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Abstract

Objective

Throughout the Western World, the incidence of end-stage renal disease (ESRD) due
to diabetes mellitus is 4-6 times greater in patients of Afro-Caribbean origin
compared with Caucasians. The mechanism of increased susceptibility to renal
failure in patients of Afro-Caribbean origin is poorly understood. Even after
adjusting for the higher prevalence of diabetes and hypertension. An increase in
oxidative stress is considered to promote the development of long-term
complications in diabetes mellitus. This may be a factor in the increased
susceptibility to nephropathy in patients of Afro-Caribbean compared with
Caucasians in the United Kingdom. The objective of this study was to examine the
plasma antioxidant defence system in relation to the presence or absénce of

microalbuminuria and smoking habits in Afro-Caribbean patients and Caucasians.

Studied population

Type 2 diabetic patients (n=80; Afro-Caribbean: n=35 and Caucasian: n= 45) with
mean age of 65 years and mean duration of diabetes of 14.2 years, were recruited. Of
these patients, 46 patients had normoalbuminuria and 34 patients had

microalbuminuria.

Results
Afro-Caribbean patients exhibited lower vitamin E, glutathione and total thiols
Compared to Caucasian patients. Afro-Caribbean patients also showed higher

superoxide dismutase and lower glutathione peroxidase activities compared to

9



Caucasian patients. Plasma dehydroascorbate was elevated in the Afro-Caribbean
patients when compared to Caucasians. Total antioxidant capacity as assessed by
HOCI and O; quenching of pholasin chemilumenescence was elevated in the Afro-

Caribbean patients compared to Caucasians.

Conclusions

Overall this study has revealed that African descent is a determinant of impaired
antioxidant defence systems. Lower vitamin E, glutathione and total thiol levels that
simultaneously coincided with elevated dehydroascorbate levels and increased SOD
and lower GPx activities suggests that Africans experience enhanced oxidative stress
compared with Caucasians. These findings may partially explain the increased
susceptibility of Afro-Caribbean diabetic patients to kidney failure compared to

Caucasians.
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1.1 DIABETES MELLITUS

1.1.1 The history of diabetes mellitus

The term diabetes is derived from the ancient Greek “to pass through”, a generic
description of frequent urinary output. The term diabetes was introduced by Aretaeus
of Cappadocia in the 2™ century AD. Indian physicians Susruta and Charuka (5™ to
6" century AD) were the first to discover that urine from certain individuals tasted
sweet. They also distinguished between two forms of diabetes, one affecting older,

overweight people and the other affecting younger slim people.

The fact that urine from diabetic patients tasted sweet was subsequently emphasised
in Arabic medical writings during the 9™ to the 11™ century. Avicenna (960-1037)
wrote a vast medical encyclopaedia and gave a good account of the aetiology of
diabetes mellitus. He described the abnormal appetite, collapse of sexual function
and gangrene occurring in diabetes and recommended that patients engage in
exercise. Also, he suggested treatment with lupine, fenugreek and zedoary seeds, a

mixture that had a glucose lowering effect (Medvei, 1993; Nabipour, 2003).

In the 16™ century the Swiss physician Von Hohenheim observed that urine from
diabetics contained an abnormal substance and described how a white powder or
“salt” was obtained after the drying of the urine. He, therefore, concluded that
diabetes was due to the deposition of salt in the kidneys thus causing thirst and
polyuria. The sweet taste of urine from diabetic patients was also described by
Thomas Willis (1621-1675). In 1776, Mathew Dobson, a physician and experimental

physiologist from Liverpool, published results of a series of experiments showing
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that the serum of a diabetic patient as well as the urine contained a sweet tasting
substance. He suggested that the sweet substance was a sugar. Moreover, he
hypothesized that the sugar originated from the serum rather than being formed in the

kidney.

John Rollo (1750-1809), an English physician, coined the term “mellitus”, from the
Latin and Greek for “honey-sweet” to distinguish the condition from other polyuric
diseases in which the urine is tasteless. Rollo was the first to describe the odour of
acetone on the breath of some diabetic patients. He also suggested that cataract was a
complication of diabetes. As a dietary regimen for diabetics, Rollo recommended a
meat-rich, carbohydrate-restricted diet combined with narcotic compounds including

opium.

Claude Bernard (1813 —1878) made numerous discoveries on diabetes. He postulated
that sugar present in urine from diabetic patients is being stored in the liver in the
form of glycogen (Bernard, 1855). He also suggested that the central nervous system
was involved in controlling the blood glucose concentration. William Prout (1785-
1859) was the first to recognise the link between coma and diabetes. In 1869 H. D
Noyes, an American ophthalmologist, observed a form of ‘retinitis’ in glycosuric

patients.

In 1889, Oskar Minkowski and Joseph Von Mering carried out experiments in dogs
in-order to establish the importance of the pancreas in diabetes. On removal of the
pancreas animals showed typical signs of diabetes, i.e. glucosuria and

hyperglycaemia. This was the first direct evidence supporting the idea of a role for
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the pancreas in the development of diabetes. In fact, Thomas Cawley was first to
suggest that diabetes occurs as a direct consequence of pancreatic malfunction

through calculus formation (Cawley, 1788).

in 1869, Paul Langerhans observed small clusters of cells in teased preparations of
‘he pancreas. Langerhans at the time was mainly focusing on the appearance of the
cells rather than their function. In 1893, Edouard Laguesse established that these
clumps of cells, that he named ‘islets of Langerhans’, might constitute the endocrine
iissue of the pancreas. In 1909, Jean Meyer a Belgian physician gave the name
‘insulin’ (Latin ‘insula’ an island) to a theoretical glucose-lowering hormone and in
1021, Frederick G. Banting, Charles H. Best and James B. Collip discovered insulin
at the University of Toronto. They extracted insulin from chilled pancreas using an
ucid/ethanol mixture. Their preparations were tested in pancreatomised dogs and it
was established that it had a glucose lowering effect. In 1955, Frederick Sanger
Jetermined the primary structure of insulin. The discovery of insulin as well as the
determination of its structure resulted in the award of two Nobel prizes (Brown et al.,

1055).

