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PROLOGUE 

To begin any discussion about Indigenous peoples, one must have some 

understanding of the history, lifestyle and changes that have occurred in Australia. 

Such knowledge is essential to the general population and imperative to scientific 

understanding, within which there has been a tendency to concentrate on quantifiable 

evidence with little regard to several aspects of cultural background from an 

Indigenous point of view. This becomes more apparent in the search to alleviate the 

burden of diseases in people that had limited and/ or negative experience with 

governance systems. The story of Indigenous Australian peoples is beyond the scope 

of this thesis, and consideration is made to factual evidence and estimates deemed 

acceptable by scientific thought. Please note that the Prologue does not form an 

integral part of the thesis for examination. 

 

 

The information in the Prologue was partly extracted from commonly available 

history books (1, 2) and electronic sources online (3, 4). 

 

Origin and settlement 

The widely accepted evidence of human occupation in Australia by the academic 

community is approximately 40,000 years before present (5). There is still debate 

about the original homeland(s) of Australia’s first occupiers, be it mainland or island 

Asia. While traditional Indigenous belief is that they originated from the land itself, 

given that human polygenesis is regarded unlikely in the scientific world (at least at 

this stage), it is therefore unlikely to have occurred for early Australians. It may be 

that some groups came from what is now called Indonesia and Papua New Guinea. 
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Theories about the means of arrival of the first Australians include crossing a land 

bridge across what we is called the Torres Strait or using floating vessels to reach 

mainland Australia. Even to this day, Australia’s mainland is only approximately 100 

miles apart from Papua New Guinea, with the Torres Straits’ shallow water levels 

lined up between them, as can be shown in Figure A-A. 

 

Figure A-A. The proximity of Australia to Indonesia and Papua New Guinea 

 

Figure was taken from: http://www.lib.utexas.edu.   

 

Previously, Australia was a fertile land until peak aridification of the continent 

during the last ice age, estimated at 15,000 to 18,000 years ago. Today, about 70% of 

Australia is arid or semi-arid land (6). Despite challenges that are usually associated 

with such harsh conditions, the land was occupied by people. It was estimated that 
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there were about 500 ethnically or otherwise linguistically diverse groups of 

Indigenous people in Australia, including people living in the desert. Indigenous 

people were hunter-gatherers and at least periodically/ seasonally nomadic. Implicit 

in this is that mobility was one of the survival tools. In support of this argument was 

the little evidence of man-made shelters. There is evidence to suggest that 

agricultural tools were also employed by Indigenous people, such as deliberate bush 

burning and occasional landscape manipulation (7). 

 

 

Traditional lifestyle - brief background, Indigenous Australians 

Characteristic of a traditional lifestyle include the processes of foraging and 

consumption of plant material that form the major source of dietary antioxidants that 

have atheroprotective qualities (8). Also characteristic to a traditional lifestyle is 

collecting and/ or hunting for meat. Much of the readily available traditional edible 

portions of animals (muscle, liver and fat) were low in fat and/ or high in 

polyunsaturated fatty-acid (9, 10), hypothesised to be protective against development 

and progression diseases of the circulatory system (11). Both hunting for animals and 

foraging for vegetable material were time-consuming and labour-intensive, and 

demanded knowledge of food distribution and/ or behaviour (12). There is little 

account of nutritional information about the quantity and quality of macronutrients in 

the diet of Aboriginal Australians and estimates are not uniform. Cordain and 

colleagues (13, 14) estimated that more than 50% of energy was derived from animal 

source using accumulated knowledge on worldwide hunter-gatherer societies. Other 

estimates suggested a two-to-one plant/ animal ratio would suffice for subsistence 

energy (15). Regardless, features of the traditional lifestyle, such as diet and physical 
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activity, are considered to be established protective factors against chronic metabolic 

diseases (16).  

 

This model of traditional economy in Indigenous Australian populations no longer 

exists in its pure form. Upon the arrival and settlement of Europeans in Australia, 

vast changes have occurred among Indigenous peoples. These changes have formed 

the background for present day Indigenous poor health and welfare. 

 

 

European history over the past four centuries, a precursor of change in 

Australia 

The first recorded European contact with present day Australia was in March 1606, 

when Dutch explorer Willem Janz Blaeu (1571-1638) charted the west coast of Cape 

York Peninsula, Queensland. Later that year, the Spanish explorer Luis Vaez de 

Torres (1565-cir.1610) sailed through the strait separating Australia and Papua New 

Guinea. Over the next two centuries, European explorers and traders continued to 

chart the coastline of Australia, then known by Europeans as Nova Hollandia, or 

New Holland. Under the order of Anthonie van Diemen (1593-1645), the Governor-

General of the Dutch East India Company in Batavia, Abel Tasman (1603-1659) set 

sail to Australia in 1642 in search for trade opportunities in the south-east Asian 

region. Upon arrival at Australia’s coast, his first impression was that of a lack of 

trading opportunities, hence the loss of interest in that land. Nevertheless, the first 

material evidence of European contact was linked to Captain Dirk Hartog (1580-

1621), who arrived on the ship Eendracht on 25th October 1616, as had been 

suggested by the findings of a pewter plate nailed to a wooden post located on an 
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Island off the West Australian coast, now known as Cape Inscription. The first 

British subject to set a foot on Western Australia’s soil, then Nova Hollandia, was 

the explorer William Dampier (1652-1715) in the year 1688, aboard the ship Cygnet. 

It took nearly another century for Captain James Cook (1728-1779) to arrive aboard 

the Endeavour in 1770. Cook extended a cartographic investigation of the pacific 

(Tahiti, New Zealand, Australia) and on 21 August 1770 Cook claimed possession of 

the east coast of Australia, not before naming it terra nullius, or no man’s land. On 

26 January 1788 Governor Arthur Philip (1738-1814) arrived in Sydney Harbour 

with his ‘First Fleet’ of eleven ships and 1500 people, half of whom were convicts. 

That day is now celebrated as Australia Day. From that year and until 1868 about 

160,000 men and women were brought to Australia as convicts. Few free immigrants 

arrived from the early 1790s. However, it was the wool industry and the gold rushes 

of the 1850s that provided an impetus for free settlers to come to Australia. These 

waves of migration changed Australia’s demographic landscape, with wider 

implications to its Indigenous inhabitants. 

 

 

Abrupt changes  

It was during this relatively short period in the history of Indigenous Australians that 

they increasingly suffered from illness, displacement, dispossession and disruption of 

traditional lifestyle and practices. The influence imposed on Indigenous people by 

European arrival was not uniform. Indigenous people who had previously lived in 

temperate climates and around coastal areas were affected most by the process of 

dispossession, while those living in desert areas were least affected during early 

encounters. In this context, abrupt changes are defined as immediate or near 
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immediate changes, such as loss of land (for example, loss of access to food and 

water resources), exposure to infectious diseases (such as measles, chickenpox, 

smallpox and sexually transmitted diseases), exposure to substance abuse (17) and 

massacres (much of which occurred between the early-mid 19th and early-mid 20th 

century). The removal from their ancestral land, combined with morbidity of 

infectious diseases, led to the decimation of Australian Indigenous population to less 

than 100,000 in roughly one century. To commemorate these events the Australian 

Aboriginal League started celebrating Australia Day, on 26th January from 1938, as a 

Day of Mourning, or Survival Day by some. Figure B-A shows the trends in 

estimates of Australian populations in the past three centuries. 
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Figure B-A. Indigenous and non-Indigenous Australian populations over three centuries 

 
Data was partly extracted from online 

sources (3, 7). Some argue that prior 

to 1788, the total Indigenous 

Australian population stood at 

approximately 750,000. Additionally, 

from 1967 onwards Indigenous 

Australians were included in the 

national census. The compiled data 

presented in this Figure is incomplete. 

However, it allowed to form trends in 

population sizes over time. 
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In 1932, Basedow H. (17) speculated that the consequence of pollution of the purity 

of the autochthonous people of Australia, or Indigenous Australians, would disappear 

as a ‘pure breed’. In his report, Basedow specified the lack of medical practitioners 

and comprehensive medical records of Aboriginal patients under the auspices of 

government bodies as Protectors of Aboriginal people. Indeed, up to early 20th 

century, much has been described and written about traditions and customs of 

Australian Aboriginal people, but little account of their diseases. Some knowledge of 

medical conditions in Aboriginal Australians was made available through official 

governmental expeditions and mission activities. One such report was that by 

Elphinstone in 1971 (18), who reported the lack of existence or scarcity of parasites 

obtained from faeces of Aboriginal people. Early reports on Aboriginal Australians 

showed little variance among those living in the desert or in coastal Northern 

Territory and South Australia, and overall were described as lean and agile (18, 19). 

Upon European contact, introduced communicable diseases went rampant across 

Aboriginal communities, often leading to death. These include measles, types of 

influenza, tuberculosis, smallpox and syphilis as common contributors to death (17). 

No metabolic disorders were reported for Aboriginal people. In fact, the only case of 

diabetes noted by Basedow in 1932 was of an adult man who responded to treatment 

of insulin. Much has changed since then. 

