal glomerupathy in T2DM
GLUT] genotype exhibited a dose-dependent association with hypertension: 69.2%
(54/79) for AA, 59.4% (38/64) for AT, and 33.3% (6/18) for TT genotypes
(P=0.0073). This dose-dependent association was also evident for glomerular
hypertrophy: 59.1% (13/22) for AA, 40.0% (10/40) for AT and 0.0% (0/5) for TT
genotypes (P=0.0190). The linear trend test showed significant P values. Compared
with the referent AA genotype, the GLUT1 TT genotype was less likely to develop
hypertension (P=0.0046) and renal glomerular hypertrophy (P=0.0407) (Table 36,
recessive model). Logistic regression analysis showed reduced odds ratios of
hypertension in T allele carriers (OR=0.5, 95%CI=0.3-1.0, P=0.0444) and TT
genotype carriers (OR=0.2, 95%CI=0.1-0.7, P=0.0069) after adjustment for age and
sex (Table 37).

128






Renal pathology N=22 N=10 N=5
Glomerular lesion 86.4 (19) 80.0 (8) 80.0 (4)
GGS 63.6 (14) 80.0 (8) 80.0 (4)
NGS 18.2 (4) 40.0 (4) 0.0 (0)
DGS 4.5(1) 20.0 (2) 0.0 (0)
Glomerular
59.1 (13) 40.0 (4) 0.0 (0)t
hypertrophy§
Vascular lesions 100.0 (22) 90.0 (9) 100.0 (5)
Hyaline
81.8 (18) 80.0 (8) 100.0 (5)
arteriolosclerosis
Arteriosclerosis 86.4 (19) 70.0 (7 60.0 (3)
Tubulointerstitial lesions 50.0(11D) 60.0 (6) 80.0 (4)
Tubular lesion 27.3 (6) 50.0 (5) 60.0 (3)
Interstitial fibrosis 45.5(10) 50.0(5) 60.0 (3)
Vascular-tubulointerstitial
100.0 (22) 100.0 (10) 100.0 (5)
lestons
Near normal structure 0.0(M 0.0 (0) 0.0 (0)
Pancreas lesions N=37 N=23 N=0
Vascular lesions 81.1 (30) 87.0 (20) 77.8(7)
Hyaline
arteriolosclerosis 70.3 (26) 87.0 (20) 77.8 (7
Arteriosclerosis 64.9 (24) 56.5(13) 33303)
Interstitial lesions 89.2 (33) 100.0 (23) 88.9(8)
Interstitial fibrosis 62.2 (23) 65.2 (15) 33.3(3)
Interstitial fat
infiltration 81.1 (30) 95.7 (22) 77.8 (D)
Islet amyloidosis 37.8 (14) 304 (7) 11.1(1)
Vascular interstitial
lesions 97.3 (36) 100.0 (23) 100.0 (9)
Near normal structure 2.7(1) 0.0 (0) 0.0 (0)

*P=0.0046 versus AA genotype, compared with pearson’s Chi-square test. **P=0.0055 and
TP=0.0407 versus AA genotype, compared with Fisher’s exact test. CHD: coronary heart
disease; LVH: left ventricular hypertrophy; CAS: coronary arteriosclerosis; CVA:
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cerebrovascular accident; GGS: global glomerulosclerosis; NGS: nodular glomerulosclerosis;
DGS: diffuse glomerulosclerosis.

Data are presented as meantSD, medians (interquartile range) or % (n). Means were compared
using the one-way ANOVA. Dunnett t adjustment was used in post-hoc test for multiple
comparisons. Medians among three groups were compared using Kruskal-Wallis H test.
Medians between two groups were compared using Mann—Whitney U test, a two-tailed
P-value <0.025 was considered significant. Categorical variables among 3 groups were
compared using the Fisher’s exact test. Categorical variables between 2 groups were compared
using the Chi-square test or Fisher’s exact test, as appropriate, a two-tailed P-value <0.025 was
considered significant. §P values for trend<0.0500, linear-by-linear test was used to compare

categorical variables for trend.

Table 37 Associations of GLUT1 polymorphisms with hypertension

Crude OR p Adjusted* OR

(95%CT) (95%CI)
AA genotype 1 1 1 1
AT genotype 0.6 (0.3-1.3) 0.2223 0.6 (0.3-1.3) 0.1824
TT genotype 0.2 (0.1-0.7) 0.0069 0.2 (0.1-0.6) 0.0050
T carrier 0.5 (0.3-1.0) 0.0444 0.5 (0.3-0.9) 0.0329

* Adjusted by age, sex; OR: odds Ratio.

131






Hyaline arteriolosclerosis
Arteriosclerosis
Interstitial lesions
Interstitial fibrosis
Interstitial fat infiltration
Islet amyloidosis
Vascular interstitial lesions

Near normal structure

7.3 (5)
20.3 130
59.4 (38)
23.4 (15)
51.6 (33)
1.6 (1)
67.2 (43)
28.1 (18)

53(2)
13.2 (5)
65.8 (25)
10.5 (4)
60.5 (23)
53(2)
73.7 (28)
15.8 (6)

0.0 (0)
15.4 (2)
61.5(8)
30.8 (4)
53.8(7)
0.0 (0)
61.5 (8)
30.8 (4)

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary

arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis; DGS:

diffuse glomerulosclerosis.

Data are presented as or mean+SD or % (n). Means were compared using the one-way
ANOVA. Dunnett t adjustment was used in post-hoc test for multiple comparisons.
Categorical variables among 3 groups were compared using the Fisher’s exact test.
Categorical variables between 2 groups were compared using the Chi-square test or Fisher’s
exact test, as appropriate, a two-tailed P-value <0025 was considered significant. All P

values for trend>0.0500, lincar-by-linear test was used to compare categorical variables for

trend.
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3.6.2.3. Correlation of GLUTI
characteristics in the entire study population

association of GLUTI

There was no significant

polymorphism with

clinicopathological

polymorphisms with

clinicopathological characteristics in the entire study population (Table 39, recessive

model).

Table 39 Clinicopathological characteristics of GLUT1 rs710218 genotype in the

entire group
AA AT TT
N=143 N=102 N=31
Age (year) 70.5+13.3 69.0+13.6 71.2+15,2
Female 51.7(74) 52.0(53) 58.1(18)
Hypertension 44 .4 (63) 43.1 (44) 25.8 (8)
CHD 43.4 (62) 46.1 (47) 38.7(12)
LVH 36.4 (52) 44.1 (45) 32.3(10)
CAS 34.3 (49) 36.3(37) 355011
Diabetic nephropathy 85.3 (64) 76.2 (48) 72.2(13)
Death due to renal disease 5.6 (8) 2.0(2) 0.0 (0)
Death due to Cardiovascular disease 37.3(53) 30.4 (31) 29.0 (9)
CVA 21.7 (31) 18.6 (19) 9.7(3)
Renal pathology N=86 N=48 N=18
Glomerular lesion 59.3 (51) 62.5 (30} 66.7 (12)
GGS 51.2(44) 58.3(28) 55.6 (10)
NGS 4.7 (4) 8.3 0.0 (0)
DGS 1.2 (1) 42(2) 0.0 (0)
Glomerular hypertrophy 24.4 (21) 18.8 (9) 22.2 (4)
Vascular lesions 72.1 (62) 60.4 (29) 72.2 (13)
Hyaline arteriolosclerosis 30.2 (26) 22.9(11) 389 (7
Arteriosclerosis 67.4 (58) 56.3 (27) 61.1 (11)
Tubulointerstitial lesions 47.7 (41) 50.0 (24) 61.1(11)
Tubular lesion 244 (21) 33.3(16) 44.4 (8)
Interstitial fibrosis 43.0 (37) 43.8 (21) 50.0 (9)
Vascular-tubulointerstitial lesions 77.9 (67) 72.9 (35) 72.2(13)
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Near normal structure
Pancreas lesions
Vascular lesions
Hyaline arteriolosclerosis
Arteriosclerosis
Interstitial lesions
Interstitial fibrosis
Interstitial fat infiltration
Islet amyloidosis
Vascular interstitial lesions