Diabetes and its causes are now much better understood. It is defined as a complex
syndrome characterised by chronic hyperglycaemia and urinary glucose excretion as
a result of defects in the production or actions of insulin. Insulin increases the uptake
of glucose from the blood by tissues and enhances its conversion to glycogen and
triglycerides. It also inhibits the breakdown of triglycerides and glycogen. In
addition, insulin suppresses gluconeogenesis and ketogenesis in the liver (Heesom et

al 1999; Czech & Buxton, 1993).
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1.1.2 Diagnosis of diabetes mellitus

There are two approaches to the diagnosis of diabetes mellitus i.e. the criteria of the
World Health Organisation (WHO) Study Group on Diabetes Mellitus (National
Data Group., 1979; World Health Organisation., 1985) and the criteria of the Expert
Committee on the Diagnosis and Classification of Diabetes Mellitus of the American
Diabetes Association (American Diabétes Association., 1998). The WHO criteria are
based on faSting plasma glucose >7.8mmol/L on more than one occasion and/or a 2-
hour post oral glucose tolerance test (OGTT) plasma glucose >11.1mmol/L.
Impaired fasting plasma glucose according to the Americén Diabetes association
(ADA) is defined as fasting plasma glucose concentration of 6.1-6.9 mmol/L, a
concentration intermediate between that diagnostic of diabetes mellitus > 7.0 mmol/L
and a normal fasting glucose 6.1 mmol/L. An impaired glucose tolerance according
to WHO is diagnosed with an oral glucose tolerance test resulting in a 2-hour

postload glucose 7.8-11.0 mmol/L.

1.1.3 Classification and epidemiology of diabetes mellitus

1.1.3.1 Epidemiology of diabetes mellitus

Worldwide there are 151 million adults with clinically diagnosed diabetes mellitus
(Zimmet et al., 1991 & 2001, Amos et al., 1997; King et al., 1998; Trevisan et al.,
1998; Diabetes Atlas, 2000). Diabetes mellitus occurs in four principal forms of

which type 1 and type 2 diabetes are the most common (Table 1).
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Tablel. Types of diabetes mellitus

Diabetes types

Characteristics

Type 1 (IDDM)

Type 2 (NIDDM)

Gestational diabetes

Other types of diabetes

Low or absent circulating insulin with predominantly early

onset

Insulin levels may be normal, elevated or depressed with

an onset predominantly after age of 40.

Glucose intolerance that has its onset during pregnancy.
Associated with older age, obesity and a family history of
type 2 diabetes. Increases the risk of developing type 2

diabetes and hypertension.

Secondary diabetes due to pancreatic disease, such as
chronic or recurrent pancreatitis or due to exposure to

drugs or chemicals such as diuretics.

1.1.3.2 Type 1 diabetes mellitus

Type 1 diabetes mellitus or Insulin-Dependent Diabetes Mellitus (IDDM) is a

chronic disorder that results from B-cell destruction. The requirement for insulin

occurs late in the course of the disease when the majority of the beta cells have been

destroyed (The DCCT Research group, 1993; Atkinson & Maclaren, 1994; The

expert Committee on the Diagnosis and Classification of Diabetes Mellitus, 2003).

Insulin deficiency leads to ketoacidosis. During ketoacidosis, triglycerides in the
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adipose tissue are broken down and the resulting free fatty acids metabolised to yield
ketones.

Type 1 diabetes exists in two forms i.e. the immune-mediated and idiopathic forms
(American Diabetes Association, 1997). Markers of autoimmunity such as islet cell
antibodies (ICA), insulin autoantibodies (IAA) and glutamatic acid decarboxylase
enzymes (GAD) are present in the plasma in 65% to 90% of Caucasians with type 1
diabetes of recent onset (Atkinson & Maclaren, 1994). In the case of the idiopathic
form, mechanism(s) other than the autoimmune destruction of B-cells are thought to
be responsible for B-cell malfunction (The Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus, 1997, Imagawa et al., 2000; Pinero-Pilona &
Raskin, 2001). Type 1 diabetes mellitus can occur as a result of environmental and

genetic factors.

a) Environmental factors

Various environmental factors have been implicated in the pathogenesis of type 1
diabetes. These include diet in infancy and exposure to certain viruses. An
association between type 1 diabetes and breast-feeding has been extensively studied.
Short duration of breast-feeding during infancy seems to be associated with an
increased risk of developing type 1 diabetes (Borch-Johnsen et al., 1984; Mayer et
al., 1988; Blom et al., 1989; Verge et al., 1994). Further evidence for the
involvement of dietary factors iﬁ early life with the development of type 1 diabetes
stems from studies examining cows’ milk consumption. Cows’ milk contains a wide
variety of proteins including so-called bovine serum albumin (BSA). It has been

postulated that BSA gives rise to antibodies that cross-react with a protein in the -

cell membrane leading to B-cell dysfunction (Karjalainen et al., 1992; Robinson et
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al., 1993; Verge et al., 1994; Muntoni et al., 1997; Muntoni et al., 2000). However,
the theory that cows’ milk is involved in the development of type 1 diabetes in

childhood is controversial due to lack of evidence (Atkinson et al., 1993).

Many viruses have the potential to damage beta cells. An infection may result in
either a direct destruction of islets with an immediate insulin deficiency or in a more
gradual loss of functioning islets (Szopa et al., 1993). The mumps virus was the first
virus to be linked with the development of type 1 diabetes (Hariss, 1899; Gamble,
1980; Helmke et al., 1980). It has been proposed that the mumps viruses are
responsible for the initiation of an autoimmune response leading f-cell destruction
(Cavallo et al., 1992; Parkkonen et al., 1992). Infection with rubella virus has also
been associated with induction of type 1 diabetes. It has been reported that 20% of
individuals with congenital infection develop type 1 diabetes within 5-20 years
(Ginsberg-Fellner et al, 1984; Ginsberg-Fellner et al., 1985a; Gindberg-Fellner et al.,
1985b). In Poland, the incidence of type 1 diabetes was increased by two fold just
after the occurrence of enteroviral meningitis in 1982-1984 (Rewers et al., 1987;

Hyoty & Taylor 2002).

b) Genetic factors

Role of heredity

The influence of genetic factors on the development of type 1 diabetes has been
established in studies on twins. It has been reported that concordance rates of type 1
diabetes in identical (monozygotic) twins range between 25 and 60% (Leslie et al.,
1992; Kaprio et al., 1992; Kyvik et al., 1995). The risk of siblings developing type 1

diabetes is estimated to be 5-10 %, compared with about 0.5% in the general
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population (Darlow et al., 1973; Degnbol & Green, 1978; Wagner et al., 1982; Chemn
et al., 1982; Paciot et al., 1993). Another approach to investigating the impact of
genetic susceptibility on the development of type 1 diabetes is to compare two
different ethnic groups living in the same region. In this way it was demonstrated that
there was a fourfold increase in the incidence of type 1 diabetes in children of
Sardinian-heritage i.e. with two Sardinian parents born in Lazio as compared with
the general population. By contrast, in children with one Sardinian parent, there was
a twofold increase in the incidence of type 1 diabetes compared with the general

population (Muntoni et al., 1997).