 

 

Dietary changes 

Traditional food source was reported to constitute high protein, low fat, low sugar 

and high fibre diet (9, 10, 20). However, no hard quantitative data was analysed. 

Evidence of high protein diet of animal source was supported by various reports on 
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high levels of vitamin B12, which was also a good example of changes in diet once 

people had been placed in mission or in urban areas (18), or in working camps in 

bushland-turned-cattle-stations and receiving little rations that inevitably lead to 

malnutrition (17). Loss of land, combined with the gradual loss of traditional lifestyle 

(including traditional food sources), was evident. The influx of immigrants onto 

Australia saw the increase in seizure of land. Prime land was put to agricultural use 

while other areas were cleared for graziers and their livestock, such as cattle and 

sheep. Many Indigenous Australians provided a cheap source of labour for these 

industries. Their wages were to a large extent based on food rations and other basic 

necessities. Those who relied on Christian missions, be it forcibly or not, also 

experienced dramatic changes in their diet. Together, these events contributed 

towards the evidently low intake of diet-derived antioxidants in Indigenous people 

(21-23). 

 

 

Current day Aboriginal communities, relevance to thesis 

Soon after European settlements were established, the formation of mission stations 

began. Missions usually boasted/ featured a church, a monastery and a school. These 

included the 1846 Moore River mission in Western Australia (80 miles north of 

Perth), 1859 ‘Point McLeany’ (now named Raukkan), 1916 South Goulburn Island 

in northern Australia, 1918 Palm Island in Queensland, 1925 Oenpelli in Central 

Australia, 1935 Port Keats and Yirrikala (Gove Peninsula) in the Northern Territory, 

1937 Ernabella in the Musgrave Ranges of South Australia, and 1942 an Aboriginal 

mission on Elcho Island in the Northern Territory, to name a few. Of particular 

importance to this thesis is the latter mission that was established in Galiwin’ku, 
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Elcho Island, in 1942, as much of the data presented and discussed in this thesis was 

obtained from a community-based intervention program in that community during 

2001-2005. Analysis of the benefits and shortcomings of missions around Australia 

is beyond the scope of this thesis. However, it is noteworthy to point out that 

missions were inevitably involved in social, environmental, cultural and dietary 

changes that had been shaping Aboriginal communities from the time of their 

establishment to this day. 

 

On 27 May 1967, the National Referendum on equal status for Aboriginal people in 

Australian society, which was approved by over 90% of those who voted, gave the 

Commonwealth control over Aboriginal Affairs in the States. It also gave Aboriginal 

people citizenship and voting rights. From that day Indigenous Australians were 

included in the national census. Needless to point out that this significant event 

highlighted their unequal position in Australian society. The battle for equality is not 

yet complete. Today, the impact of the aforementioned changes is widely seen in 

Indigenous Australia. One of the most pressing affairs pertaining to Indigenous 

Australians is health, in which diseases of the circulatory system that are arguably 

preventable feature prominently. 
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ABSTRACT 

The focus of this project was to assess the role of inflammation, oxidative-stress and 

chronic abnormal metabolism as CVD-risk markers in Australian Aboriginal people 

that participated in risk-factor screenings. Inflammation and oxidative-stress were 

assessed by measuring C-reactive protein (CRP) and semicarbazide-sensitive amine 

oxidase (SSAO). These, combined with the metabolic syndrome (MS), were used to 

identify levels and risk of CVD. Results indicated that the MS was highly prevalent 

among Aboriginal people, irrespective of any internationally-defined criteria used, 

but different populations were identified with the condition. Low HDL-C featured 

prominently across populations. Obesity was an important driver of all MS 

components, excluding HDL-C that was low even in the very lean participants. The 

application of internationally-defined CRP-risk categories suggested that 60% of the 

surveyed Aboriginal populations were identified at high CVD-risk. CRP levels were 

strongly associated with body fat in women but not in men, and outcomes were also 

consistent over time. SSAO activity was closely related to glucose metabolism, 

which was confirmed in in-vitro studies. Both CRP and SSAO activity were elevated 

with, but differentially related to, the MS. The conclusions from these observations 

were that conventional criteria for the MS and obesity may not be applicable to 

Aboriginal people, but modification will depend on knowledge of absolute CVD 

end-points. SSAO may be useful for identifying people at risk of abnormal glucose 

metabolism and the use of CRP as a CVD-risk marker appears promising in risk-

factor screenings. Further research is needed to elucidate the relationship between 

inflammation, oxidative-stress and abnormal metabolism in Aboriginal people in the 

hope of curbing the burden of CVD in this high CVD-risk population.  
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CHAPTER 1: INTRODUCTION 

 

Indigenous Australian populations suffer greatly from high incidence and prevalence 

of metabolic disorders compared with all other Australians (24-27). High 

hospitalisation rates, especially in people in their mid 40’s to mid 60’s (28), and 

mortality rates from cardiovascular disorders result in a life expectancy of 

approximately 20 years less than the rest of the Australian population (25). 

Overweight and other traditional cardiovascular disease (CVD) risk factors were 

absent in Aboriginal people as late as 50 years ago (18, 19). Today in Australia, the 

prevalence of CVD risk factors, such as obesity and diabetes, has reached epidemic 

proportions. Of all Australians, it is the Indigenous populations that suffer the most 

from CVD morbidity and mortality (24-33). A search for the underlying cause(s) that 

predispose Indigenous Australians to ill health from chronic metabolic disorders is 

therefore warranted. Knowledge of these primary insults will enable the formulation 

of strategies that will reverse or at least curb the prevalence of these largely 

modifiable diseases in Indigenous communities and individuals. 

 

 

Cardiovascular disease, prevalence and mortality 

From the beginning of the industrial revolution era, urbanisation and change in 

lifestyle has led to increase in the incidence and prevalence of CVD in countries 

where such changes have taken place. In 2003, the World Health Organisation 

[WHO; (34)] estimated that 29.2% (16.7 million) of total global deaths were 

attributed to CVD, with a projection for CVD to become the leading cause of death 

in developing countries as early as 2010. In Australia, the rise in CVD prevalence 

and its sequelae has also increased dramatically, which is now manifested by the 



CHAPTER 1: INTRODUCTION 
 

 2 

high mortality rates attributed to the circulatory system or diabetes, shown in Table 

1-1. 

 

Table 1-1. 1-1. Leading cause of death in Australia for men and women 

 

The Table was taken from a report by the Australian Institute of Health and Welfare [AIHW, (25)]. 

 

Circulatory diseases were the primary cause of death in both Australian men and 

women, contributing approximately 30% to deaths of Australians, while death 

attributed to diabetes were also in the top 10 list for both men and women. 

 

While the total life expectancy (at birth) of Australians ranks around the 10th in the 

world, with that for men standing at 75.6 years and that for women at 81.3 years [true 
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to 1996; (35)], Indigenous Australians are expected to live 20 years less that non-

Indigenous Australians (25). Indeed, the population profile of Indigenous Australians 

differs from non-Indigenous Australians, with the younger age group comprising a 

large proportion of the total Indigenous population, shown in Figure 1-1. 

 

Figure 1-1. Population profile for Indigenous and non-Indigenous Australians in 

2001, stratified by age and sex 

 

 

The Figure was taken from a report by the AIHW (28). 
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All-cause morbidity and mortality in Indigenous Australian people 

Hospitalisation rates for diseases of the circulatory system add information about the 

burden of disease among Indigenous Australians, shown in Table 2-1. 

 

Table 2-1. Hospitalisation for diseases of the circulatory system for Indigenous 

Australians during 2003-2004 

 

 

The Table was taken from a report by the AIHW (28). Note that ratio is observed hospitalisations 
divided by expected (based on ‘other’ Australians) hospitalisations. 
 

Aboriginal people suffer from very high incidence and prevalence of metabolic 

disorders compared with all other Australians (24-27), and mostly increased in 

people aged 45-64 years, where hospitalisation rates for Indigenous people were 2-3 

times higher compared with non-Indigenous Australians (28). While hospitalisation 

rates were higher for Indigenous people, distance to nearest acute hospitals in 

Australia may have impacted on their survival. In 2001, it was estimated that 78% of 

Indigenous communities were 50 km or more away from a nearest hospital, mostly in 

the Northern Territory, with a proportion of 88% (36). While it is hard to determine 

how many lives could be saved should people receive medical attention in time, it is 

clear, however, that distance from acute health facilities plays a role. Mortality of 

Indigenous versus non-Indigenous people is higher for both men and women, and 

more so in areas that are remote from areas where there is access to health facilities. 
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For example, in people aged 25-64 that lived in remote or very remote areas during 

1998-2000, mortality that was related to the circulatory system was 111% higher for 

men and 193% higher for women relative to highly accessible areas (37). Overall, 

mortality rates from circulatory disease range from 4.0 fold in Western Australia to 

6.7 fold in the Northern Territory (36). Of these, coronary heart disease (CHD) 

contributed largely to the high mortality rates, shown in Figures 2-1 & 3-1. 