Near normal structure

18.6 (16)
N=101
44.6 (45)
30.7 (31)
36.6 (37)
70.3 (71)
37.6 (38)
62.4 (63)
14.9 (15)
78.2 (79)
18.8 (19)

20.8 (10)
N=61
42.6 (26)
36.1 (22)
29.5(18)
78.7 (48)
31.1 (19)
73.8 (45)
14.8 (9)
83.6 (51)
9.8 (6)

222 (4)
N=22
40.9 (9)
31.8(7)
22.7 (5)
72.7 (16)
31.8(7)
63.6 (14)
45 (1)
773 (17)
18.2 (4)

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary
arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis; NGS:
nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or meantSD or % (n). Means were compared using the one-way
ANOVA. Dunnett t adjustment was used in post-hoc test for multiple comparisons.
Categorical variables among 3 groups were compared using the Fisher’s exact test.
Categorical variables between 2 groups were compared using the Chi-square test or Fisher’s
exact test, as appropriate, a two-tailed P-value <0.025 was considered significant. All P

values for trend>0.0500, linear-by-linear test was used to compare categorical variables for

trend.
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3.7. Gene interaction of ApoE and GLUT?1 with renal glomerular hypertrophy
3.7.1. Gene interaction of ApoE and GLUT1 with renal glomerular hypertrophy
in T2DM

Based on our study in GLUT1 and ApoE, ApoE £2/ApoE €4 genotypes and GLUTI
AA/AT genotypes were the risk-conferring genotypes for renal glomerulopathy.
Hence, I scored 1 for each risk genotype and scored 0 for non-risk genotype carriers
to study the additive effects of ApoE and GLUT] risk variants. The cases that had
ApoE and GLUT]1 data were stratified into three groups based on their score from 0 to
2 (Table 40).

Table 40 showed a significantly increased and dose-dependent risk association with
renal glomerular hypertrophy across these risk groups. Other clinicopathological

characteristics were not significantly different among risk groups (Table 40).
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Table 40 Additive effects of ApoE and GLUT!] risk conferring genotypes on renal

and pancreatic pathological changes in T2DM

Score=0 Score=1 Score=2

N=11 N=97 N=40
Age (year) 71.4+12.1 71.9£10.6 70.5+9.8
Female 63.6 (7) 53.6 (52) 52.521)

N=4 N=24 N=11
BMi (kg/m?) 24.625.7 22.0+2.9 23.643.2

N=7 N=83 N=32
Fasting plasma glucose (mmol/L) 8.7+3.8 11.445.3 12.5+6.6

N=7 N=84 N=33
Systolic blood pressure (mmHg) 126.9+29.7 151.1+38.5 148.2442.6
Diastolic blood pressure (mmHg) 66.6+10.5 81.4+21.3 80.8+22.3

N=6 N=78 N=30
Plasma creatinine (umol/L) 186.0 156.5 112.0

(86.5-270.8)  (114.5-248.3)  (78.0-155.3)
Plasma urea (mmoV/.)
13.7 (5.4-25.6) 9.2 (5.8-14.8)
(7.4-18.9)
GFR (mV/min/1.73m?%) 24.4 31.1
41.3 (28.1-67.9)
(15.4-59.1) (15.8-46.5)

N=11 N=96 N=40
Hypertension 36.4 (4) 66.7 (64) 62.5 (25)

N=11 N=97 N=40
CHD 72.7 (8) 73.2(71) 67.5(127)
LVH 72.7 (8) 64.9 (63) 67.5(27)
CAS 63.6 (7) 54.6 (53) 55.0(22)
CVA 0.0 (@) 27.827) 225 (9)

N=11 N=94 N=38
Diabetic nephropathy 63.6 (7) 79.8 (75) 78.9 (30)

N=11 N=06 N=40
Death due fo renal disease 0.0 (0) 5.2(5 5.0(2)
Death due to Cardiovascular disease 54.5 (6) 55.2 (53) 40.0 (16)
Renal pathology N=5 N=18 N=14
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compared using the Chi-square test or Fisher’s exact test, as appropriate, a two-tailed
P-value <0.025 was considered significant. §P values for trend<0.0500, linear-by-linecar test

was used to compare categorical variables for trend.
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3.7.2. Gene interaction of ApoE and GLUT1 with renal glomerular hypertrophy
in control cases

In the control group, ApoE and GLUT] risk-conferring genotypes had additive

effects on pancreatic vascular interstitial changes. Other clinicopathological

parameters were not significantly different among the risk groups (Table 41).

Table 41 Additive effects of ApoE and GLUTI risk-conferring genotypes on renal

and pancreatic pathological changes in control cases

Score=0 Score=1 Score=2
N=9% N=63 N=9

Age (year) 61.3£17.8 68.7+16.7 66.2£19.7
Female 33.3(3) 49.2 (31) 55.6 (5)
Hypertension 22.2(2) 15.9(10) 11.1 (1)
CHD 0.0 (0) 7.9 (5) 0.0 (0)
LVH 0.0 (0) 6.3 (4) 0.0 (0)
CAS 0.0(0) 7.9(5) 11.1(1)
Death due to renal disease 0.0 (0) 1.6 (1) 0.0 (0
Death due to Cardiovascular disease 0.0 (0) 14.3 (9) 11.1 (1)
CVA 1.1 (1) 12.7 (8) 1.1 (1)

Renal pathology
Glomerular lesion 55.6 (%) 55.6 (35) 33303)
GGS 33.3(3) 50.8 (32) 22.2(2)
DGS 0 (0} 0 (0) 0 (0)

Glomerular hypertrophy 33.3(3) 12.7 (8) 22,2 (2)
Vascular lesions 44.4 (4) 61.9 (39) 55.6 (5)
Hyaline arteriolosclerosis 1.1 (Y 11.1 (7) 11.1(1)
Arteriosclerosis 44.4 (4) 61.9 (39) 55.6 (5)
Tubulointerstitial lesions 33.3(3) 47.6 (30) 444 (4)
Tubular lesion 22.2(2) 28.6 (18) 44,4 (4)
Interstitial fibrosis 22.2(2) 41.3 (26) 33.303)
Vascular-tubulointerstitial Iesions 44.4 (4) 68.3 (43) 66.7 (6)
Near normal structure 44.4 (4) 27.0(17) 33.3(3)

Pancreas lesions
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Vascular lesions 1.1 (1) 222 (14) 222 (2)

Hyaline arteriolosclerosis 0.0(0) 7.9 (5) 11.1 (1)
Arteriosclerosis 11.1 (1) 20.6 (13) 11.1 (1)

Interstitial lesions 444 (4) 60.3 (38) 77.8 (1)
Interstitial fibrosis 22.2 (2) 17.5 (11) 11.1 (1)

Interstitial fat infiltration 44.4(4) 524 (33) 66.7 (6)

Islet amyloidosis 0.0 (0) 3.2(2) 0.0 (0)
Vascular interstitial lesions§ 44.4 (4) 69.8 (44) 88.9 (8)
Near normal structure 4444 23.8(15) 1.1 (D

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary
arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis; NGS:
nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis.