Molecular evidence

Human leucocyte antigens (HLA) are diagnostic markers of type 1 diabetes. Genes
coding for these antigens are located on the short arm of chromosome 6 and consist
of (a) the class I genes, A, B, and C; and (b) class II genes which are situated close to
the centromere. Association between type 1 diabetes mellitus and HLA alleles was
first described in the early seventies by Singal & Blajchman (1973). They reported
an increase in the frequency of certain HLA class I alleles in 71 patients with type 1
diabetes. Subsequently, other investigators showed that diabetes was even more
closely associated with certain HLA class II alleles, in particular the DR allele
(Solow et al., 1979; Zamani et al., 1998). HLA-DR3 and HLA-DR4 antigens are
found in more than 80% of patients with type 1 diabetes. Figures for HLA-DR3 and
HLA-DR4 antigens in the general population range between 30% and 50%
(Krolewski et al., 1987). The predominant HLA antigens associated with type 1
diabetes have been shown to vary in different ethnic groups. HLA-B8, HLA-BI15,

HLA-B18, HLA-Cw3, HLA-DR3 and HLA-DR4 antigens are common in
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Caucasians with type 1 diabetes. On the other hand, type 1 diabetics of Asian,
African and Latin American origin exhibit HLA-DR3 and HLA-DR4 antigens (Gray,

1999) (Figure 1).

DR4, DR5

DR3, DR4 DR3, DR5 DR7. DR4 DR7, DR5 DR3, DR4
affected 4% 4% 4% 19% -

RISK FOR DIABETES

Figure 1. The risk for developing typel diabetes is associated with a person's HLA

genetic make-up (Serjeantson, 1994).

c¢) Prevalence of type 1 diabetes

Type 1 diabetes mellitus predominates in children and young adults. There are
around 4.9 million individuals with type 1 diabetes and its incidence is expected to
increase (Amos et al., 1997; Onkamo et al., 1999). IDDM occurs more frequently in
Caucasians than in Mongoloid or Negroid populations (Figure 2). The incidence in
northern European countries such as Finland and Sweden is 35-fold higher than in

China (Karvonen et al., 1993; Karvonen et al., 2000). Large differences have been
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reported within the Caucasian population. In Finland, the incidence of type 1
diabetes is the highest in the world, the annual incidence having increased from 18
per 100 000 in 1965 to 45 per 100 000 in 2000 in children under 14 years of age
(Passa, 2002). In France the annual incidence rate of type 1 diabetes in subjects
younger than 19 years old increased from 7.17 per 100 000 in 1988 to 9.28 per 100

000 in 1995, an increase of 29% (Levy-Marchal et al., 1990).

Table 2. Estimates of the prevalence of type 1 diabetes in Europe 1995 (Passa, 2002)

Country Population 1995
Finland 5100 000 37 400

UK 58 000000 200 000
Germany 81000000 184 000
Italy 57 000000 89 000

France 58 000 000 93 000

The annual incidence of type 1 diabetes in patients aged less than 15 years ranged
from 3.2 patients per 100 000 in the Republic of Macedonia to 40.2 patients per 100
000 in Finland (EURODIAB ACE Study group, 2000). In the United States the
annual incidence of IDDM is comparable to that of Europe i.e. 12 to 14 per 100 000
among persons under 16 years (Atkinson & MacLaren 1994). The rates among non-
whites are somewhat lower than those among whites (Rewers et al., 1989; Kostraba
et al., 1992).

The onset of type 1 diabetes in African populations tends to occur at a later age than

in western populations. The peak age of onset of diabetes in Tanzania is around 29
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years and in Ethiopia 21.4 years in males (Motala, 2002). The prevalence of IDDM
in Tanzania is 1.5 per 100, 000 per year. The corresponding values for Sudan and

Nigeria are 10.1 per 100, 000 and 3 per 100, 000, respectively.
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Figure 2. Annual incidence of type 1 diabetes mellitus in people aged <15 years

expressed per 100 000 population (Amos et al., 1997).

1.1.3.3 Type 2 diabetes mellitus

Type 2 diabetes mellitus or Non-Insulin Dependent Diabetes Mellitus (NIDDM) is
the most common form of diabetes mellitus, accounting for more than 90 % of all
patients with diabetes (Wild et al., 1999). It develops as a result of inadequate insulin
secretion by the pancreatic beta cells and is compounded by insulin resistance; a
condition in which peripheral tissues loose their sensitivity to insulin (Yki-Jarvinen,
1994; Kahn, 2003).

In pre-diabetic patients with insulin resistance, the beta cells secrete excessive

quantities of insulin in order to compensate for the insulin resistance. Blood glucose
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levels in these hyper-insulinaemic individuals may, however, be within normal
ranges. As insulin resistance increases the pancreas becomes less able to deal with
the increased demand for insulin leading to progressive hyperglycaemia, ultimately
leading to the development of type 2 diabetes (Lillioja et al., 1993; Yki-Jarvinen,
1994; Yki-Jarvinen, 1995; Arner, 2002).

Type 2 diabetes can be divided into ‘obese’ ‘and non-obese’ subtypes. This
divergence reflects underlying differences in aetiological mechanisms. Tissue
resistance to insulin action plays a more important role in the glucose intolerance of
obesity (Golay et al., 1988; Duman et al., 2003; Blaak, 2003; Lacquemant et al.,
2003). On the other hand, defective insulin secretion predominates in the non-obese
(Reaven et al., 1989; Pelikanova et al., 1994; Kishimoto et al., 2002; Ryder et al.,
2003). Patients with type 2 diabetes often present with less intense hyperglycaemic
symptoms or weight loss than in typel diabetes. Ketonuria is generally absent in type

2 diabetic patients.

a) Environmental factors

Lifestyle plays an important role in the aetiology of type 2 diabetes. Obesity and
physical inactivity promote the development of insulin resistance. The latter appears
to be a critical component in the pathogenesis of type 2 diabetes (Kriska et al., 2003;
Lindstrom et al., 2003; Maiolo et al., 2003; Guillausseau & Laloi-Michelin, 2003).
There are 2-4 fold differences in the prevalence of type 2 diabetes between the least
active and the most active individuals (Kumar, 2002). Japanese and Chinese
populations have a lower incidence of type 2 diabetes. However, on migration to
different parts of the world e.g. the USA the prevalence of type 2 diabetes is

increased by 2-6 folds (Kawate et al., 1979). Studies on Pima Indians have
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demonstrated that the risk of developing diabetes increases 2.5 fold on adoption of a
typical high- fat Western diet whereas the risk is only increased by 1.3 fold in
individuals on a mixed Indian-Western diet (O’Dea, 1984; Swinburn et al., 1991;

McMurry et al., 1991; Williams et al., 2001).

b) Genetic factors

Genetic factors are another aetiological feature in type 2 diabetes. Studies in twins
have indicated that the incidence of type 2 diabetes in identical twins ranges from 69
% to 90% (Lo et al., 1993; Amos et al., 1997). Medici et al. (1999) carried out a 15
year follow-up study of 44 monozygotic twins in which one of the pair had diabetes.
At 1 year of follow-up, there was 83% discordance for diabetes. However, at 5, 10,
and 15 years of follow up concordance rates were found to be 33, 57, and 76 %,

respectively (Medici et al., 1999).