 

Figure 2-1. Age-standardised mortality rates from coronary heart disease for 

Indigneous and non-Indigenous males, stratified by State/ Territory 
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Figure 3-1. Age-standardised mortality rates from coronary heart disease for 

Indigenous and non-Indigenous females, stratified by State/ Territory 

 

 

Data for both Figures was taken from an AIHW report (36). 

 

The highest recorded mortality rate from CHD for Indigenous people was for 

Indigenous men living in the Northern Territory, and the highest rate ratio relative to 

non-Indigenous people was for Indigenous women in the Northern Territory, up to 

8.1 (36). The Figures also show very clearly that mortality rate from CHD was 

higher in men than in women, and mostly for Indigenous men. 
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Cardiovascular disease, risk factors 

In the past, CVD risk factors were not recorded for Indigenous Australians, 

suggesting that related vascular diseases did not exist. Leanness in Aboriginal 

peoples with no evidence of chronic metabolic diseases was noted as late as 50 years 

ago (18, 19). In Australia, over the second half of the 20th century, the prevalence of 

the established CVD risk factors obesity and type-2 diabetes reached epidemic 

proportions. The metabolic syndrome, a condition comprising a number of 

established CVD risk factors, has also increased dramatically alongside type-2 

diabetes (38). Diabetes and associated vascular diseases have dramatically increased 

among Australians, including Indigenous Australians (26, 27, 31), and are the 

leading cause of premature death (24, 25). Importantly, the major CVD risk factors 

are similar for all Australians, however, the prevalence of most of these risk factors 

is higher in Indigenous people. For example, the AIHW (28) reported that in 2001 

the age-standardised prevalence of circulatory diseases in Indigenous versus non-

Indigenous Australians was 19% and 17% respectively, that for endocrine, 

nutritional and metabolic disease related conditions was 15% versus 9% respectively, 

and that for type-2 diabetes was 11% versus 3% respectively. The ABS (39) reported 

that in 2004-2005 18% of all Australians carried a cardiovascular condition. In 

Indigenous people, the prevalence of having a cardiovascular condition were 21%, 

31% and 54% for those aged 35-44y, 45-54y and over 55y, respectively. 

 

Table 3-1 shows selected publications reporting the rates of non-communicable 

diseases in Indigenous people, using common cut-off values for established CVD 

risk factors. 
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Table 3-1. Selected publications on the prevalence of CVD risk factors for Indigenous and non-Indigenous* people in Australia 
 
Study  Condition Prevalence, % N Location 

Daniel et al (27) Men 140 cases per 1000 persons (age-adjusted);  

women 152 cases per 1000 persons (age-adjusted) 
Men 1197;  
women 1429 

Central, northern and north-
western regions 

Gault et al (40) Men 19%;  
women 13% 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 26% (33% age-adjusted) Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

Daniel et al (26) Adjusted incidence rate: 20.3 cases/ 1000 
persons years 

882 men and women Central Australia 

Brimblecombe et al (42) 12% (2% newly diagnosed) 332 Aboriginal people Remote northern Australia 

AusDiab (43) Men 8%; 

Women 7% 

Total 7.5% 

11,247 (≥)25y, national survey 

AIHW (44) 

Diabetes 

7.6% Australian adults (≥25y) 

     

Gault et al (40) People with normal glucose levels 5%; 
Diabetes condition 17% 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 51% (abdominal obesity 70%) Men 284; 
Women 308 

The Torres Strait and 
Northern Peninsula Area 

McDonald et al (45) Men 10%;  
women 10% 

237 Aboriginal people 
≥18y (56% women) 

Remote northern Australia 

Brimblecombe et al (42) 7.5% 332 Aboriginal people Remote northern Australia 

Schutte and Shemesh et al (46) Men 76%;  
women 76%; 

369 Torres-Strait 
Islanders 

Far north Queensland 

Schutte and Shemesh et al (46) Men 52%;  
women 59%; 

675 Aboriginal people Central Australia 

Shephard et al (47) 

Obesity 

31% 158 Aboriginal people Inland South Australia 
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AusDiab (43) Men 19% (abdominal obesity 27%); 

Women 22% (abdominal obesity 34%); 

Total 21% (abdominal obesity 30%) 

11,247 (≥)25y, national survey 

AIHW (44) 

 

21% Australian adults (≥25y) 

     

Gault et al (40) People with normal glucose levels 12%;  
diabetes condition 50% 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 32% (39% age-adjusted) Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

McDonald et al (45) Men 16%;  
women 14% 

237 Aboriginal people 
≥18y (56% women) 

Remote northern Australia 

Schutte and Shemesh et al (46) Men 34%;  
women 18% 

369 Torres-Strait 
Islanders 

Far north Queensland 

Schutte and Shemesh et al (46) Men 30%;  
women 17% 

675 Aboriginal people Central Australia 

Shephard et al (47) 42% 158 Aboriginal people Inland South Australia 

ABS (39) 22% (aged ≥35y)  Australia wide (aged ≥35y) 

AusDiab (43) Men 31; 

Women 27; 

Total 29 

11,247 (≥)25y, national survey 

AIHW (44) 30% Australian adults (≥25y) 

ABS (39) 

Hypertension 

11% Australia wide (aged ≥35y) 

     

Gault et al (40) People with normal glucose levels 54%;  
Diabetes condition 61% 
 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 

Dyslipidaemia, low 
HDL-C 

53% (age-adjusted) Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

AusDiab (43) 
 

Men 19%; 

Women 5%; 

Total 12% 

11,247 (≥)25y, national survey 
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Gault et al (40) People with normal glucose levels 42%;  
Diabetes condition 89% 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 41% (age-adjusted) Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

AusDiab (43) 

Dyslipidaemia, elevated 
triglycerides 

Men 25%; 

Women 17%; 

Total 21% 

11,247 (≥)25y, national survey 

     

Schutte and Shemesh et al (46) Men 59%;  
women 62% 

369 Torres-Strait 
Islanders 

Far north Queensland 

Schutte and Shemesh et al (46) 
Dyslipidaemia 

Men 88%;  
women 83% 

675 Aboriginal people Central Australia 

     

Gault et al (40) People with normal glucose levels 38%;  
Diabetes condition 78% 

Men 86;  
women 108 

Central Australia 

Leonard et al (41) 33% (37% age-adjusted) Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

AusDiab (43) Men 51%; 

Women 51%; 

Total 51% 

11,247 (≥)25y, national survey 

AIHW (44) 

Hypercholesterolaemia 

51% Australian adults (≥25y) 

     

Leonard et al (41) 28% Men 284;  
Women 308 

The Torres Strait and 
Northern Peninsula Area 

McDonald et al (45) Microalbuminuria men 28%; women 33% 
Macroalbuminuria men 10%; women 16% 

237 Aboriginal people 
≥18y (56% women) 

Remote northern Australia 

Rowley et al (29) Microalbuminuria men 22%; women 27% 
Macroalbuminuria men 10%; women 14% 

1075 Aboriginal 
people ≥ 15y (56% 
women) 

Central and north-east 
Australia 

Schutte and Shemesh et al (46) Microalbuminuria men 28%; women 29% 369 Torres-Strait 
Islanders 

Far north Queensland 

Schutte and Shemesh et al (46) 

Albuminuria 

Microalbuminuria men 30%; women 36% 675 Aboriginal people Central Australia 
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AusDiab (43)  Proteinuria (urine protein/ creatinine ratio ≥20 

mg/mg) 2.5% 

11,247 (≥)25y, national survey 

     

Schutte and Shemesh et al (46) Men 29%;  
women 34% 

369 Torres-Strait 
Islanders 

Far north Queensland 

Schutte and Shemesh et al (46) 
Metabolic syndrome 

Men 28%;  
women 28% 

675 Aboriginal people Central Australia 

     

Leonard et al (41) 45% Men 284;  
women 308 

The Torres Strait and 
Northern Peninsula Area 

McDonald et al (45) Men 81%;  
women 60% 

237 Aboriginal people 
≥18y (56% women) 

Remote northern Australia 

ABS (48) 50% 10,439 persons ≥18y Adult Indigenous 
population 

Telethon Institute for Child 
Health Research (49) 

46% Mothers of 5289 
Indigenous children 

Western Australia 

Shephard et al (47) 54% 158 Aboriginal people Inland South Australia 

AusDiab (43) Men 18%; 

Women 13%; 

Total 16% 

11,247 (≥)25y, national survey 

AIHW (44) 

Tobacco smoking 

20% Australian adults (≥25y) 

* Data for non-Indigenous Australians is shaded in grey and in bold italic style. 
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It appears that while hypercholesterolaemia was higher in the total Australian 

population, tobacco smoking and diabetes were much higher in Indigenous 

Australians. Hypertension and obesity showed mixed results.  

 

Emerging CVD risk factors, including low diet-derived antioxidant intake (21-23), 

psychosocial factors and socio-economic status (50, 51), including high infectious 

load and its manifestations (52-56), may also contribute to CVD in Indigenous 

Australians. Taken together, this suggests that inflammation and oxidant stress 

factors play a prominent role in mediating CVD in Indigenous Australians. 