Data are presented as or meanSD or % (n). Means were compared using the one-way
ANOVA. Dunnett { adjustment was used in post-hoc test for multiple comparisons.
Categorical variables among 3 groups were compared using the Fisher’s exact test.
Categorical variables between 2 groups were compared using the Chi-square test or Fisher’s
exact test, as appropriate, a two-tailed P-value <0.025 was considered significant. §P values

for trend<0.0500, linear-by-linear test was used to compare categorical variables for trend.
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3.7.3. Gene interaction of ApoE and GLUT1 with renal glomerular hypertrophy
in the entire study population

In the entire study population, the frequency of glomerular hypertrophy and hyaline
arteriolosclerosis was higher in the group with score 2 than the group with score ¢
with significant trend across the risk groups. The dose effects across risk groups were
also found for pancreatic arteriosclerosis, islet amyloidosis and vacular interstitial
changes (Table 42). After adjusting for confounding factors, pancreatic vascular
interstitial changes were significantly higher in the score 2 group (P=0.0259, OR=14.8,
95%CI=1.4-158.7) than score 0 group (table 43).
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Table 42 Additive effects of ApoE and GLUT!] risk-conferring genotypes on renal

and pancreatic pathological changes in the entire study population

Score=0 Score=1 Score=2
N=20 N=160 N=49
Age (year) 66.9+15.4 70.7£13.4 69.7+12.0
Female 50.5 (10) 51.9 (83) 53.1 (26)
N=20 N=159 N=49
Hypertension 30.0 (6) 46,5 (74) 53.1(26)
N=20 N=160 N=49
CHD 40.0 (8) 47.5 (76) 55127
LVH 40.0 (8) 419 (67) 55.1 (27)
CAS 350(7) 36.3 (58) 46.9 (23)
CVA 5.0(1) 21.9 (35) 20.4 (10)
N=11 N=%4 N=38
Diabetic nephropathy 63.6(7) 79.8 (75) 78.9 (30)
N=20 N=159 N=49
Death due to renal disease 0.0 () 3.8 (6) 4,1 (2)
Death due to Cardiovascular disease 30.0 (6) 39.0(62) 347 (17
Renal pathology N=14 N=81 N=23
Glomerular lesion 64.3 (9) 61.7 (50) 65.2 (15)
GGS 50.0(7) 54.3 (44) 52.2(12)
NGS 0.0 (0 6.2 (5) 13.0(3)
DGS 0.0 (0) 1.2 (1) 8.7(2)
Glomerular hypertrophy§ 21.4 (3) 18.5 (15) 522 (12
Vascular lesions 64.3 (9) 70.4 (57) 78.3 (18)
Hyaline arteriolosclerosis 42.9 (6) 25.9(21) 56.5 (13)**
Arteriosclerosis 500(7) 66.7 (54) 69.6 (16)
Tubulointerstitial lesions 50.0(7) 48.1 (39) 52.2(12)
Tubular lesion 35.7(5) 28.4 (23) 43.5(10)
Interstitial fibrosis 35.7(5) 40.7 (33) 47.8(11)
Vascular-tubulointerstitial lesions 64.3 (9) 75.3 (61) 87.0 (20)
Near normal structure 28.6 (4) 21.0(17) 13.0(3)
Pancreas lesions N=14 N=97 N=28
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Vascular lesions
Hyaline arteriolosclerosis
Arteriosclerosis§
Interstitial lesions
Interstitial fibrosis
Interstitial fat infiltration
Islet amyloidosis§
Vascular interstitial lesions§

Near normal structure§

35.7(5)
28.6 (4)
14.3 (2)
57.1(8)
214 (3)
57.1 (8)
0.0 (0)
64.3 (9)
28.6 (4)

44.3 (43)
32.0 31)
33.0 (32)
73.2 (71)
36.1 (35)
66.0 (64)
13.4 (13)
79.4 (77)
16.5 (16)

60.7 (17)
53.6 (15)
50.0 (14)
82.1 (23)
50.0 (14)
75.0 (21)

25.0 (7)

96.4 (27)t

3.6 (1)

CHD: coronary heart disease; LVH: left ventricular hypertrophy; CAS: coronary

arteriosclerosis; CVA: cerebrovascular accident; GGS: global glomerulosclerosis; NGS:
nodular glomerulosclerosis; DGS: diffuse glomerulosclerosis. *P=0.0012, **P=0.0058 vs

score=1 group, tP=0.0113 vs. score=0 group, compared using Fisher’s exact test..

Data are presented as or meantSD or % (n). Means were compared using the one-way

ANOVA. Dunnett t adjustment was used in post-hoc test for multiple comparisons.

Categorical variables among 3 groups were compared using the Fisher’s exact test.

Categorical variables between 2 groups were compared using the Chi-square test or Fisher’s

exact test, as appropriate, a two-tailed P-value <0.025 was considered significant. §P values

for trend<0.0500, linear-by-linear test was used to compare categorical variables for trend.
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CHAPTER 4 DISCUSSION
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4. Discussion
4.1. Association of ApoE polymorphism with diabetic glomerulopathy

The kidney is an integrated organ comprising glomeruli, tubules, arteries and blood
vessels. Based on pathological changes, Gambara et al suggested three distinct
patterns of renal damages in T2DM. Class 1 is characterized by predominant
glomerulopathy including glomerulosclerosis, glomerular hypertrophy, and arteriolar
hyalinosis. The glomerulosclerosis in class 1 is more likely to be accompanied by
arteriolar hyalinosis. Class 2 has mild glomerulosclerosis and arteriolar hyalinosis
with ischemic glomerular lesions and arteriosclerosis as predominant feathers. Class 3
refers to glomerular disease superimposed on diabetic glomerulosclerosis. From a
clinical perspective, there might not be marked differences in age, disease duration,
renal function, urinary protein excretion and mean arterial pressure amongst these
three forms of renal disease by pathological classification [38]. Indeed, other studies
have shown that T2DM patients with microalbuminuria exhihited marked
heterogeneity in terms of glomerular, vascular and tubulointerstitial damage [257].

In this autopsy study, using histopathological diagnostic criteria, we observed that
over 80% of T2DM cases had glomerular changes compared to 40% in the control
cases. Vascular changes were also higher in T2DM than control cases.
Glomerulopathy such as nodular glomerulosclerosis and arteriolar hyalinosis mainly
occurred in T2DM but not in control cases. ApoE &2 carries were more likely to have
glomerulopathy in T2DM whereas ApoE €4 carriers had renal tubular changes in

control cases.

4.1.1. Effect of ApoE isoforms on lipid metabolism

As a lipoprotein, Apo E is a lipid transporter and plays a key role in the synthesis,
circulation and clearance of various lipid particles through binding to specific
receptors [258]. The presence of the ApoE e2 allele results in a change from Arg to
Cys in residue 158 to form Apo E €2 isoform. The binding affinity of ApoE €2 to the
LDL receptor is 50-100 times weaker than that of &3 or £4 [259]. It is also less
competent than €3 and e4 in binding heparin which promotes remnant lipoprotein
metabolism in the liver. Compared to ApoE €4, ApoE £3 and €2 isoforms show greater
affinity for binding to the smaller, more phospholipid-enriched HDL. Alteration in
residue 112 of the ApoE &4 isoform enhances its binding affinitiy to the larger,
TG-enriched VLDL [174)]. Due to these different binding affinities, Apo €2 carriers
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tend to have increased TG and remnant-like lipoprotein particles. In contrast, ApoE &4
carriers have rapid clearance of TG and remnant particles with increased formation of
EDL-C resulting in low TG but high LDL-C [232].