Further evidence for the importance of genetic determinants comes from studies of
mixed populations and from populations of different genetic backgrounds living
under similar environmental conditions. In full-blooded Pima Indians the incidence
of type 2 diabetes is twice that of half-blooded individuals (Knowler et al., 1998;

Trevisan et al., 1998).

¢) Prevalence of type 2 diabetes

Type 2 diabetes mellitus affects 5-7% of the population worldwide (Harris, 1995;
King et al, 1998). It is estimated that in the 134 member countries of the
International Diabetes Federation (IDF) some 151 million people aged between 20

and 79 years old are affected (Amos et al., 1997; King et al., 1998; Trevisan et al.,
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1998; Zimmet et al., 2001). Type 2 diabetes occurs most frequently in middle age but
often in old age and occasionally in young adults. The overall prevalence in
individuals under the age of 20 years was 4.6% in year 2000 (Williams & Airey,
2002). It is estimated that some 300 million individuals will be affected worldwide
by the year 2025 (Seidell, 2000; Fujimoto, 2000; Fall, 2001; Taton et al., 2001;
Pradeepa & Mohan, 2002; Green et al., 2003; Zimmet, 2003; Osei, 2003).

Moderate increases in the prevalence of type 2 diabetes have been predicted for
Denmark and Spain; the prevalence in 1995 was 171,000 and 1,652,000, respectively
and is expected to increase to 241,000 and 1,859,000, respectively in 2010.
Meanwhile, the prevalence of type 2 diabetes in the UK, Germany, Italy and France
is expected to increase significantly (Table 3). By contrast, the prevalence of type 2
diabetes in 1995 in Finland was 243,000 and it is estimated that by 2010 it will have

decreased to 238,000.

Table 3. Estimates for the prevalence of type 2 diabetes in four European countries

(Amos et al., 1997)

Country Population 1995 2010

UK 58000000 1076000 2880000
Germany 81000000 2715000 4244000
Italy 57000000 2635000 3172000

France 58000000 1147000 2784000

In Africa, the rates for type 2 diabetes are generally low e.g. in Tunisia a prevalence

of 3 % has been reported whilst for South Africa and Northern Sudan rates of 4.8-8%
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and 10%, respectively have been recorded. Urbanisation may influence rates of type
2 diabetes. Large differences in the prevalence of type 2 diabetes in various African
countries have been observed between rural and urban populations. (Figure3)

(Elbagir et al., 1998a; Elbagir et al., 1998b; Tucker & Buranapin, 2001; Motala,

2002).
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Figure 3. Prevalence of type 2 diabetes in rural versus urban areas in African

countries (Motala, 2002).

Diabetes, especially type 2 diabetes, is on the increase among immigrants living in
the UK (Chaturvedi, 2002; Feltbower et al., 2003; Kain et al., 2003; Feltbower et al.,
2004). The prevalence is considerably greater than in Caucasian populations. More
than one quarter of people of Asian origin aged over 60 years are suffering from type
2 diabetes. In Pakistanis (35-79 years of age) the prevalence was 32 % (Riste et al.,
2001). The prevalence of type 2 diabetes in the UK Afro-Caribbean population is

higher than in the Caucasian population (19% versus 11 %) (Riste et al., 2001).
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1.1.3.4 Gestational diabetes mellitus

Gestational diabetes mellitus affects between 3 — 6% of all pregnancies (Verheijen &
Tuffnell, 2003) and is defined as any degree of glucose intolerance occurring during
pregnancy (Vambergue et al., 2002; Lepercq, 2003; Sivan & Boden, 2003). The term
gestational diabetes doe not apply to women with established diabetes before
pregnancy. In the majority of cases, glucose levels return to normal after delivery.
Gestational diabetes is the forerunner of type 2 diabetes (Dornhorst & Beard, 1993;
van Haeften, 2002; Kim et al., 2002) and avoidance of obesity and maintenance of

physical activity may lessen the risk of developing this condition (Artal, 2003).

1.1.3.5 Other types of diabetes

This small but important category was created to accommodate diabetic states that
embrace secondary diabetes. One of the causes of secondary diabetes is pancreatic
disease, notably chronic pancreatitis, which is complicated by mild hyperglycaemia
in about 50% of cases. Only 1-15% of the cases will lead to permanent diabetes

(Warren et al., 1950; Scuro et al., 1991)

1.1.4 Diabetic complications
Both type 1 and type 2 diabetes are associated with long-term complications. These

complications include retinopathy, neuropathy, nephropathy and cardiovasculopathy.

1.1.4.1 Diabetic retinopathy
Diabetic retinopathy is the leading cause of visual impairment in the western world.

It occurs in 71% of patients with type 1 diabetes. The corresponding value for type 2
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diabetes is 39% (Fukuda, 1994; Porta & Bandello, 2002). The main classifications of

diabetic retinopathy are described below.

a) Non-proliferative retinopathy

Non-proliferative retinopathy is manifested as mild background retinopathy and
represents the earliest stage of diabetic retinopathy. It is characterised by
microneurysms and haemorrhages in the fundus, mostly in the posterior pole.
Exudates may be present but are few and scattered rather than forming a regular
pattern (Kohner & Oakley, 1975). Non-proliferative retinopathy may remain mild or

progress to maculopathy or proliferative retinopathy.

b) Maculopathy

Maculopathy is characterised by the presence of microneurysms, haemorrhages, hard
exudates and macular oedema. It is present with leakage of proteins, lipids, or red
cells from the retinal capillaries into the retina. Macular damage results in a loss of
visual acuity as it represents the area with the greatest concentration of visual cells.
Maculopathy is more common in type 2 diabetes than in type 1 diabetes (42% in type

1 diabetics versus 53% in type 2 diabetics) (Zander et al., 2000; Biswas et al., 2002).