 

 

Inflammation and oxidative stress, propellers of CVD 

Inflammation is now recognised as a central feature of atherogenesis and plays a 

critical role in destabilisation of the fibrous cap, predisposing to plaque rupture that 

triggers most episodes of coronary thrombosis (57, 58). Classically, inflammation is 

a process where the leukocytes and other compounds of the immune system respond 

to foreign objects entering the body, such as bacteria. Recent findings demonstrated 

that inflammation is also implicated in specific cellular and molecular responses 

leading to atherosclerosis. This process leads to narrowing of the arterial lumen, thus 

decreasing blood perfusion. The atheromatic site may progressively lead to plaque 

formation that can eventuate in rupture. This process in the vasculature, mainly in 

coronary arteries, is responsible for most cases of heart attacks. Progression and 

symptoms of atherosclerosis are usually time-related, illustrated in Figure 4-1. 
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Figure 4-1. Appearance of symptoms of atherogenesis, time course 

 

The cartoon was taken from an online source (59). 

 

The pathophysiology of atherosclerosis has been studied extensively. At the core of 

an atheroma lies the initial lipid deposition. This process initiates a local 

inflammatory response. Inflammation is implicated in atheroma in the vasculature 

and exerts its effect by activating cellular adhesion components and leukocyte 

transmigration into the affected area, contributing to oxidative stress response, 

implicated in foam cell formation, vascular remodelling and plaque formation and 

rupture, illustrated in Figure 5-1. 
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Figure 5-1. Formation and life history of atheroma 

 

Figure was taken from a review by Libby, P (60). 

 

 

Lipids and atherogenesis 

Circulating lipoproteins, namely oxidatively-modified low-density lipoprotein 

cholesterol (LDL-C), infiltrate the intima and become trapped in the arterial wall, 

thus subjected to further oxidation. The immune cell monocytes recognise these 

particles by their scavenger receptors (61-65), and turn into scavenger macrophages. 

Uptake by macrophages via endocytosis and accumulation of lipids in its cytoplasm 

then follows. As a result, the monocyte-turned-macrophage undergoes differentiation 

into a foam cell. During this process, the macrophage produces a wide range of 

cytokines and other factors that are implicated in plaque formation. These include 

smooth muscle cell (SMC) proliferation (66) and extracellular matrix production 
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(67), leading to arterial thickening and a build-up of arterial plaque. In advanced 

stages of plaque growth, a necrotic core is progressively formed combined with 

thinning of the plaque cap. Erosion of the plaque cap progressively causes it to 

become unstable and vulnerable to disruption (68). Disruption to the plaque shoulder 

leads to plaque rupture, often resulting in thrombosis that can occlude the passage of 

blood  (58). 

 

 

Endothelial activation, cellular and molecular interaction 

Accumulation of lipoproteins in the subendothelial matrix of the vascular tissue is 

regarded as the primary initiating event in atherosclerosis (69). Trapping and 

retention of modified LDL-C in junctions between endothelial cells results in 

interaction between the lipoprotein B site to proteoglycans (70). Accumulation of 

modified LDL-C in the intimal layer triggers monocyte migration into vascular wall 

and differentiation into macrophages, which form into foam cells (71). Indeed, the 

recruitment of leukocytes, namely monocytes and T-lymphocytes, into the vascular 

wall is implicated in the development of the fatty streak phenomena. Under oxidative 

stress related conditions, macrophage-mediated oxidation of LDL is initiated, once 

LDL is bound to the macrophage (72). Recruitment of leukocytes is via the vascular 

endothelium. Adhesion of leukocytes is mediated through vascular adhesion 

molecules that are expressed by the endothelium. Cellular adhesion molecules 

(CAMs), such as vascular cell adhesion molecule 1 (VCAM-1) (73), intercellular 

adhesion molecule (ICAM) and vascular adhesion protein 1 (VAP-1) (74) have been 

shown to support the adhesion of leukocytes to sites of inflammation. 

 



CHAPTER 1: INTRODUCTION 
 

 16 

Implicated in an atherogenic lesion is the expression and up-regulation of cytokines 

and growth factors that normally are not expressed in the artery, however upon 

induction can promote the progression of atheromas. These include interleukin-1 (IL-

1), tumour necrosis factor α (TNF-α), transforming growth factor β (TGF-β) and 

other cytokines that induce chemotaxis and proliferation of SMC (66). TGF-β and 

monocyte/ macrophage chemotactic and relevant proliferating-stimulating factors 

promote a pro-inflammatory condition (75). Furthermore, once in the arterial wall, T-

lymphocytes, upon encountering recognisable antigens, such as oxidised LDL-C 

(oxLDL-C), can initiate an amplification loop of the inflammatory reaction by 

binding to resident macrophages, inducing expression of a range of tissue factors and 

pro-inflammatory cytokines (60). This process is illustrated in Figures 6-1 & 7-1. 
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Figure 6-1. The role of monocytes and T-lymphocytes in atherogenesis 

 

 
 
 

Figure 7-1. The role of monocytes and T-lymphocytes in atherogenesis 

 

 

Both Figures were taken from a review by Libby, P (60). 
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Endothelial response to injury is central to the initial stages in the formation of an 

atherosclerotic lesion and adversely affects its normal physiologic functions. These 

impairments include damage to the barrier between the lumen and the arterial wall 

and promote pro-adhesion conditions for leukocytes. Activated endothelial cells also 

affect the regulation of vascular tone and are implicated in the pathogenesis of 

hypertension and related vascular disorders. 

 

 

Oxidative stress and vascular dysfunction 

Activated vascular endothelial cells adversely affect nitric oxide (NO) 

bioavailability, resulting in increased adherence of leukocytes to the endothelium, 

implicated in the initiation stage of atherosclerosis and associated elevated blood 

pressure (76). NO is an endogenous inhibitor of vascular SMC growth and migration, 

endothelial expression of adhesion molecules and nuclear factor kappa B (NF-κB) 

activity. A NO-poor environment predisposes to increase in reactive oxygen species 

(ROS), pro-oxidant and pro-inflammatory conditions (77). In addition, up-regulation 

of the vasoconstrictor angiotensin by the specialised leukocytes, termed mast cells, 

may activate angiotensin-2 from its precursor angiotensin-I (60). 

 

Upon activation by the modified LDL-C, macrophages have also been shown to 

increase expression of angiotensin converting enzyme (ACE), thus creating a 

positive feedback mechanism for local angiotensin-2 formation (77). 
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Atherosclerotic region, foam cells formation, apoptosis and thrombosis 

Accumulation of modified LDL-C in the intimal layer triggers monocyte migration 

into vascular wall and differentiate into macrophages. The macrophage scavenger 

receptors A-scavenger receptor (61, 62), CD36 (63) and CD68 (65) facilitate the 

endocytosis of the entrapped modified lipoprotein particles. Accumulation of 

droplets of the lipoprotein particles in the cytoplasm of macrophages triggers 

differentiation into foam cells (71). The coupling of foam cells with T-lymphocytes 

in the intima is the initial form of an atherosclerotic plaque. Implicated in 

macrophage endocytosis of modified lipids and formation of foam cells are 

peroxisome proliferators-activated receptors γ (PPAR-γ) ligands. PPAR-γ ligands 

have been shown to be implicated in regulating white and brown adipose tissue and 

implicated in modulating energy homeostasis (78). PPAR-γ ligands are also 

implicated in the regulation of the macrophage scavenger receptor CD36 leading to 

increase uptake of oxLDL-C (79, 80). PPAR-γ is a member of the nuclear hormone 

receptor superfamily that is involved with the regulation of gene transcriptions 

associated with lipid metabolism. PPAR-γ is upregulated by oxLDL-C but not native 

or acetylated LDL-C. PPAR-γ is also found in atherosclerotic lesions suggesting an 

active role in the pathogenesis of atherosclerosis (79).  

Vascular oxidative stress may also affect uptake of oxLDL-C by macrophages by 

contributing to the expression of macrophage scavenger receptor-A, thereby 

promoting the formation of foam cells in atherosclerotic lesions (81). 

Finally, foam cell apoptosis contributes largely to the formation of a necrotic region 

in an atherosclerotic lesion (82), leading to thinning of plaque cap and predisposing 

to plaque rupture and thrombosis.  
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Given the involvement of inflammation and oxidative stress in the pathogenesis of 

CVD and related disorders, the reported low natural antioxidant intake (23) and the 

inconsistencies in the presence of traditional risk factors in Indigenous versus the 

total Australian population relative to its effects, investigation of potential indicators 

of current inflammatory and pro-oxidant conditions predisposing to chronic 

metabolic conditions and their potentially causal effect on CVD risk in Australian 

Aboriginal people was warranted.  

 

Note that an extensive overview for each relevant marker that is discussed in this 

thesis is provided in each respective chapter. 
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CHAPTER 2: STUDY DESIGN, MATERIALS AND METHODS 

 

The quasi-experimental study design 

The study titled “Community-directed interventions to reduce the risk of diabetes and 

cardiovascular disease among Indigenous Australians” (O’Dea, Rowley, Daniel, Lee, 

McDermott, Simmons; NHMRC #124319, 2001-2004) utilises a quasi-experimental 

time-series design. Typical to this study design, termed as such by Campbell and 

Stanley (83), participants serve as their own ‘controls’, or self point of reference. The 

use of this model is assumed to fit best the type of study designs where 

randomisation of participants is impractical, unethical or inappropriate to the study 

aims (e.g. in population-based studies, observational studies). A quasi-experimental 

study design in a population-based screening is therefore an acceptable study design 

and an appropriate alternative to randomisation design. Therefore, this type of study 

design was used in the community-based intervention, where individuals exposed to 

a range of baseline environmental risk and intervention conditions were included. 