4.1.2. Effects of ApoE isoforms beyond lipid metabolism

These conformational changes due to alteration of amino acid also influence
protein-protein interactions of these lipoproteins [260]. ApoE €2 isoform has reduced
ability to bind to heparin and is less capable than €3 isoform in its ability to induce
matrix heparin sulfate proteoglycan (HSPG), which can inhibit glomerular mesangial
cell proliferation [261]. On the other hand, ApoE &4 isoform can cause RAAS
activation [187], endothelial dysfunction, macrophage infiltration [262], oxidative
stress [263], and compromise nerve repair after damage [191]. ApoE also regulates
immunological reaction [264] and promotes cell regeneration after tissue injuries
[191]. In keeping with these pluripotent effects, ApoE &4 is a known risk allele for
atherosclerosis [265], cerebrovascular disease [266], and AD [267].

In the kidney, increased T'G-rich lipoproteins levels in association with ApoE £2
may enhance glycosylated or oxidized LDL accumulation in mesangial cells [232]
and macrophages [235]. The latter can stimulate secretion of cytokines such as
interleukin-6, platelet-derived growth factor (PDGF), intercellular adhesion
molecule-1 (ICAM-1), transforming growth factor- (TGF-B), monocyte
colony-stimulating factor and matrix metalloproteinase-3 [120, 268-270]. These
cytokines can lead to increased production of extracellular matrix proteins with
mesangial expansion. Increased recruitment of macrophages may cause further
oxidization of LDL particles to set up a vicious circle culminating in renal damage
[120].

4.1.3. Clinical versus histopathological studies

Several studies have reported the predictive role of genetic variations of ApoE on
progression of chronic kidney disease independent of diabetes, race, lipid and
non-lipid risk factors [231, 232]. The ApoE €2 genotype has been associated with
early onset and progression of renal disease in T2DM [232, 271]. Other workers have
reported higher frequency of ApoE €2 allele in patients with diabetic nephropathy
compared to those without nephropathy and in normal subjects [272]. ApoE €2
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carriers were also more likely to have macroalbuminuria [233], overt nephropathy
[232], and renal failure [234]. In contrast, the frequency of ApoE &4 allele is lower in
the nephropathy group than control [273]. Other researchers have reported association
of ApoE £4 carrier status with normoalbuminuria [232], attenuated rate of progression
of chronic kidney disease [237], and low morbidity of glomerulonephritis [274].
Although most studies reported increased risk of renal disease with ApoE €2 variant
and reduced risk with €4 genotype [231, 237], accelerated rate of decline in renal
disease has also been reported in ApoE &4 carriers {229, 230].

The discrepancies in genetic association studies are often due to differences in
patient selection, definitions and methodologies. In positive association study of ApoE
€2 with diabetic nephropathy, most of the cases may have predominant pathological
changes of diabetic glomerulopathy (class 1). In contrast, studies showing positive
association of ApoE €4 and diabetic nephropathy may have recruited subjects with
predominant vascular changes (class 2). In this autopsy study, we found increased
severity of glomerulopathy in Apo E €2 allele carriers. This association was
accompanied by increased ApoE protein expression in the mesangial areas and
nodular lesions. In addition, we showed association of ApoE e4 allele with glomerular
hypertrophy accompanied by ApoE expression predominantly in the vascular
structure.

These genetic-pathological correlations confirmed the heterogeneity of renal
changes in T2DM with vascular, glomerular, tubular and interstitial components. We
further confirmed the association of ApoE €2 with glomerulopathy. Glomerular
hypertrophy was accompanied by ApoE protein expression in the glomerular
compartment. Taken together, these findings strongly suggest that Apo E is an
important target for risk prediction and possibly intervention in diabetic nephropathy.

4.2. Association of ApoE polymorphism with islet amyloidosis

There are close associations between T2DM, pancreatic amyloidosis and AD, the
latter characterised by formation of AP fibrils [275]. Amylin and Ap monomers share
similar features and can form oligomers which aggregate to form insoluble fibrils in
AD and in T2DM respectively [276, 277]. During the process of amyloidogenesis,
non-fibril chaperone components such as Apo E and amyloid P proteins are involved

in fibril transport, aggregation and clearance [278-280]. In this study, we postulated
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that genetic variants of ApoE might be associated with pancreatic amyloidosis. We
found association of ApoE €4 genotypes with pancreatic amyloidosis accompanied by
arteriosclerosis, arteriolar hyalinosis and fibrosis.

Compared to the major form of ApoE coded by €3 allele, the change from Cys to
Arg in the 112" residue of the 4 isoform can lead to increased exposure of arginine at
position 61 which interacts with glutamic acid at position 255 in its carboxyl-terminal
[174]. These conformational changes enhance formation and reduce clearance of
amyloid fibril [174). In in vitro study, ApoE &4 isoforms bind strongly to amylin
peptide and promote aggregation in high concentration [281]. In AD, ApoE &4
genotypes were associated with increased AP amyloid load, early onset and increased
severity of disecase [282]. In support of this notion, we found increased islet
amyloidosis in T2DM cases with ApoE &4 allele.

In AD, amyloid P initiates the aggregation and stabilization of Af fibrils and
prevents them from proteolysis in brain [280]. In our autopsy cases, we found
co-existing immunoreactivity of amyloid P and ApoE in both arteriosclerosis and islet
amyloidosis {283]. Since amyloid P and ApoE can bind to all types of amyloid fibrils
and extracellular matrix molecules [278-280], our findings suggest that these proteins
may be common constituents of arteriosclerotic lesions and amyloid deposits in
T2DM and AD with shared pathogenetic mechanism.

Besides, we observed structural damages of diabetic islets affected by amyloid
deposits (Figures 9-11). In agreement with previous reports [27, 165], there were
pronounced interstitial fibrosis and extensive arteriosclerotic changes of muscular
arteries and small arterioles coexisting with islet amyloidosis. In this regard, ApoE &4
is a known risk factor for arteriosclerosis [284], cerebrovascular disease and AD [186,
282]. In experimental studies, ApoE €4 isoform can activate the RAAS and inhibit
smooth muscle cell proliferation through its binding with heparan sulphate
proteoglycans [187, 188]. In the nervous system, ApoE plays an important role in
neuronal repair. While ApoE €3 stimulates polymerization of B-tubulin and stabilizes
the formation of microtubules in vivo, ApoE €4 isoform destabilizes microtubules
assembly which may enhance hyperphosphorylation of tau protein and impaired
neurite outgrowth [174]. Against this background, isolated normal human islets with
disrupted blood supply and innervation demonstrate diffuse amyloidosis during islet

culture and islet transplantation [285]. Based on these observations, we postulate that
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the ApoE £4 polymorphism may influence the islet microenvironment by causing
vasculopathy, reducing neuronal repair and altering interstitial extracellular matrix
conditions.

In conclusion, we demonstrated for the first time that arteriosclerotic lesions in
T2DM contained the same chaperone molecules of amyloid deposits. We also
demonstrated for the first time the increased frequency of islet amyloid deposition in
diabetic pancreas of ApoE €4 carriers. These genetic-pathologic correlation studies
strongly support the role of chaperone proteins in amyloidosis and arteriosclerosis and
that misfolding of these proteins may serve as a common pathway for the frequent

coexistence of arteriosclerosis, T2DM, and neurodegenerative disease.

4.3. Association of IDE polymorphism with diabetic vascular disorders

In a separate thesis, my colleague, Mr. Vincent Lam, used a tagged SNP approach
to examine the risk associations of T2DM and genetic polymorphisms of candidate
genes implicated in amyloid formation and clearance in multiple case-control cohorts.
Based on a series of replication studies in Chinese, Koreans and Japanese (personal
communication, Vincent L.am), he confirmed the risk association of T2DM with the C
minor allele of rs6583813. In this part of my thesis, I collaborated with Mr. Vincent
Lam and confirmed for the first time using these autopsy cases that the C allele
carriers were more likely to have cardiovascular events as the cause of death than T
allele cases.