¢) Proliferative retinopathy

Proliferative retinopathy involves the growth of new capillaries and fibrous tissue
within the retina extending into the vitreous chamber. It is the result of small vessel
occlusion. Retinal hypoxia in turn will stimulate the growth of new blood vessels
which are fragile and prone to bleeding (Mensah & Kohner, 1975). Proliferative

retinopathy occurs in both type 1 and type 2 diabetes. It is more common in type 1
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diabetes and develops about 7-10 years after the onset of symptoms (Ndiaye et al.,

1999; Bouhanick et al., 2002; Henricsson et al., 2003).

d) Cataract

Two types of cataract occur in diabetic patients i.e. subcapsular and senile cataracts.
Subcapsular cataract occurs predominantly in type 1 diabetic patients (Aiello et al.,
1983; Rowe et al., 2000). This type of cataract has a flocculent or snowflake
appearance and develops just below the lens capsule. Senile cataract represents a
sclerotic change of the lens nucleus. It is the most common type of cataract and is
found in both type 1 and type 2 diabetics (Klein et al., 1985; Oimomi et al., 1988;

Sharma et al., 1989).

1.1.4.2 Diabetic neuropathy

Diabetic neuropathy is one of most common complications of diabetes mellitus. It is
due to structural and biochemical alterations of the axon and myelin sheath. The
latter represents 75 % of peripheral nerve weight (Moorhouse, 1976). The prevalence
of diabetic neuropathy is 28% (Ziegler, 1994; Tesfaye et al., 1996). It is responsible
for 50-70% of non-traumatic amputations in the world (Vinik et al., 2000). The
pathogenesis of diabetic neuropathy is poorly understood. However, the Diabetes
Control and Complication Trial (DCCT) and United Kingdom Prospective Diabetes
(UKPD) Studies have established that strict metabolic control of hyperglycaemia is
essential in influencing the onset and progression of diabetic neuropathy (Amthor et
al., 1994; DCCT, 1996, UKPDS, 1998). It has been shown that intensive insulin
therapy improved nerve function by approximately 50% (DCCT, 1998). Diabetic

neuropathy is mainly classified into four categories:
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a) Sensory diabetic neuropathy (or peripheral neuropathy)

This type of neuropathy is the most common type of diabetic neuropathy and affects
20% of diabetic patients (Nathan, 1993; Sima & Cherian, 1997). Sensory diabetic
neuropathy affects nerves in the legs and arms (Figure 4). Symptoms of peripheral
neuropathy may include numbness or insensitivity to pain or temperature, tingling or

a burning sensation.

b) Autonomic neuropathy.

This type of diabetic neuropathy is more common in patients with type 1 diabetes
(Airaksinen, 2001, Ziegler et al., 2001). Autonomic neuropathy affects nerves that
control the heart, regulate blood pressure and control blood glucose levels. It also
affects other internal organs, causing problems with digestion, urination, sexual

response and vision (Figure 4) (Levitt et al., 1996, Vinik et al., 2000).
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Autonomic neuropathy affects Peripheral neuropathy affects
the nerves in the lungs, heart, the nerves in the arms, hands,
stomach, intestines, bladder,

legs, and feet.
and sex organs.

Figure 4. Autonomic and peripheral neuropathies

¢) Motor neuropathy

Motor neuropathy is less common than the sensory and autonomic neuropathies
(Ogawa et al., 2001). Motor neuropathy affects the nerves that carry signals to
muscles which control motion like walking and finger movement. It also can cause
muscle weakness and atrophy (Ogawa et al., 2001; Azulay & Pouget, 2001; Lozeron

et al., 2002).
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d) Focal neuropathy

Focal neuropathy occurs in older and middle aged diabetic patients (Vinik et al.,
1992; Dawson, 1993). It is a result of sudden weakness of one nerve, or a group of
nerves, causing muscle weakness and pain. In focal neuropathy any nerve in the body

may be affected (Stewart, 1989; Pestronk, 1998; Quattrini & Tesfaye, 2003).

1.1.4.3 Cardiovasclupathy

Cardiovascular complications account for 70 —75 % of deaths in type 2 diabetes
(Kereiakes, 1985; Grant, 2001). It includes coronary heart disease (CHD),
cerebrovascular disease (stroke) and peripheral vascular disease (PVD). The
incidence of coronary heart disease is increased 2 to 3-fold compared with the non-
diabetic population (Kannel & McGee, 1979). Myocardial infarction is 3-5 times
more common in diabetic patients than in age-matched controls (Karam & Forsham,
1994). Whilst peripheral vascular disease is 2.5-3 times more common in the diabetic

than non-diabetic subjects (Jude & Boulton, 2000).

Atherosclerosis is the primary cause of coronary heart disease, stroke and other
vascular diseases. It is characterised by the formation within the intima of fatty
streaks containing foam cells, which are derived from smooth muscle cells of the
arterial wall, and from macrophages formed from circulating monocytes. The
appearance of foam cells is followed by the formation of fibrous plaques containing
blood elements which eventually occlude the arterial lumen and stop the blood

supply (Nilsson, 1993; Holvoet, 1998; Ross, 1999).
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Low density lipoprotein (LDL) oxidation in the arterial wall is believed to accelerate
the process of atherogenesis by the following sequence of events. Oxidation of
polyunsaturated fatty acids in LDL leads to the release of degradation products
consisting of aldehydes which react with lysine residues in apoprotein B (apo-B),
modifying its structure. As a result apo-B is no longer recognised by LDL receptors.
It is, however, recognised by scavenger receptors on macrophages and smooth
muscle cells, and resulting in cells taking up large amounts of lipid. Lipid
accumulation that is not controlled by feedback mechanisms, leads to the formation
of foam cells that are the basic components for the development of the atheromatous

plaque (Khan et al., 2003).

Risk factors

Hyperglycaemia is the main risk factor for the development of cardiovascular
complications in diabetes. UKPDS showed that an increase in the glycolysated
haemoglobin (HbAlc) level of 1 % was associated with a 14 % rise in the risk of
myocardial infarction, a 12% increase in the risk of stroke, a 16% increase in the risk
of heart failure, and a 43% increase in the risk of peripheral vascular disease

(Stratton et al., 2000).

Elevated LDL cholesterol level is recognised as a risk factor for cardiovascular
disease in diabetic patients (Betteridge, 1989; Betteridge & Khan, 1995; Clarkson et
al., 1996; Betteridge, 1997, Betteridge, 2001a; Betteridge, 2001b). It has been
estimated that there is a 1.6 fold increase in the risk of myocardial infarction for

every 1 mmol/L increase in LDL levels (Turmner et al., 1998)
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Blood pressure is another risk factor for cardiovascular disease. A 10 mmHg rise in
systolic blood pressure was associated with an increase of 12 % in myocardial
infarction, 19 % increase in stroke and 12 % increase in heart failure (Adler et al.,

2000).