During 2001-2005 the community was tracked prior to, during and after intervention 

implementation. Change was assessed relative to baseline measurements and 

national, regional or state level data where available.  
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Goals 

The main goals of the larger project were to evaluate the effectiveness of social, 

environmental and behavioural interventions in Aboriginal communities. Two main 

community-directed approaches were defined. These were primary and secondary 

prevention strategies, focusing on the following issues: 

• Reduction in the prevalence of CVD risk factors (secondary prevention); 

• Screening for early detection and treatment of undiagnosed disease (primary 

prevention); 

• Activities to assist people with disease to more successfully manage their 

disorders (tertiary long-term prevention). 

 

Galiwin’ku community (Figure 1-2) is an Aboriginal community on Elcho Island, 

north-east Arnhem Land in the Northern Territory. Galiwin’ku community is the 

largest community in the north-east region, located approximately 600 km from 

Darwin.  
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Figure 1-2. Galiwin’ku community, Elcho Island 

 

Satellite image, adapted from Google Earth (version 3.0.0739), Google Inc. 

 

There are 20 language groups and English forms the third or fourth language for 

most Indigenous people, who, since the introduction of the Aboriginal Land Rights 

(Northern Territory) Act in 1976, live on their recognised ancestral lands (42). A 

baseline survey was conducted in Galiwin’ku during 2001-2003 with questionnaire 

data collected from 747 participants, and 420 have completed risk factor screening. 

The study population was generally representative of the census population in term 

of gender distribution, except that women over 35 years were over represented (42). 

Of these, people living in their homelands (screened during 2003) formed an integral 

part of the larger study program. This thesis deals mainly with baseline biochemical 

and anthropometric variables related to inflammation, oxidative stress and chronic 

abnormal metabolism, and include lipid profile (total and HDL cholesterol and 
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triglycerides), body habitus (waist and hip girths, weight, height), haemodynamic 

profile (systolic and diastolic blood pressure) and proposed inflammatory and 

oxidant stress markers (CRP and SSAO). The baseline questionnaire included 

information on diet, smoking and exercise habits and psychosocial factors (mastery 

and self-esteem). Biochemical and anthropometric data was further collected during 

2004 and early 2005. The nature of the study was based mainly on cross-sectional 

data, and statistical methods appropriate to the particular design are detailed further 

in this Chapter (page 93). 

 

 

Intervention 

The details of interventions have been developed in the community. Initial strategies, 

which have proven effective in the experience of the research group (29, 30), include 

simple practices pertaining to modify current lifestyle habits. These include the 

following: 

• Removing fat from meat before cooking; 

• Lowering intake of sugar per se and carbonated drinks; 

• Increase intake of fresh fruits and vegetables; 

• Support for increased recreational exercise; 

• Support informal education about diabetes and CVD and the role of nutrition 

and exercise in their prevention and treatment. 

 

Outcomes of MSHR capacity building in the community, at least in part, have 

already taken place during 2001-2006. For example, local solutions to allow for 

changes include family garden projects, which has proven a popular concept by 
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many. Marthakal Homelands Health Service Centre has been supporting a garden 

development as a business enterprise for Yolgnu people. In 2005, Arnhem Land 

progress association (ALPA; http://www.alpa.asn.au) community store launched a 

nutrition and health strategy, which relied on store turnover research that was 

performed by the MSHR research group. In this context, MSHR also partly 

facilitated the increase of the awareness of the quality of food that is available for 

purchase in local ‘takeaway’ outlets. Additionally, strategies to increase physical 

activity included dancing, such as line dancing, which was warmly accepted by 

community people, mainly women. Other acceptable strategies that appeared to have 

been taken up by the community were family group walking and hunting. While 

cessation of cigarette smoking remained a challenge in the community, other 

interventions using similar strategies and health performance indicators showed a 

steady state low level of smoking in women (<4%) and decrease in smoking in men 

by 23% (53% to 41%), in other communities (84), suggesting that Indigenous groups 

are not uniform and require adjustment and/ or revision of strategies for some cases.  

 

Dissemination of knowledge was enabled through formal and informal groups 

residing with, or part of, the community. Of prominence was the use of networks 

such as kinship groups, community relationships and the like. Formal dissemination 

of knowledge was conducted through school curriculum and health workshops. This 

approach was thought to lead to changes at the Council level, including policy on 

community stores’ provisions.  
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Relevance, outcomes and significance 

Diabetes and heart disease are recognised by Aboriginal peoples as a major health 

problem and a cause of early death in their communities (48). For example, 6% and 

12% of Indigenous people reported diabetes/ high sugar levels and heart and 

circulatory disease/ problems respectively in a national assessment of data from 1995 

to 2005 as reported by ABS (48). Collaboration of the research group with the 

Aboriginal community included planning of appropriate strategies amenable by 

people of the community; implementation and evaluation of the larger intervention 

program and subprojects to reduce chronic metabolic disease in the community. 

Established markers of CHD and its sequelae were evaluated as an integral part of 

the program. This thesis discusses the relationship of established markers of CVD to 

non-established markers of CVD, which have not been systematically studied in 

Indigenous Australian populations to date in a population-based study. Specifically, 

this thesis focuses on the relationship of systemic markers of inflammation (CRP) 

and oxidative stress (SSAO) with components of the metabolic syndrome in the 

surveyed population as an integral part of assessment and comparison of levels of 

markers in the baseline data (2001-3) and in the follow-up screening programs 

(2004-5). At a technical level, the thesis evaluates the utility of point-of-care 

instruments for assessing biochemical risk factors in a remote setting. The thesis also 

examines the interrelationship of inflammation and oxidative stress in an 

experimental study. 

 

As noted earlier, inflammation and oxidative stress are implicated in the initiation 

and progression of atherosclerosis that ultimately lead to micro- and macrovascular 

disease. Markers for CVD may well have serious implications for prevention of 
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vascular diseases at all levels. Establishing the health policy implications of the 

factors identified as promoting or impeding the success of intervention initiatives 

was (and still remains so) a major aim of the larger project, upon which this present 

thesis builds. Knowledge of this outcome can be used to establish a framework for 

the design, implementation and evaluation of community-based interventions 

Australia wide. 
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Ambient conditions 

All samples were collected during risk-factor screening programmes in remote 

communities in north-east Arnhem Land.  The exact location of Elcho Island is 

Latitude -12.0280 S, Longitude 135.5648 E, Elevation 18.0 metres. The maximum 

average daytime temperature was slightly over 30˚C and relative humidity was 

approximately 80% throughout the study. The Figures 2-2 & 3-2 show the average 

daily humidity in Elcho Island and Australia as a point of reference and the mean 

maximum daily temperature in Elcho Island, with a view of appreciation of the 

ambient conditions and associated challenges that were present during the screening 

and the implications this may have on some analyses presented in the thesis. 

 

Figure 2-2. Average daily humidity, Elcho Island 

 

Figures were taken from an official Government website http://www.bom.gov.au. 
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Figure 3-2. Mean daily maximum temperature, Elcho Island 

 

 

Data for the Figure was taken from an official Government website http://www.bom.gov.au. 
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Anthropometry 

Anthropometric measurements included standing height, body weight, waist and hip 

girth, assessed using standard techniques (85). Body weight was measured on a 

digital scale to the nearest 0.1 kg. Height was measured using a stadiometer, with a 

patient standing erect against a hard surface (wall) and without footwear and was 

recorded to 0.1 cm. Waist and hip girths were measured using an elastic non-

stretchable measurement tape and recorded to 0.1 cm. 

 

 

Body composition, measurement tools  

There are a number of possible methods for assessing body composition. These 

include hydrodensitometry, total body water, total body potassium and whole body 

dual X-ray absorptiometry (DEXA), and the bioelectrical impedance analyser (BIA) 

(86-88). BIA is a method capable of estimating whole body water content, and 

incorporates measurements of resistance and reactance produced in the body in 

response to an alternating electrical current charge.  

 

 

Bioelectrical Impedance Analysis, Reactance and Resistance 

Cell membrane maintains a steady-state ion difference between intra- and 

extracellular spaces, partly for the purpose of diffusion of metabolites essential for its 

survival. The dielectric phospholipid bilayer of the cell membrane serves as a 

capacitor with transmembrane proteins serving as tunnels through which leakage of 

electrical charge is possible, illustrated in Figure 4-2. 
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Figure 4-2. Plasma membrane of a cell 

 

 

Illustration was taken from RJL SYSTEMS website: http://www.rjlsystems.com. 