IDE is a zinc metalloendopeptidase with high degree of evolutionary conservation
[286, 287]. It is ubiquitously expressed with regulated activity in different conditions.
The enzyme has a wide range of intracellular and extracellular substrates including
insulin, amylin, AP, insulin-like growth factor I and II [178]. Although the amino acid
sequences of these substrates are different, they often share a common
three-dimensional comformation similar to amyloid fibril [184). These characteristics
of multi-substrate affinity, evolutionary conservation, and extensive expression
suggested important functions of IDE with pluripotent biological significance.

To date, most of the knowledge about IDE came from studies in AD. IDE is
expressed predominantly in brain and found in amyloid plaques and endothelial ceils
[288]. Under physiological conditions, IDE is secreted by microglial cell to degrade
AP peptide {185]. Compared to control subjects, patients with AD had reduced IDE
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protein expression in hippocampaus with attenuated degrading activity of IDE. In the
same vein, the protein level of AP increased in IDE knock-out mice while in Amyloid
precursor protein (APP) and IDE double transgenic model, AP level decreased and
formation of plaque was prevented [178].

Apart from the brain, IDE was also expressed in vascular pericytes, endothelial
cells and cerebrovascular smooth muscle cells in AD [288, 289]. Cases with severe
cerebral amyloid angiopathy {CAA) had elevated IDE levels but reduced IDE
degrading activity [289], suggesting posible association of IDE with vascular disease.
Since AD and T2DM share similar features of amyloidosis with loss of parenchymal
cell, I asked the question whether IDE genetic polymorphism might be implicated in
pancreatic amyloidosis. Although I was not able to confirm this hypothesis which
might be due to small sample size (Power=0.2159), amongst the T2DM cases, the C
allele carrier state had two-fold higher risk of having CVD as a cause of death than T
allele carrier. Interestingly, despite the small sample size of the control study
population, while none of the control with TT/CT genotype had amyloid deposit, 1 in
10 of the CC genotype carriers had amyloid deposit with a p value of 0.02. However
these observations might be chance findings which need independent replication in
larger sample size.

The IDE gene is a strong positional and biological candidate for T2DM
susceptibility, The gene coding for IDE is located in 10q with evident linkage to
T2DM in several populations. In animal study, the rat homolog of IDE is directly
implicated in T2DM susceptibility. In a T2DM model, the Goto-Kakizaki (GK) rat,
IDE gene mutation can lead to decreased insulin degradation and diabetic phenotypes
[290]. The biological function of IDE also supports its important role in glucose
metabolism [291]. As a neutral thiol metalloprotease, the major function of IDE is
degradation. Among its various substrates, the Km value of IDE for insulin is the
lowest (only about 0.1pmol) compared to others, suggesting that IDE is specific to
insulin [292]. Culture cells with overexpressed IDE showed increased rate of cellular
insulin clearance [293]. Microinjection of anti-IDE antibody into hepatoma cells
resulted in inhibition of insulin degradation [294]. The GK rats with diabetic
phenotypes had two missense mutations in IDE gene, accompanied by reduced insulin
degradation, postprandial hyperglycemia and hyperinsulinemia [295]. In this regard,

insulin resistance and hyperinsulinemia have been shown to be risk factors for

152



coronary heart disease in both diabetic and non-diabetic subjects. In healthy
individuals with normal glucose tolerance, hyperinsulinemia is often considered as the
linking factor for CVD risk factors including high total and LDL-cholesterol levels,
low HDL-cholesterol levels, and high blood pressure [296]. In the Atherosclerosis
Risk In Communities (ARIC) Study, the risk ratio for ischemic stroke was increased
by 1.19 for every 50pmol/L increase in basal insulin level [297]. Given the pluripotent
effects of insulin on vascular growth, intermediary metabolism and blood pressure
regulation, genetic variants of IDE may contribute to increased risk for vascular
disease through reduced insulin clearance. In support of this notion and in keeping
with my hypothesis, I found increased frequency of vascular complications in IDE C
carriers in this autopsy study.

Like insulin, amylin is a substrate of IDE with high affinity. In cultured RIN-m5F
insulinoma cells, treatment with IDE inhibitor, bacitracin, resulted in amylin
degradation by 78%. In addition, bacitracin also increased amyloid formation and
amylin-induced cytotoxicity [298]. Of note, other substrates such as insulin, glucagon
and atrial natriuretic peptide, may competitively inhibit amylin degradation [180].
Since amylin and insulin are co-secreted from islet beta-cells and given the higher
affinity of IDE for insulin, it is conceivable that there may be reduced degradation of
amylin resulting in hyperamylinemia as reported in diabetic and prediabetic subjects.

Of note, high amylin levels have also been reported in hypertensive subjects [299].
In experimental studies, amylin activates renin at physiological doses [300] with
modest pressor effect [32). The correlation of amylin and blood pressure may be
mediated by the high-affinity amylin binding site on the proximal tubules in renal
cortex and RAAS activation [301]. On the other hand, amylin can have dilating effect
on rat aortic rings by inhibiting the cholecystokinin octapeptide (CCK-8) induced
contractile response on smooth muscle cells. These vasodilating effects are also found
in the pulmonary circulation of rat [300]. These multiple vascular effects of amylin
(and insulin) suggest that the IDE-induced hyperamylinemia, often accompanied by
RAS activation within a context of hyperinsulinemia may increase the risk of
hypertension, CVD and related deaths in T2DM. In this regard, C carriers in control
cases also showed higher percentage of renal vascular damages. Similar findings were
not found in diabetic cases which might be due to the confounding effects of the large
number of risk factors in these cases,

The other high affinity substrate of IDE is IGF-1 which has been shown to be a
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cardiac hormone. IGF-1 promotes cardiac growth and improves cardiac contractility,
stroke volume and ejection fraction. After myocardial infarction, IGF-1 plays a key
role in restoring cardiac function and tissue remodeling. Thus, alteration of IGF-1
levels or its activity may impair cardiac growth and function [302]. On the other hand,
the other IDE substrate, glucagon, is a crucial hormone in regulation of glucose
metabolism, has low affinity to IDE and may be less affected by these genetic
variations [287].

In this study, immunostaining shows higher insulin expression and lower amylin
expression in the pancreatic islets of C carriers than TT genotype carriers, albeit short
of significance. In addition, ACE expression level in glomeruli and blood vessels was
two-fold higher in C carriers than the TT carriers, although the difference in ACE
expression was not statistically significant in T2DM (P=0.0744 in renal glomeruli,
P=0.1329 in blood vessel). While these cross-sectional findings suggesting RAS
activation in IDE C carriers may be epiphenomena, the differences in expression of
amylin, insulin and vasoactive hormones which share the same degradation pathway
of IDE between the different allele carriers support the importance of IDE as a
candidate gene for T2DM and cardio-renal complications. Functional studies are

needed to ascertain the significance of these observations.

4.4. Association of GLUT1 polymorphism with diabetic glomerulopathy

GLUT1 was the first glucose transporter found to have high expression in
endothelial cells of glomerular filtration barrier and was considered as a candidate
gene of diabetic nephropathy. Several studies have reported association of
nephropathy with a polymorphism at position of +2299%bp in GLUT!1 intron 2 in both
T1DM and T2DM [303, 304], although these results are not always replicable in other
populations [305]. In T1DM, another polymorphism at the promoter region of GLUT1
{(rs710218) was associated with diabetic nephropathy [306]. In this autopsy study,
aside from glomerulopathy, we observed association of hypertension and diabetic
glomerulopathy with this genetic variant in T2DM cases.