There are indications that the development of cardiovascular complications in
diabetic patients is race dependant. Coronary heart disease is around 40% more
common in patients from South Asian ethnic minorities living in the United Kingdom
compared to Caucasians (Balarajan, 1991; Mukhtar & Littler, 1995; Whitty et al.,
1999; Blackledge et al., 2003). By contrast, diabetic patients of Afro-Caribbean
origin have a lower incidence of ischaemic heart disease than Caucasian. However,
the Afro-Caribbeans have higher rates of stroke compared to Caucasian (Sacco et al.,

1995; Cappuccio, 1997; Whitty et al., 1999; Stewart et al., 1999; Hajat et al., 2001).

1.1.4.4 Diabetic nephropathy

Nephropathy is a microvascular disease of the glomerulus (Kimmelstiel & Wilson,
1936; White & Bilous, 2004). There are two forms of glomerulosclerosis, a diffuse
form and a nodular form that represents accelerated disease. In the diffuse form the
entire mesangium is thickened. The nodular form consists of capsular drops, fibrin

caps and adhesions in the glomeruli.

a) Prevalence
Diabetic renal failure usually appears after 10-15 years of the onset of the disease
(Adler et al., 2003; Hovind et al., 2004) (Table4) (Figure 5). Patients with type 1

diabetes are particularly at risk of developing nephropathy, although individuals with
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type 2 diabetes are also at significant risk (Ismail et al., 1999). It occurs in 25-40% of
patients with diabetes (Akmal, 2001; Rabkin, 2003; Maclsaac & Jerums, 2004).
Diabetes accounts for one third or more of all cases of end-stage renal disease in the
United States (Rabkin, 2003), whilst, in Europe it accounts for at least 16% of all

new patients going for renal replacement therapy (Colhoun et al., 2001).

b) Renal structural changes in relation to albuminuria

Diabetic patients with a urinary albumin excretion rate (UAER) within the range of
normoalbuminuria (UAER < 20 pg/min) display mild structural lesions in their
kidneys, such as thickening of the glomerular basement membrane (GBM) and
mesangial expansion (Walker et al., 1992; Fioretto et al., 1994; Caramori & Mauer,
2003). At the stage of microalbuminuria (UAER is 20-200 pg/min), there is a further
thickening of the GBM, together with more pronounced expansion of the mesangium
(Walker et al., 1992; Osterby, 1992; Hayashi et al., 1992; Bangstad et al., 1993;
Fioretto et al., 1996). These structural changes become more advanced in overt
nephropathy (UAER > 200 pg/min), although a considerable heterogeneity exists
with respect to the lesions in different patients and even from one glomerulus to
another within the same patient (Osterby et al., 1992; Osterby et al., 1993). UAER
correlates with a variety of glomerular lesions such as GBM thickening and the
degree of mesangial expansion (Walker et al., 1992; Chattington & Cooper, 2000;

Osterby et al., 2002).
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Table 4. Typical Clinical Course of Diabetic Nephropathy (Unger & Foster, 1998)

Years After onset of diabetes

Clinical Course

0

10-15

10-20

>15
20

Enlarged kidneys, supernormal function,
microalbuminuria reversed by meticulous insulin
treatment

Thickening of glomerular basement membrane and
increase in mesangial matrix

Silent period: no overt proteinuria; microabuminuria
may be present, especially after exercise (>30
pg/min indicative of future proteinuria)

Proteinuric period intermittent at first, the persistent
(>0.5 g/24h) indicating that relentless decline in
glomerular function has begun

Azotamic period begins on average 17 y after onset
Uraemic period: diabetic retinopathy, hypertension,

and nephrotic syndrome may be present

¢) Aetiology

Hyperglycaemia

It is established that hyperglycaemia plays a major role in the development of

diabetic nephropathy. Characteristic structural lesions of diabetic nephropathy are

absent at the onset of diabetes in humans. Glomerular basement membrane

thickening and mesangial expansion are already distinguishable after two years of

diabetes. These morphological changes become more pronounced after five years of

developing diabetes (Osterby, 1972; Osterby, 1973). When normal kidneys are

transplanted into a diabetic milieu lesions resembling those found in diabetic
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nephropathy develop (Lee et al., 1974; Mauer et al., 1976; Mauer et al., 1983,

Osterby et al., 1991).

The risk of developing microalbuminuria in diabetic patients increases abruptly when
haemoglobin Alc increaseé (Molitch et al., 1993; DCCT, 1995; Krolewski et al.,
1995; UKPDS, 1998; Shichiri, 2000). In type 1 diabetic patients with
microalbuminuria, improved glycaemic control by intensified insulin therapy retards
the progression of morphological changes (Bangstad et al., 1994; Keen, 1994). Type
1 diabetic patients exhibit mild to advanced glomerular lesions. These patients,
however, show an improvement with regard to renal structural abnormalities ten
years after pancreas transplantation, suggesting that the glomerular lesions present in

microalbuminuric patients prior to pancreas transplantation are reversible (Fioretto et

al., 1998).
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Figure 5. Loss of glomerular filtration rate and transition from microalbuminuria to
gross proteinuria, in the course of diabetic nephropathy in both types of diabetes.

GFR—glomerular filtration rate (Friedman, Online)

Hypertension

Hypertension is probably both a cause and a consequence of diabetic nephropathy
(Nelson, 1993; UKPDS, 1998; Adler et al., 2000, Colhoun et al., 2001; Christensen
et al., 2001; Chiarelli et al., 2002; Rayner, 2004; Clemens et al., 2004; Ohga et al.,
2004; Scheffel et al., 2004; Lehnert et al., 2004; Rossing et al., 2004). An early effect
of systemic hypertension is dilatation of the afferent arteriole, contributing to
intraglomerular hypertension, hyperfiltration and hemodynamically mediated
damage. Another possible explanation for developing hypertension is impaired renal
responsiveness to the renin-angiotensin system in the diabetic kidney (Velasquez et
al., 1998; Kalil et al., 2004). For these reasons agents that help to correct the
abnormal intraglomerular pressures are preferentially selected for treatment of

hypertension in diabetes. Angiotensin-converting enzyme (ACE) inhibitors

54



specifically decrease the efferent arteriolar pressure thereby decreasing
intraglomerular pressure and helping to protect the glomerulus from further damage,
as reflected by their beneficial effect on microalbuminuria (Wade & Gleason, 2004;

Cetinkaya et al., 2004; Hilgers et al., 2004).

Currently ACE inhibitors are considered the first-choice as for antihypertensive
treatment in patients with diabetes (Mogensen, 1999). Control of hypertension with
non-ACE-inhibitors and/or ACE-inhibitors frequently decreases albuminuria, delays
nephropathy and improves survival in both type 1 and type 2 diabetic patients
(Ahmad et al., 1997; Parving, 1998; Lehnert et al., 2004; Silverstein et al., 2004;
Hilgers et al., 2004; Palmer et al., 2004). Currently the ADA recommends lowering
blood pressure to at least 130/80mmHg and 125/75mmHg in patients with

microalbuminuria or more advanced stages of nephropathy (Kjeldsen et al., 2002).