 

Capacitance of the body cells is reported as reactance by the BIA instrument. As 

opposed to reactance, resistance is the inverse of reactance and is defined by 

cylindrical volume resistivity (resistance divided by volume; Ohm/cm3). Resistance 

is dependent on the diameter and length of the cylinder. Thus, an arm would have 

greater resistance than a leg, and both would have greater resistance compared to the 

torso.  

 

Conductivity is dependent on ions to form a charge in the biological matter. Fat and 

skin would have little conductivity, the former an insulator and the latter of little 

ionic charge relative to the total organ mass. Muscles, organs in which much of the 

metabolism occurs, typically account for approximately 60% of the body mass, 

which is also referred to as the metabolically active component in the body. 

Metabolically active cells hold electrical charge, and the current used for BIA travels 

through the aqueous ionic solution associated with muscle. Impedance is expressed 
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as the square root of the combined squared reactance and squared resistance. In 

effect and given the frequency and current used (50 kHz, 800 µAmp, supposedly 

going through extracellular space rather than through the cells as well), resistance 

levels are many times higher than reactance levels, the latter contributing negligible 

amounts to the calculated impedance, resulting in exclusive use of resistance values 

in some equations that are predictive of body composition, e.g. body fat. However, 

others suggested that body impedance is informative for assessing body fluid volume 

and distribution rather than body fat (89). The BIA instrument used in the field was a 

tetra-polar BIA, directly measuring resistance and reactance as a series circuit. 

 

Bioimpedance calculation is based on the Pitágoras formula A2 + B2 = C2. The 

formula is based on the theorem that √ [(resistance)2 + (reactance)2] = impedance, 

illustrate in Figure 5-2. 
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Figure 5-2. calculating impedance from BIA outcome measurements 

 

Illustration was taken from RJL SYSTEMS website: http://www.rjlsystems.com. 

 

 

Assessment of body composition (fat mass and fat free mass) using BIA 

Many studies assessed the validity of BIA and review of this is beyond the scope of 

this thesis. BIA has been compared with a number of other established methods for 

measuring total body water (TBW) and body fat. BIA measurement of TBW, 

squared height divided by resistance (H2/R), was shown to account for 94% of total 

variability associated with TBW determined by deuterium dilution in a sample of 40 

men and women, and was better in men than in women (90). In a Danish study of 

139 adult Danes H2/R accounted for 82% of total variation of lean body mass (LBM) 
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in a multiple regression analysis model (91). This data obtained from ethnically 

homogenous populations with a wide range of body fatness, suggests that BIA can 

measure TBW and LBM accurately. 

 

Nearly all reports, however, stress a need for gender and ethnic-specific prediction 

formulas. Studies showed ethnic differences in body composition, such as the 

comparison of Tongans or Polynesians to Caucasian Australians (92-94), prompting 

revision of conventionally used cut-offs of BMI and development of ethnic-specific 

equations to predict body fat. Of relevance to Aboriginal people, a comparative study 

of BIA measurements to body weight across four different ethnic groups by 

Heitmann et al (95)  showed a consistent difference in the relationship between 

resistance values and body weight in Aboriginal people compared to that in Danes, 

Torres Strait Islanders and New-Zealand Samoan (Polynesian) group. The study 

concluded that a constant relationship of body size to body composition, depending 

on sex and age only, may well be constant in all studied ethnic groups, with the 

exception of Aboriginal people (95). In support, Piers et al (96) reported that 

Aboriginal women characteristically exhibit a pattern of abdominal fat deposition 

when they gain weight, similar to that of men, and the relationship of resistance to 

body weight was different for Aboriginal people relative to Europids. Nevertheless 

and with the full knowledge of the potential for discrepancies, the following 

predictive equations of fat free mass by Heitmann were utilised: 

• Men: 0.279 x height2/resistance+0.245 x weight+0.231 x height-0.077 x age-

14.94. 

• Women: 0.279 x height2/resistance+0.181 x weight+0.231 x height-0.077 x age-

14.94. 
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Participant preparation 

Participants fasted overnight and did not work 12 hours prior to the study. All 

jewellery, belts shoes and other accessories were removed prior to measurements. 

Participants’ skins were cleaned with alcohol swabs prior to electrode placement. All 

participants reported to be in a good physical health at the time of study, and did not 

present any injuries such as wounds at the physical place of electrode placement. 

Participants were required to lie in a supine position, with legs and arms at 

approximately 30 degrees apart from the body. In total, preparation of each 

participant took approximately five minutes. Measurements were taken three 

consecutive times and the mean was reported. 

 

 

RJL Bioelectrical Impedance Analyser 

The system used a single frequency of 50 kHz at a fixed output current of 800 

µAmp. Battery and instrument calibration was tested daily prior to use in the study. 

Cables were tested for physical damage (exposed wire etc) as well. The detecting 

electrodes were placed on the base of the middle finger and on the ulnar head of the 

wrist. The two other detecting electrodes were placed on the base of the second toe 

of the corresponding limb and the medial malleolus of the ankle. 

 

 

Pathology collection: Blood and urine sample collection 

Venus blood was drawn directly from one of the veins in the cubital fossa (Figure 6-

2) into the following dedicated evacuated Vacutainer® tubes: 
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• Serum separator tube (SST; 8 ml), which incorporates clotting agents for 

serum; 

• Lithium heparin (LH) tube (8 ml) for plasma; 

• EDTA tube (4 ml), for plasma; 

• Lithium fluoride tube (2 ml) for plasma, which was used solely for testing 

plasma glucose levels. 

 

Figure 6-2. Venipuncture, veins in cubital fossa 

 

 

 

Illustration was taken from http://www.frca.co.uk. 
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The blood-filled tubes were then gently rotated six times to allow proper mix of 

blood with the agents in the tube, and placed in insulated containers packed with ice 

blocks. SST tubes were left for approximately five minutes to allow the blood to clot 

and then placed in the insulated container. The blood tubes were centrifuged within 

four hours at 2500 rpm for five minutes at room temperature, and supernatant was 

aliquoted thereafter into two 1.0 ml vials for SST and LH and one 1.0 ml vial for 

fluoride-heparin and EDTA tubes each. A whole-blood sample was taken from the 

EDTA tube prior to centrifugation to allow testing for glycated haemoglobin. 

 

Early morning urine samples were collected in specimen jars and then placed in 

insulated containers packed with ice blocks. Two aliquots of 1.0 ml in each vial were 

produced from each urine sample. All specimens were processed within four hours of 

collection. Following aliquoting of pathology samples into vials, these were then 

placed in a liquid-nitrogen ‘Biological Shipper’ (CryoPak Series, Taylor-Wharton, 

AL, USA) until arrival at the laboratory and subsequently stored at -80 degrees 

Celsius (oC) until biochemical analysis. Labelling of vials was done using sticky 

labels and then guarded with a semi-transparent adhesive tape.  

 

 

Biochemical and other measurements 

Measures were chosen for their relevance to CVD and diabetes, sensitivity to diet 

and exercise, and suitability for measurement in a single fasting blood sample 

collected in the field. Attention was given to CRP and SSAO analyses as these were 

performed in-house by the candidate. The following variables were also measured: 
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• Blood pressure was measured on a Dinamap signs monitor (Critikon USA), an 

automated blood pressure monitor) after the participant had been sitting for five 

minutes. The mean of three consecutive blood pressure measurements was 

reported. Attention was given to sitting time, placement of blood pressure cuff 

on the arm and repeat of measurements to minimise inter-operator variability. 

• Urinalysis incorporates albumin and creatinine concentrations for calculation 

of albumin to creatinine ratio (ACR) and performed by immunonephelometry 

on the Beckman Array (Beckman Instruments Inc, Fullerton CA, USA) for 

albumin, and by the kinetic Jaffe method on the Hitachi 917 (Boehringer 

Mannheim GmbH, Mannheim, Germany) for creatinine. 

• Fasting plasma glucose, insulin, total and HDL cholesterol and 

triglycerides were analysed using standard enzymatic/ immunologic/ 

chromatographic techniques: Plasma glucose and lipids were measured on the 

Hitachi 917 analyser (Roche Diagnostics Australia) by routine automated 

colorimetric and enzymatic methods. Insulin was measured by 

radioimmunoassay. 

• HbA1c was performed using cation exchange HPLC on a Pharmacia MonoS 

column. 

• Plasma homocysteine was analysed by fluorescence polarisation immunoassay 

method on an Abbott IMx auto analyser. 

 

All standard laboratory analyses were performed by SouthPath, a laboratory 

accredited by the Australian National Association of Testing Authorities (NATA), at 

Flinders Medical Centre, South Australia. The tests were performed on samples that 
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had not been thawed prior to biochemical analyses. The candidate performed the 

assays for CRP and SSAO at the laboratory of the University of Melbourne, 

Department of Medicine, St Vincent’s Hospital Melbourne, Victoria. 

 

 

Biochemical analysis of C - reactive protein 

There are a number of commercially available measurement methods for CRP, and 

all show very high levels of agreement and successfully classifying patients into risk 

categories for CVD or quartile agreement (97, 98), although standardisation for CRP 

testing has yet to become available (99).  