All glucose transporters facilitate glucose transport across plasma membrane into
mammalian cells in a gradient-mediated manner [218]. Among the 12 glucose
transporters, GLUT1 is the most predominant one and widely expressed in many
tissues, Evolutionally, GLUT1 is highly conserved among species [307]. In T1DM,
several genetic polymorphisms of GLUTI1 including Xbal (rs841853), Enh2SNPI
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(rs841847), and GLUT1 A-2841T (rs710218) were found to be associated with
diabetic nephropathy [308].

In this study, the minor T allele of polymorphism of GLUTI rs710218 was
associated with decreased frequency of renal glomerular hypertrophy, suggesting a
protective effect. Given its location in the promoter, it is plausible that T aliele may be
associated with reduced GLUT1 expression and reduced glucose uptake in insulin
sensitive tissues. Other studies have shown that increased expression of GLUT1 may
alter the structure and function of mesangial cells, which are crucial for maintenance
of capillary structure and regulation of glomerular filtration. These include
hypertrophy and proliferation of mesangial cells, expansion of mesangial matrix, and
increased thickness of basement membrane [219]. In addition, enhanced expression of
GLUT1 also damages podocytes that are indispensable in the filtration barrier and
glomerular filtration function. The increased intracellular glucose induced by high
expression of GLUT]1 in podocytes may be responsible for the increased extracellular
matrix and podocyte dysfunction and apoptosis [218]. Furthermore, it is plausible that
endothelial cell may be impaired by high intracellular glucose through release of
profibrogenic cytokines from glomerular endothelial cells [218]. Taken together,
decreased GLUT1 expression in T carriers might reduce glucose uptake in glomerular
cells and protects against glucotoxicity in T2DM.

In agreement with other reports [309], we observed a negative risk association of
GLUT1 T allele with hypertension. The mechanisms underlying the association
between GLUT1 and hypertension are largely unknown. Transgenic mice,
overexpressing of GLUT]I in skeletal muscle cells showed 4-fold increase in basal
glucose uptake whereas the insulin-induced glucose uptake was absent [310] or
reduced markedly [311]. These findings imply that GLUT! overexpression may lead
to insulin resistance, the latter has been linked to hypertension in both epidemiological
and experimental studies [143, 144, 312]. Taken together, these findings suggest that
GLUT1 genetic polymorphisms may be implicated in insulin resistance and
hypertension which can interact with other risk factors to influence risk of renal

complications especially in diabetic subjects.

4.5. Additive effect of ApoE and GLUT]1 on diabetic glomerulopathy
Clinically, T2DM is characterized by hyperglycemia and dyslipidemia, which may
lead to long-term complications, such as diabetic nephropathy and CVD [105]. In this
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study, univariate analysis demonstrated that both ApoE €2 carriers and GLUT1 A
carriers had increased risk of diabetic glomerulopathy. Interestingly, these two
risk-conferring genotypes showed additive effects as indicated by the linear
relationship between risk of diabetic glomeruolpathy and risk scores. These findings
are in accord with the known effects of glucotoxicity and lipotoxicity on pathogenesis
of diabetic kidney disease.

Hyperglycemia can causes glycation and subsequent development of toxic
advanced glycation end products (AGE) including glycated apolipoproteins which are
more likely to be oxidized. In support of this notion, oxidized LDL has been found in
the lesions of glomerulonephritis. These paticles can cause damage to masangial cells
[232], podocytes [313] and endothelial cells, suggesting a direct pathogenic role of
oxidized LDL in glomerular injury [314]. In addition, oxidized LDL accumulated in
macrophages can stimulate secretion of cytokines such as interleukin-6, PDGF,
[CAM-1, and TGF-8 [120, 235, 268-270]. Besides, glycation of lipoproteins can alter
protein structure with reduced uptake through the LDL receptor. These multiple
changes can worsen hyperglycemia [314] and contribute to the additive effects of
glucotoxicity and lipotoxicity on glomerulopathy.

Consistent with the finding in diabetic glomerupathy, risk-conferring variants of
ApoE and GLUT1 showed dose effect on glomerulopathy in the entire study
population including nondiabetic control cases. Higher risk score was associated with
higher percentage of vascular lesions in pancreas compared to the referent group (risk
score=0). These novel results provide the first set of human data to support the

additive effect of glucotoxicity and lipotoxicity on renal structure,

4.6. Value of autopsy study

Autopsy is an important process to ensure quality of medical care and clarify causes
of death, especially in atypical situations [315]. In the field of cardiology, neurology
and endocrinology, autopsy is almost the only means to obtain human samples for
detailed investigations. In other medical disciplines where biopsy samples can be
taken, autopsy samples are still useful. For example, kidney biopsies are only
performed in patients with atypical clinical and biochemical phenotypes. In the case
of diabetes, patients undergo renal biopsy for atypical clinical presentation, e.g.
presence of haematuria and/or absence of retinopathy. Therefore, selection bias of

renal biopsy in T2DM is unavoidable. Conversely, consecutive autopsy study
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population may minimize this type of bias. In addition, biopsy only provides partial
information while autopsy provides more comprehensive data on pathological
changes in multiple organs. Unfortunately, due to the decline of antopsy rate in most
institutions [316, 317], autopsy materials becomes an increasingly scarce resources

for clinical care and research.

4.7, Limitation of this study

Autopsy is the only source to provide sufficient human pancreatic tissues for
examination. While these specimens provide wuseful information on
genetic-pathological correlations, the retrospective nature of the study has inherent
limitations. Not all deaths were autopsied in our hospital and not all autopsy cases had
well-preserved pancreas and renal tissues. We sought to minimize this bias by using
consecutive autopsies. Due to a generally decreasing autopsy rate, we only recruited
328 T2DM cases and 209 non-diabetic controls in this study with limited power and
possible type 2 error. Furthermore, not all clinical data were available in the selected
cases which further reduced the robustness of the study to detect genotype-phenotype
correlations. Despite these limitations, my study using autopsy specimens have
provided new insights regarding the importance of 3 genes governing the
lipid/glucose pathways and their potential impacts on pancreatic, vascular and renal
structure and function. In support of the value of pathological studies, these positive
findings despite the relatively small sample size, may be due to the more accurate
classification based on pathological changes than clinical definitions, as in the case of
diabetic nephropathy.

In this study, the diagnosis of T2DM was based on the clinical diagnosis of
“T2DM” or “non-insulin dependent diabetes mellitus (NIDDM)” provided in the
autopsy reports. Since many diabetic subjects are not clinically diagnosed, this
selection criterion might lead to misclassification. For example, we found four control
cases which had islet amyloidosis but not diagnosed to have T2DM (table 14).
However, examination of clinical parameters as well as renal and pancreatic sections
did not identify other biochemical or pathological changes diagnostic of diabetes. In
some non-diabetic control subjects, there were diabetes-associated renal pathological
changes, such as hyaline arteriolosclerosis and arteriosclerosis (table 13). Due to the
average age of the control cases which was 69 years, it was difficult to find ‘healthy’

controls in this elderly population. For example, 13.4% control cases had
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stability of fibrillar structure [280]. In addition, heparin sulfate proteoglycans (HSPG)
might contribute to amyloidogenesis by inducing conformational change which
facilitates assembly of major proteins into fibrils [173]. Thus, serum amyloid P and
HSPG are other candidate genes which may increase the susceptibility to islet
amyloidosis in T2DM. Based on the pathological correlation between islet
amyloidosis and arteriosclerosis, future studies should focus on the possible effects of
blood vessel impairment in the pathogenesis of diabetic islet amyloidosis.