Smokin

Cigarette smoking accelerates the decline in renal function in patients with overt
nephropathy and is associated with increasing albuminuria in microalbuminuric
patients (Chase et al., 1991; Sawicki et al., 1994; Orth et al., 1997; Ritz et al., 2000a;
Ritz et al., 2000b; Orth, 2002; Orth, 2004; Chuahirun et al., 2004; Nilsson et al.,
2004). Mehler et al. (1998) analysed a number of risk factors for diabetic
nephropathy and found that smokers had a 1.6-fold increased risk of developing
nephropathy compared to non-smokers. Chuahirun and co-workers (2004) have
shown that the urinary transforming growth factor beta 1 levels (UTGFB1) in a 6
month follow-up study of type 2 diabetic patients was higher in smokers than in

nonsmokers. The rate of UTGFP1 in quitting smokers was not different from
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nonsmokers (0.093 versus 0.123 ng/g of creatine/week) but that for smokers (0.970)

was higher than nonsmokers (Chuahirun et al., 2004).

The mechanism(s) responsible for the accelerated decline in renal function in
smoking diabetics is not known. However, it has been proposed that renal
vasoconstriction and glomerular endothelial injury may be involved (Mehler et al.,
1998; Chuahirun et al., 2003). Increased production of free radicals, activation of
endothelin release and suppression of nitric oxide in the kidney also may be involved

(Benck et al., 1999).

Dietary Protein

Accumulating data suggest that dietary protein is involved in the deterioration of
renal functional in both type 1 and type 2 diabetic patients (Ciavarella et al., 1987;
Pedrini et al., 1996; Toeller et al., 1997, Barsotti et al., 1998; Toeller et al., 1998). In
a 5-year prospective study of patients with type 1 diabetes, those on a protein and
phosphate-restricted diet showed a decline of glomerular filtration rate (GFR) of only
0.26 ml/min/month compared with 1.01 ml/min/month in those on unrestricted diets
(Zeller et al., 1991). Table 5 summarises risk factors associated with the development
of diabetic nephropathy divided according to whether they are modifiable and non-

modifiable.
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Table 5. Factors that increase the risk of developing diabetic nephropathy

Not modifiable Modifiable
Poor blood sugar control

Ethnic susceptibility

Elevated blood pressure
Genetic susceptibility

Cigarette smoking
Duration of diabetes

Elevated cholesterol

Dietary protein

d) Kidney disease and ethnicity

Roderick et al. (1994) have reported that the number of Caucasian individuals
receiving renal replacement therapy in the Thames region (London) in 1991-1992
was 61 per million. The corresponding figures for Afro-Caribbeans and Asians were
175 per million and 178 per million, respectively. This finding is confirmed by
another study from the West Midlands in the United Kingdom showing that the
prevalence of ESRD in Asians and Afro-Caribbeans is similar but greater than that in
Caucasians (Clark et al., 1993). Diabetes mellitus appeared to be more common as a
cause of end stage renal disease (ESRD) in Blacks than Asians or Caucasians (Clark

et al., 1993).

In England relative rates of diabetic ESRD in Asians and Afro-Caribbeans were 5.8
fold and 6.5 fold higher than in Caucasians, respectively. Age standardised
acceptance ratios for renal replacement therapy were increased 4.2 and 3.7 times in

Asian and black people, respectively (Roderick et al., 1996).
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Diabetes mellitus is the leading cause of ESRD in the USA among whites, and
secondary to hypertension among blacks. The black population in the USA has
consistently suffered from a greater than 3.5-fold higher rate of treated ESRD than
the white population. The incidence of ESRD among type 1 diabetic patients peaks at
25-35 years of age in blacks compared to 30-35 years of age in Caucasian (Cowie et
al., 1989). Among patients with type 2 diabetes rates of incidence of ESRD in blacks
are 4.3 times higher than in whites (108.2 per 100 000 person a year and 25.2 per 100
000 person a year, respectively)(Cowie et al., 1989; Stephens et al., 1990; Brancati et
al., 1992). Humphrey et al. (1989) found higher rates of ESRD in type 1 diabetics
than in type 2 diabetics (170 per 100 000 person a year vs 133 per 100 000 person a

year).

Hispanics have a 2.5 — 6.5 fold excess of ESRD treatment in comparison with
individuals of white origin. Hispanics have an incidence ratio of 6 compared with
non-Hispanic whites, while blacks have an incidence ratio of 4 compared to Whites
(Pugh et al., 1988) (Figure 6). On the other hand, the crude cumulative incidence
among Blacks, Hispanics and Whites in south central Los Angeles was 160.1, 49.28,
and 55.3 per 100,000 respectively, with rates being slightly greater for males than

females (Ferguson et al., 1987).
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Figure 6. Age adjusted annual incidence of treatment of diabetic ESRD (Pugh et al.,

1995).

1.1.5 Pathogenesis of diabetic nephropathy

The mechanisms underlying the development of renal complications are not
completely understood. However, a large body of evidence suggests that
hyperglycaemia is the leading cause of tissue damage by reversible as well as
irreversible alterations in extracellular and intracellular matrix components
(Winegrad, 1987; Greene et al., 1987; Lee et al., 1989; Brownlee et al., 1994; Keogh

et al., 1997; Morrisey et al., 1999).

1.1.5.1 Increased aldose reductase activity.

Aldose reductase converts aldehydes to inactive alcohols. The reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH) is the cofactor for this
reaction. In diabetes increased intracellular glucose concentration leads to increased
enzymatic conversion of glucose to sorbitol (Nishikawa et al., 2000; Hodgkinson et

al., 2001). Sorbitol is then converted to fructose by the action of sorbitol
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dehydrogenase yielding increased formation of nicotinamide adenine dinucleotide

(NADH) (Figure 7). This series of reactions is referred to as the polyol pathway.

Aldose Reductase Sorbitol Dehydrogenase
Glucose / ~C »  Sorbitol / \ » Fructose
NADPH NADP NAD NADH

Figure 7. Polyol pathway.

Activation of the polyol pathway has been implicated in the development of diabetic
nephropathy. Inhibition of aldose reductase by treating diabetic rats with sorbinil (20
mg/kg body weight) for 4 months (mg/Kg bodyweight) was shown to be effective in
reversing the glomerular hyperfiltration of albumin (Beyer-Mears et al., 1986; Beyer-
Mears et al.,, 1988). Donnelly et al. (1996) have also shown that treatment of
streptozotocin-induced diabetic rat with tolrestat (25 mg/kg per day), another aldose
reductase inhibitor, for 12 weeks prevented functional changes of glomerular

hyperfiltration and increased glomerular permeability to albumin.