 

 

Analytical precision, C - reactive protein 

At St Vincent’s Hospital in Melbourne, serum CRP was measured with a high-

sensitivity commercial assay on a Nephelometer (BN-II Nephelometer; Dade 

Behring Diagnostics, Lane Cove, NSW), with a lower limit of detection of 0.175 

mg/L. In-house intra- and inter-assay coefficients of variation (CVs) for CRP testing 

were 1.9% and 4.3% respectively, shown in Tables 1-2 & 2-2. 
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Table 1-2. Intra-assay CVs for CRP in 2003 and 2005 

Year Sample Mean SD CV, % 

Apolipoprotein Control* 

2.34, 2.44, 2.37, 2.34, 2.32, 2.32 2.36 0.05 1.9 

    

Control patient (the candidate) 

0.92, 0.94, 0.90, 0.91 0.92 0.02 1.9 

2003 

    

Apolipoprotein Control* 2005 

2.16, 2.16, 2.23, 2.19 2.19 0.03 1.5 

* Manufacturer: Dade Behring, Marburg Germany. 
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Table 2-2. Inter-assay CV for CRP 

Batch N (ratio**) Sample Mean SD CV, % Total CV*, % 

1 8 (0.44) 2.25, 2.27, 2.37, 

2.32, 2.32, 2.52, 

2.53, 2.17 

2.34 0.13 5.4 

2 5 (0.28) 2.16, 2.12, 2.09, 

2.18, 2.14 

2.14 0.03 1.6 

3 5 (0.28) 2.53, 2.45, 2.26, 

2.24, 2.37 

2.37 0.12 5.2 

4.3 

*Adjusted for proportion of sample size; ** Ratio of sample size to total sample size. 

 

The principles of detection of CRP are as follows: CRP from a serum sample is 

agglutinated to polystyrene particles coated with CRP monoclonal antibodies; the 

level of concentration of agglutinated CRP is then detected through the intensity of 

scattered light. 

 

Freeze-thaw of serum samples showed that CRP levels did not change after 10 

freeze-thaw cycles (100). In-house testing for CRP concentration following four 

freeze-thaw cycles was in concordance with this statement (see Figure 7-2). In 

addition, time and temperature storage was reported not to have a significant effect 

on CRP levels, even after 20 years in proper storage (-70ºC) (99). 
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Figure 7-2. CRP levels following four consecutive freeze-thaw cycles 
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Quantification of SSAO activity 

Quantification of SSAO enzymatic activity was performed in the laboratory by the 

candidate. Characteristically, enzymatic assays are subjected to time allowed for the 

reaction to occur, type and concentration of substrate and temperature levels. SSAO 

activity in serum was quantified by measuring production of benzaldehyde from 

benzylamine in the presence of monoamine oxidase inhibitor. 

 

Quantification of SSAO activity was based on the method of van Dijk et al (101) and 

was performed as follows: 

• 50 µL of a thawed sample (human serum samples) was placed into glass vials 

containing 350 µL of 0.1 M sodium phosphate buffer (pH 7.8) and 50 µL of 

9.07 mM monoamine oxidase inhibitor clorgyline (diluted in 0.01 M 

hydrochloric acid). 

• Sample was vortexed and placed in a water bath at 37ºC for 30 min. 

• 50 µL of 26.11 mM benzylamine (Sigma, Steinheim, Germany) was added to 

the vial and incubated for 60 min at 37ºC in a water bath. 

• The sample was placed on ice and the enzymatic reaction was stopped after 60 

min with 50 µL of 40% aqueous tetrahydrochloric acid (40% weight/volume). 

• Vial was then centrifuged at 10000 rpm (radius of centrifuge rotary console = 

10 cm) for three minutes and 400 µL of supernatant was placed in a new vial. 

• Sample was then vortexed with 200 µL of 0.15 M dimedone solution and 50 

µL of 50% aldehyde-free sulphuric acid (50% volume/volume) and derivatised 

by incubation for 45 min at 95ºC in a ‘cooking sand bath’.  

• Sample was then placed on ice to stop derivatisation, vortexed and then placed 

on a dedicated HPLC auto-sampler carousel. 
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• The SSAO enzymatic product benzaldehyde was measured on a Waters® HPLC 

system: 717plus Autosampler, 474 Scanning Fluorescence Detector, 510 Pump 

with an In-Line Degasser AF, Waters® Atlantis® column (dC18 3 µm, 4.6 mm 

× 150 mm) and Empower Pro software (Ver. 5.0, Waters Corp. 2002)]. 20 µL 

of sample was injected automatically into the system with a mobile phase 

consisting of acetonitrile–water (55:45, v/v) at a flow rate of 1.0 ml/min.  

• Benzaldehyde peaks were then detected by the spectrofluorometer that was set 

at λ Excitation = 386 nm and λ Emission = 451 nm. The room temperature was 24-

25ºC. 

• Benzaldehyde concentration was calculated by comparison with benzaldehyde 

standards after blank (sample containing no human sample or benzaldehyde) 

levels were corrected for.  

 

 

Derivatisation 

Derivatisation is the reaction of a product to form adducts with a fluorescent 

molecule. The reaction included benzaldehyde and the water soluble dimedone [or 

5,5-Dimethyl-1,3-Cyclohexanedione; (CH3)2C6H6(=O)2; Figure 8-2]. The proposed 

reaction between benzaldehyde and dimedone in an acidic environment is termed the 

Knoewenagel reaction, where carbon-carbon bonds are formed (102). 
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Figure 8-2. The Knoewenagel reaction between benzaldehyde and dimedone to 

produce a fluorescent product in an aqueous acidic environment 

 

 

 

 

 

Of noteworthy, dimedone has been widely used in luminescence chemistry, 

colorimetry and spectrophotometric analysis. Dimedone has also been used in the 

past as an agent that blocks aldehyde groups to facilitate histochemical 

demonstration of glycogen (103). That dimedone has been widely used to quantify 

aldehydes, coupled with its reaction ratio of two molecules for one molecule of 

aldehyde that results in strong fluorescence, renders dimedone as a suitable molecule 

for quantification of SSAO enzymatic activity on an HPLC. 

 

 

Preparation of dimedone solution for quantification of SSAO enzymatic activity 

• 2.1 g of dimedone (Sigma, Steinheim, Germany) is dissolved in 17.5 ml of 2-

propanol. 

• 60 g of ammonium acetate is added and water to a final volume of 100 ml. 

Benzaldehyde  dimedone 
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• The solution is stirred until all solid residues are dissolved. Allow 

approximately 10 min for complete dissolution of residues. 

• The solution is then passed through a Sep-Pak C18 column, previously 

activated with 5 ml of water and 5 ml of methanol (in that order) for 

purification purposes. 

• pH is adjusted from typically 7.5 to 6.5±0.5. 

 

 

Preparation of benzaldehyde standards for quantification of SSAO enzymatic 

activity 

For a working solution of 0.049 mM benzaldehyde, the following protocol is utilised: 

• 25 µL of benzaldehyde (Aldrich, Milwaukee USA) is dissolved in 10 ml of 2-

propanol-water (v/v 1:1). 

• Dilution of 1.0 ml of the mixture with 9.0 ml of 2-propanol-water (v/v- 1:1). 

• Further dilution of 1.0 ml of the mixture with 49 ml of distilled water. 

• Benzaldehyde solution is then stored at -80ºC in o-ring plastic vials until used. 

 

 

Chromatogram of fluorescent benzaldehyde derivative on an HPLC 

The following Figures show a typical chromatogram output (Figure 9-2) and 

standard curve (Figure 10-2) for detecting benzaldehyde levels in sample. 
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Figure 9-2. Typical overlay chromatogram of standards (three incrementally 

increased standard levels) for SSAO activity 

 

 

 

The arrow indicates benzaldehyde peaks eluted at 4.5 (04:30) min for the three 

standard concentrations: 0.025 (lowest peak), 0.049 (middle peak) and 0.098 (highest 

peak) mM. Note a typical signature for dimedone starting at 2.5 and 3.0 min for all 

samples. 
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Figure 10-2. A typical 4-point standard curve for SSAO activity assay. Points 

represent known concentration of benzaldehyde in solution 

 

 

 

 

HPLC analytical precision 

Eight repetitions for high and low standards each (0.025 and 0.098 mM respectively), 

were performed to assess analytical precision. Results show an excellent 

chromatogram output for each standard (n=8), as shown in Figure 11-2 and Table 3-

2. CVs for benzaldehyde levels were 0.1% at 0.098 mM and 0.4% at 0.025 mM. 
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Figure 11-2. Overlay of chromatograms for high and low benzaldehyde 

concentration levels (n=8) 
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Table 3-2. Raw data of chromatograms for high and low standards for 

SSAO activity 

Sample Start Time End Time Retention Time Height Area 

3.900 4.583 4.142 141643 1131732 

3.900 4.600 4.141 139980 1124102 

3.900 4.600 4.141 141404 1126370 

3.900 4.600 4.141 139084 1123468 

3.917 4.600 4.144 137836 1121772 

3.917 4.600 4.143 140117 1123215 

3.917 4.600 4.144 138253 1119818 

St
an

da
rd

 1
 (

0.
02

5 
m

M
) 

3.917 4.600 4.142 138475 1117222 

      

3.967 4.600 4.139 307513 2512083 

3.983 4.600 4.141 312383 2505821 

3.983 4.600 4.140 313138 2507447 

3.983 4.600 4.142 310653 2511813 

3.983 4.600 4.141 309853 2503164 

3.983 4.600 4.141 313398 2507305 

3.983 4.600 4.140 313558 2512761 

St
an

da
rd

 3
 (

0.
09

8 
m

M
) 

3.983 4.600 4.141 315680 2507938 

 

 



CHAPTER 2: STUDY DESIGN, MATERIALS AND METHODS 
 

 51 

Quality control, inter-assay 

SSAO activity levels were tested on a single HPLC unit by the candidate at St 

Vincent’s Hospital Melbourne. The mean (SD) of the Control samples was 380 (86) 

mU/L and the CV was 22.7%. Table 4-2 below collates SSAO activity levels in 

serum samples. 