In future genetic studies of diabetic glomerulopathy, a tagged SNP approach may
allow further haplotype analysis to ascertain risk associations with GLUTI1 alleles.
Finally, given the muitiple substrates of IDE which include amylin-insulin pathway
and vasoactive hormones which are implicated in arteriosclerosis and
glomerulosclerosis, there may be cross talk between IDE and some of these candidate

genes implicated in pancreatic amyloidosis and diabetic glomerulopathy.
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APPENDICES
Appendix I Pathological assessment
1. Tissue precessing
Reagents:
1) Ethanol 70%-100%
2) Xylene
3) Paraffin wax
Procedure:
1) Anhydrate tissue in gradient ethanol (75% one hour, 85% one hour, 95% one hour
x 2 times, 100% 30 minutes x 2 times).
2) Lucidify in xylene, 15 minutes x 2 times.
3) Immerse in wax one hour x 2 times.

4) Embed tissue into wax.

2. Hematoxylin and Eosin (H&E) staining
Regents:
1) Xyline
2) Ethanol
3) Acid ethanol: Iml SN HCI + 400 ml 70% ethanol
4) Bluing Agent: Sodium bicarbonate 1 gm + distilled water 1 litre
5) Hematoxylin (DAKO, 83309, CA, USA)
6) Eosin: Eosin Y (alcoholic C.I. 45380) 0.5 g + Ethanol 96% 100 ml + Glacial
Acetic Acid - 2 drops
7} Histomount (VWR, Inc. Poole, BH!5 I'TD, England)
Procedure:
1) Place slides containing paraffin sections in a slide holder (metal)
2) Deparaffinize and rehydrate sections:
Xylene (blot excess xylene before going into ethanol) 3 minutes X 3 times
100% ethanol 3 minutes x 2 times
95% ethanol 3 minutes x 1 time
80% ethanol 3 minutes x 1 time
deionized H20 3 minutes x 3 times
3) While sections are in water, skim surface of hematoxalin with a Kimwipe to

remove oxidized particles. Blot excess water from slide holder before going into
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kematoxalin.
4) Hematoxalin staining;
Hemaatoxalin 3 minutes x 1 time
Rinse deionized water
Tap water (to allow stain to develop) S minutes x 1 time
Dip 8-12 times in (fast) Acid ethanol (to destain)
Rinse in Tap water 3 minutes x | times
Immerse in blue regent 2 minutes % 1 time
Rinse in Tap water 3 minutes x 1 times
Rinse in Deionized water 2 minutes x 1 time
5} Blot excess water from slide holder before going into eosin.
6) Eosin staining,
Eosin 30 seconds x 1 time
11) Dehydration and Lucidification:
75% ethanol 2 minutes x | time
85% ethanol 3 minutes x 1 times
95% ethanol 3 minutes x 2 times
100% ethanol 3 minutes x 2 times (blot excess ethanol before going into xylene)
Xylene 3 minutes x 3 times
12) Add a drop of histomount to the slide, cover the slide with a clean coverslip.
13) Dry overnight in the hood.
Results:
Blue: nuclei, Basophilic cytoplasm
Bed: red blood cells

Pink: Acidophilic cytoplasm, Muscle, Connective tissue

3. Thioflavin T stain

Regents:

1) 0.01M phosphate buffered saline (PBS) PH 7.2-7.4: NaCl 8g + KCl 0.2g +
Na;HPO, 1.44g + KH.PO,4 0.24g + ddH;0 800 ml, adjust PH value to 7.4 with
5N HCI, metered volume to 1000 ml

2} 10 mmol Thioflavin T

3) 300nm DAPI (invitrogen, D21490, Oregon, USA, ):

1:47000 (14.3mmol)} store solution 1: 10 mg DAPI powder + 2 ml milli Q water,
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1:100 store solution 2: 1:470 dilute store solution 1,
working solution: 1:100 dilute store solution 2

4) Buffered glycerin: PBS 10 ml + glycerin () 90 ml

Procedure:

1) Mount 4 pm tissue section on coated slides with polylysine

2) Bake for 30 minutes at 55 °C to ensure optimal adhesion of tissue section

3) Place slides containing paraffin sections in a slide holder (metal)

4) Deparaffinize and rehydrate sections:
Xylene (blot excess xylene before going into ethanol) 3 minutes % 3 times
100% ethanol 3 minutes x 2 times
95% ethanol 3 minutes x 1 time
80% ethanol 3 minutes x 1 time
deionized H>O 3 minutes x 3 times

3) Incubate in 10 mmo! Thioflavin T 45 minutes.
wash with PBS 2 minutes x 3 times

4) Counterstain with DAPI working solution 3-5 minutes.
Wash with PBS 2 minutes x 3 times

5) Add a drop of buffered glycerin to the slide, cover the slide with a clean
coverslip.

6) Conserve in 4°C.

Results:

Green: amyloid fibril

Blue: nuclei

4. Immunohistochemistry staining
Regents and solutions:
1) Xyline
2) Ethanol
3) Hematoxylin (DAKO, S3309, CA, USA)
4) Acid ethanol: 1ml SN HCl + 400 m! 70% ethanol
5) Bluing Agent: Sodium bicarbonate 1 gm + distilled water 1 litre
6) 0.01M phosphate buffered saline (PBS) PH 7.2-7.4: NaCl 8g + KCI 0.2g +
Na;HPQ, 1.44g + KH;PO, 0.24g + ddH;0 800 ml, adjust PH value to 7.4 with
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5N HCI, metered volume to 1000 mi
7) 0.01M citrate buffer PH 6.020.1:
A: 0.1M Citric Acid: citric acid 21.01g + 1000ml dd H,0O
B: 0.1M Sodium Citrate 29.41g + 1000ml dd H,O
Working solution: solution A 9ml + B solution 41 ml + 450 ml dd H,O
8) 0.1% bovine serum albumin BSA (Sigma, 20K760, Steinheim, Germany):
100mg BSA + 100 ml ddH,0O
9) Histomount (VWR, Inc. Poole, BH15 1TD, England)
10) DAKQ EnVision system (DAKO, K4006, CA, USA)
Procedure:
1) Mount 4 um tissue section on coated slides with polylysine
2) Bake for 30 minutes at 55 °C to ensure optimal adhesion of tissue section
3) Place slides containing paraffin sections in a slide holder (metal)
4) Deparaffinize and rehydrate sections:
Xylene (blot excess xylene before going into ethanol) 3 minutes x 3 times
100% ethanol 3 minutes x 2 times
95% ethanol 3 minutes x 1 time
80% ethanol 3 minutes x 1 fime
deionized H>O 3 minutes x 3 times
5) Put slides into a beaker with 0.01M citrate buffer pH 6.0,heat with high power 3
minutes in microwave oven, followed by low power for 6.5 minutes, then cool at
room temperature for 20 minutes.
6) Add peroxidase block reagent to diminish background staining for 10 minutes.
7) Prepare primary antibody (30ul/slide)
Antibody: mouse anti-ApoE monoclonal antibody (1:100 dilution, Abcam,
Cambridge, MA, USA)
8) Incubate with primary antibody overnight at 4°C, negative were incubated with
0.1% BSA
Wash with PBS 2 minutes x 3 times
9) Incubate with peroxidase labeled polymer 30 minutes in room temperature.
Wash with PBS 2 minutes x 3 times
10) Apply enough prepared liquid DAB + substrate-chromogen solution to cover

specimen, incubate for 5 minutes.
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Collect substrate-chromogen waster in a hazardous materials container and wash
stides with distilled water 5 minutes X 3 times
11) Hematoxalin counterstain:
Hematoxalin 3 minutes x 1 time
Rinse deionized water
Tap water (to allow stain to develop) 5 minutes x 1 time
Dip 8-12 times in (fast) Acid ethanol (to destain)
Rinse in Tap water 3 minutes x 1 times
Immerse in blue regent 2 minutes x 1 time
Rinse in Tap water 3 minutes x 1 times
Rinse in Deionized water 2 minutes x 1 time
12) Dehydration and Lucidification:
75% ethanol 2 minutes x 1 time
85% ethanol 3 minutes x 1 times
95% ethanol 3 minutes x 2 times
100% ethanol 3 minutes x 2 times (blot excess ethano! before going into xylene)
Xylene 3 minutes x 3 times
13) Add a drop of histomount to the slide, cover the slide with a clean coverslip.
14) Dry overnight in the hood.
Resuts:
Brown or yellow: specific protein expression