Information on the beneficial effects of aldose-reductase inhibitors in diabetic
patients is limited and conflicting. Passariello et al. (1993) have demonstrated that
the treatment of nephropathic type 1 diabetes patients with tolrestat over six months
improved the glomerular filtration rate. On the other hand, Ranganathan and co-
workers (1993) failed to show any significant changes in urinary albumin excretion
rate or glomerular filtration rate on treatment with Ponalrestat (600mg) reductase for

3 months.
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1.1.5.2 Activation of protein kinase C (PKC).

Diacylglycerol (DAG) is derived from the hydrolysis of phosphatidylinositides (PIs),
or from the metabolism of phosphatidylcholine (PC) by phospholipase C (PLC) or
phospholipase D (PLD) (Figure 8). DAG biosynthesis is induced by hyperglycaemia
and is primarily involved in the activation of the B and é-isoforms of PKC (Koya &
King, 1998). PKC derives from a family of genes that is divided into three
subfamilies: conventional (a, B1, B2,y), novel (g,0, 6, 1, ), and atypical (A, 1) (Ways

& King, 2000).
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Figure 8. Biosynthesis of diacylglycerol from phospholipase C.

Both the B and d-isoforms of PKC can be activated in cells such as glomeruli

mesangial cells, vascular smooth muscle cells, endothelium and adipocytes cultured
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under hyperglycaemic conditions (Craven & DeRubertis, 1989; Inogushi et al., 1992;
Williams et al., 1992; Studer et al., 1993a; Studer et al., 1993b; Hayashida &
Schnaper, 2004). PKC activity has also been elevated in glomerulus, proximal
tubule, skeletal muscle, liver, aorta, and heart from diabetic animals (Ayo et al.,

1991; Williams & Schrier, 1992; Shiba et al., 1993).

a) Endothelium

The endothelium regulates vascular function through the production and release of
various factors including nitric oxide (NO) (De Mey et al., 1982). NO opposes the
vasoconstrictive effects of catecholamines, serotonin and other substances.
Endothelial cells grown under hyperglycaemic conditions exhibit increased PKC
activity (Inoguchi et al., 1992; Chu & Bohlen, 2004). Diabetes is associated with
reduced NO activity as a result of decreased endothelial NO synthase transcription
(Harrison et al., 1996; Kuboki et al., 2000; Chu & Bohlen, 2004). PKC inhibitors e.g.
LY333531, a PKC-B-specific inhibitor (Ishii et al., 1996; Shen, 2003) have been
shown to increase NO release in response to physiological agonists (Hecker et al.,

1993).

b) Transforming growth factor beta (TGFp)

TGFp is a presclerotic cytokine released by a variety of cells. It increases the
synthesis and reduces the breakdown of extracellular proteins such as type IV and VI
collagen, laminin, and fibronectin (Ziyadeh et al., 2000; Schnaper et al., 2003). The
TGFp gene contains activator protein 1 sites in the promoter that are positively
regulated by PKC activation. The administration of PKC inhibitors have been shown

to prevent hyperglycaemia or diabetes-induced increases in the production of

62



extracellular matrix, TGFf, type al (IV) collagen, laminin and fibronectin in
mesangial cells or renal glomeruli from diabetic rats (Kunisaki, 1994; Koya et al.,

1997a; Koya et al., 1997b; Chen et al., 2001) (Figure 9).

Moreover, Tuttle and Anderson (2003) have demonstrated that the treatment of
animal models of diabetes, including the streptozotocin (STZ) rat, Lepr(db)/Lepr(db)
mouse, and STZ-Ren 2 rat models with Ruboxistaurin (i.e. LY333531) normalised
glomerular hyperfiltration, decreased urinary albumin excretion and reduced
glomerular transforming growth factor-betal and extracellular matrix protein
production. Also, improvements were noted in mesangial expansion,

glomerulosclerosis, tubulointerstitial fibrosis and renal function.

1.1.5.3 Advanced glycation end products (AGE).

Reducing sugars such as glucose react non-enzymatically with amino groups in
proteins, lipids (i.e. phospholipids) and nucleic acids to form Schiff bases that can
rearrange to form Amadori products that are ultimately converted to Maillard
reaction products, named after the French chemist Louis-Camille Maillard. These
products undergo further rearrangement to yield the irreversible cumulative product
collectively known as AGE (Wolff & Dean, 1987; Brownlee et al., 1988; Dyer et al.,
1993; Brownlee, 1995; Bierhaus et al., 1998; Brownlee, 2000; Singh et al., 2001).

The postulated pathway(s) for the formation AGEs is displayed in Figure 10.

During the auto-oxidation of reducing sugars potentially harmful free radicals such
as superoxide anion, hydroxyl radicals and hydrogen peroxide are produced (Hunt et

al., 1988; Jiang et al., 1990). Increased formation of AGEs affects the structural and
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functional integrity of long-lived proteins such as collagen, which is a key
component of connective tissue. AGE-modified proteins have been shown to
increase oxidative stress through interaction with AGE receptors (RAGE) (Schmidt
et al., 1994; Wautier et al., 1994). Furthermore, AGE-RAGE interactions lead to the
activation of the transcription factor NFxB (Bierhaus et al., 1997a; Bierhaus et al.,

1997b).

AGEs accumulate in the renal cortex of diabetic rats and sclerosing glomeruli of
diabetic patients (Mitsuhashi et al., 1993; Horie et al., 1997). Chronic treatment of
non-diabetic animals with AGE albumin caused glomerular hypertrophy, basement
membrane thickening, mesangial extracellular matrix expansion and albuminuria, all
features of diabetic nephropathy (Vlassara et al., 1992; Vlassara et al., 1994).
Moreover, mouse glomerular endothelial cells treated with glycated albumin showed
an increase in collagen type IV production and consequent increases in TGF B
synthesis (Chen et al., 2001; Baricos et al., 2003). Soulis-Liparota et al. (1991) have
shown that aminoguanidine (inhibitor of the Maillard reaction), administered to
streptozotocin-induced diabetic mice, reduces urinary albumin excretion as well as
mesangial expansion in the glomeruli, a hallmark of diabetic nephropathy. Similar
results were reported by Edelstein and Brownlee (1992) who demonstrated that
aminoguaninidine treatment prevented albuminuria in hypertensive diabetic rats
without affecting blood pressure. Cohen et al. (2002) have shown that mice treated
for eight weeks with the synthetic compound (23CPPA) that inhibits the
condensation of glucose with albumin reduced protein excretion and significantly

decreased mesangial matrix expansion.
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