Blue: nuclei

5. Immunochistofluorescence staining
Regents and solutions:
1} Xyline
2} Ethanol
3) 0.01M phosphate buffered saline (PBS) PH 7.2-7.4: NaCl 8g + KCI 0.2¢g +
Na;HPO4 1.44g + KH,PQ4 0.24g + ddH,0 800 ml, adjust PH value to 7.4 with
5N HC!, metered volume to 1000 ml
4) 0.01M citrate buffer PH 6.0+0.1:
a) A:0.1M Citric Acid: citric acid 21.01g + 1000ml dd H;O
b) B:0.1M Sodium Citrate 29.41g + 1000ml dd H,O
¢) Working solution: solution A 9m! + B solution 41 ml + 450 m! dd HO
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5) (.1% bovine serum albumin (BSA) (sigma, 20K7607, steinhein, germany):

100mg BSA + 100 ml ddH,O
6) Primary antibodies
Table 44 Primary antibodies and dilution

Antibody Source Productor Catalog No. | Dilution
Insulin Mouse Zymed 18-0066 1:100
Insulin Guinea DAKO A0564 Ready to use
pig

Amylin Mouse AbD Serotec P10997 1:400
Amylin Rabbilt Phoenix Pharmaceuticals | H-017 1:400
Glucagon Rabbit Dako A0565 1:400
ApoE Mouse Abcam Ab1907-100 | 1:100
IDE Rabbit Abcam Ab25970-50 | 1:400
Amyloid P Rabbit DAKO A0302 1:100
IGF-1 Goat Santa cruz SCl1422 1:200
ACE Rabbit Santa cruz S5C20791 1:300
Mitochrondria | Rabbit Santa Cruz 1:400

7) Secondary antibodies (Invitrogen; A10036, A10040, A11056, A11055, A21202,
and A21206; dilution: 1:400)

8) 300nm DAPI (invitrogen, D21490, Oregon, USA):

1:47000 (14.3mmol) store solution 1: 10 mg DAPI powder + 2 ml milli Q water,

1:100 store solution 2: 1:470 dilute store solution 1,

working solution: 1:100 dilute store solution 2

9) Anti-fade regent (invitrogen, P36935, Oregon, USA)

Procedure:

1) Mount 4 pm tissue section on coated slides with polylysine

2) Bake for 30 minutes at 55 °C to ensure optimal adhesion of tissue section

3) Place slides containing paraffin sections in a slide holder (metal)

4) Deparaffinize and rehydrate sections:

Xylene (blot excess xylene before going into ethanol) 3 minutes x 3 times
100% ecthanol 3 minutes x 2 times
95% ethano! 3 minutes x 1 time
80% ethano! 3 minutes x 1 time
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3)
4)
5)
6)
)
8)

with same setting,

Open the metaMorph image analysis system.

Outline the target area (such as islet or glomeruli).

Highlight positive area and/or cells.

Count the pixel ratio to the area examined.

Repeat the above procedures 4)-6) for the all the images randomly obtained

Calculate the mean value of the images for each case.

Appendix II SNPs detection
1. DNA extraction

Regents:

1)

2)

3)

4
3)

Digestion buffer: 100 mM NaCl, 10mM Tris-HCI (pH 8.0), 25 mM EDTA (pH
8.0), 0.5% SDS. Store at RT.

Proteinase K: Stored as 20 mg/ml aliquots at -20 C {(can be refrozen a few times),
working solution; 0.8 mg/ml in digestion buffer

PC: phenol/chloroform=1:1

CI: chloroform/isoamy] alcohol=24:1

sodium acetate (3M, PH 5.2): 24.6g sodium acetate in 100m] milli Q water

Procedure:

1y

2)

3)

4)

5)

6)

7

8

9

Cut 5 pieces 10 um section from formalin fixed paraffin blocks each sample into
1.5ml tubes.

Add 1 ml xylene, mix, incubate at RT for 5 mins, then spin down for 2 minutes in
centrifuge, pipet off & discard supernatant.

Repeat Step 2) 2 times.

Add 100% ethanol, incubate at RT for 5 mins, Spin down and remove ethanol.
Repeat Step 4) 2 times, allow pellet to air dry.

Add up to 800uL of Proteinase K (PK) in digestion buffer to a final concentration
of 0.8 mg/ml. Incubate overnight, shaking, at 65°C (If there are still some tissue
in tubes, we can add fresh concentrated PK).

Add equal volume PC (phenol: chloroform = 1:1) to the PK digested aqueous
solution, spin 2 mins, remove upper aqueous phase to new tube. Repeat 1 time.
Add equal volume CI {chloroform: isoamy! alcohol = 24:1}) to the upper solution,
spin 2 mins, remove upper aqueous phase to new tube.,

Add 0.1 original volume sodium acetate (3M, PH 5.2) and 2.5X volume 100%
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filtered tips

4) Put tubes into Thermalcycler.

5} 94°C for 5 min, 40x (95°C for 0.5 min, annealing for 1 min, 72°C for 1 min),
72°C for 10 min.

6) Set up appropriate gel apparatus with enough wells to load samples and 50bp
marker.

Weigh 2g of agarose out and add 100ml of 1XTBE into a 500ml Erlenmeyer flask
and microwave on med (Use 2% agarose gel in 1X TBE). high 3-5min.
Once mixed, visually check if all the agarose is melted (clear solution, no opaque

white agarose present or "swirly bubbles").

7) The samples run from negative to positive (black to red).

8) Run gel

9) Label a piece of parafilm with sample numbers and pipet 2l of Blue juice under
each number.

10) Pipet Sul of sample onto appropriately labeled biue juice dot. Be sure and include
a marker (3.5ul of 50bp/per comb).

11) Run gel between 83V and 121V until the front-running band {greenish-blue band)
is about 3/4 of the way across

12) Staining with Ethidium Bromide and

13) The gel can be moved to a container of 400pg/ml Ethidium Bromide for 10
minutes.

14) The gel can be moved to the UV fransilluminator and visualized to check that the

bands are resolved enough to read.

3. LDR detection

Regents and equipments
DNA sequencer (ABI prism 377 DNA sequencer, CA, USA)
NEB Tag DNA ligase (Stock solution is SU/ul, Store at -20°C.)
Probe mixture
Procedure
1) Make up Master Mix solution.

Master Mix per reaction tube {10ul):

Mini Q water 6.95ul

Buffer(10x) 1ul
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Probe mix 1ul
Ligase (5U/ut) 0.05ul
2) Using a filtered tip, pipet 9ul of master mix into each PCR tube.
3) Pipet 1ul of PCR product (>100 ng/ul) into the appropriate PCR tube using
filtered tips
4) Put tubes into Thermalcycler.
5} 94°C for 2 min, 15% (94°C for 0.5 min, 60°C for 2 min).
6) Sequencing in 377 sequencing electrophoresis apparatus.
7} Results analysis
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