 

Table 4-2. Values of Control samples of serum SSAO activity 

Sample Slope Intercept R2 Area SSAO activity, mU/L 

1 3.62E-08 -1.93E-03 0.9999 817491 461 

2 2.77E-08 -3.19E-03 0.9999 982052 530 

3 2.38E-08 2.27E-03 0.9998 989249 373 

4 2.78E-08 1.46E-04 0.9975 745424 316 

5 2.96E-08 9.12E-03 0.9947 503209 369 

6 3.98E-08 -2.96E-03 0.9982 611826 326 

7 2.72E-08 9.08E-04 0.9996 596237 288 
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SSAO activity, contamination in assay 

The HPLC-based enzymatic assay has experienced a number of difficulties. The 

most prominent problem faced was considerable masking levels of a peak detected 

exactly where benzaldehyde was characteristically eluted. The sudden appearance of 

such high levels in blank samples prompted a thorough investigation into the source 

of contamination. As was already described above, quantification of SSAO activity is 

achieved by adding a known amine substrate (benzylamine) and detecting its 

aldehyde product (benzaldehyde) following deamination by SSAO in a sample, 

previously treated with a monoamine oxidase inhibitor and incubated for 60 minutes 

at 37°C. Samples were subsequently derivatised by ‘cooking’ with dimedone and 

sulphuric acid at 95°C for 45 minutes. This incubation was carried out in 

polypropylene microtubes imported from USA. An additional peak located towards 

the end of each sample measurement time was detected in all polypropylene 

microtubes (Figure 12-2 A & C; peak #2), which did not interfere with the assay. 

Additionally, there was a minor background peak with the same retention time as 

benzaldehyde but this was not large enough to affect the analytical properties of the 

assay (data not shown). However, in another batch of polypropylene microtubes 

supplied later in a calendar year, very high and obstructive background levels of 

measured benzaldehyde were apparent (Figure 13 A, peak #1). Using borosilicate 

vials (Waters®; 1.0 ml clear glass shell vials with polyethylene snap cap) for the 

derivatisation step, an attempt was made to isolate the source of this contamination 

by derivatising each reagent that was used in the assay but found no interfering peaks 

in any reagent or when the full assay protocol was implemented (Figure 12-2 B). 

Only when polypropylene microtubes were used did the interfering peak appear 

(Figure 12-2 A, peak #1). In a subsequent use of a different batch of polypropylene 
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microtubes, supplied on request from the manufacturer and not subjected to chemical 

treatment during importation (see below), no interfering peak was observed (Figure 

12-2 C, peak #1). 

 

Figure 12-2. Blank samples extracted in contaminated polypropylene microtube 

(A), borosilicate vial (B) and polypropylene microtube free of contaminant (C) 

 

 

 

 

To illustrate further the differences between the Figures 12-2 A and B, an overlay 

chromatogram is shown in Figure 13-2. 
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Figure 13-2. Overlay chromatograms of benzaldehyde assay in blank samples 

done in polypropylene and borosilicate microtubes corresponding with sections 

A and B from the Figure 12-2 * 

 

 

* Dotted line represents borosilicate vial, solid line represents polypropylene vial. 

  

From this overlay chromatogram it is clear that both chromatograms characteristicly 

have two first peaks of dimedone that are virtually the same for both polypropylene 

and borosilicate microtubes. Incubation with polypropylene microtubes added two 

more peaks compared with that assayed in glass vials, with obstructing background 

levels eluting exactly at the same time with a peak characteristic of the derivatised 

product of benzaldehyde.  

 

The source of contaminant was either from handling of the equipment between 

departure from the US and arrival in Australia or that the production methods for 

polypropylene microtubes were modified. Goods arriving in Australia by air or sea 

are usually treated against potential pests and as such considered to be the only 

outstanding procedure that has the potential to introduce a contaminant. However, 

the Australian Quarantine and Inspection Service (website: http://www.affa.gov.au/) 
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uses methyl bromide (48g/m3/24hrs, temperature 21-24°C) and sulphuryl fluoride 

(64g/m3/16hrs, temperature 21-24°C) as conventional pesticides, both are highly 

reactive non-aldehyde agents that are unlikely to react with the packaged microtubes 

to cause an adverse effect. Another potential source of apparent obstructive 

background levels lies within minor modifications of the product itself that are 

responsible for the undesired effect. 

 

Technical challenges in each study are not uncommon and can arise when least 

expected, leading to extended delays in biochemical analysis, compilation of the 

outcomes and subsequent reports. The outcome of this study showed a lack of 

consistency of characteristic between one batch of polypropylene microtubes to 

another. Therefore all subsequent SSAO activity assays involving derivatisation of 

benzaldehyde were performed using borosilicate vials. The outcome of this study 

was published in the form of a Letter to Editor titled ‘Contamination in HPLC 

Quantified Benzaldehyde From Polypropylene Microtubes’ (104). 

 

 

Validity of SSAO enzymatic activity  

Two questions were raised as to the validity of the SSAO enzymatic activity levels. 

The first hypothesis pertains to the storage of blood and blood product samples. The 

question was therefore whether long-term storage of plasma samples affects SSAO 

enzymatic activity. This has implications for temperature of sample storage. The 

second question pertains to the effect of sample handing in field conditions (or in 

remote settings where samples were obtained) on SSAO enzymatic activity, which 
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has implications for exposure of whole blood samples (while in tubes) to high 

temperature levels prior to processing. 

 

 

Methods  

• Repeated chemical analysis of four lithium-heparin (LH) plasma samples that 

were subsequently stored at -20°C for 21 months.  

• Exposure of fresh whole-blood LH samples to the following three temperature 

points for up to four hours: 

• 4°C. 

• Room temperature (RT; 24.2°C - 24.8°C). 

• 30°C. 

• Processing of fresh whole blood LH samples at three time points: 

• Immediately after blood collection. 

• 2 hrs after collection. 

• 4 hrs after collection. 
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Results 

 

Changes in SSAO activity over time in samples stored at -20ºC 

SSAO activity deteriorated significantly over time at -20ºC. Figure 14-2 presents the 

proportional loss of SSAO activity levels in storage at -20ºC over nearly two years. 

 

Figure 14-2. Proportion of change in SSAO activity levels in four samples* (two 

repetitions per sample) following storage at -20°C for 21 months 

 

 

*Two samples are overlapping. 

 

The Figure shows a loss of approximately 30% of SSAO enzymatic activity in 

samples stored at -20°C for 21 months. The conclusion from the two Figures above 
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was that long term storage of samples at -20ºC results in poor recovery of SSAO 

enzymatic activity.  

 

 

Changes in SSAO activity levels as a function of exposure of samples to different 

temperature levels and time 

The stability of SSAO activity levels in samples obtained in harsh field conditions 

was simulated. Sample collection for the risk factor surveys relied on containers 

packed with ice blocks for up to four hours until processing them and placing in a 

biological shipper padded with gel that was previously saturated in liquid nitrogen. 

To address this issue, serum samples were subjected to conditions designed to mimic 

a range of potential exposures to three temperature points [4ºC, RT (24.2°C - 24.8°C) 

and 30ºC] and time points (immediately, 2 hrs and 4 hrs after blood collection). The 

results of exposure to these conditions are shown in Figure 15-2. 
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Figure 15-2. Average (SD) change of SSAO activity across three temperature 

levels at three time points (n =3) 

 

 

Samples that were kept at 4ºC and room temperature have similar SSAO activity 

levels across the specified time points. The large deviation shown on treatment at 

room temperature at time-point ‘4hr’ is due to one sample showing exceptionally 

high activity while the remaining two samples had SSAO activity levels close to 90% 

compared to the point of reference (termed ‘immediate’). Samples that were 

subjected to high temperature levels (30ºC) had more variability in SSAO activity 

levels, while that at 4ºC showed very little variation. Unfortunately, there are no 

statistical means to test this outcome, as sample size was small. However, the trends 

suggest that loss of SSAO activity levels due to sample handling is well below 10% 

and therefore at acceptable levels. Over the tested time the optimal preservation of 

SSAO activity was achieved at 4ºC. 
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POINT-OF-CARE TRANSPORTABLE TECHNOLOGY FOR ON-SITE 

PATHOLOGY TESTING 

 

Point-of-Care bench-top analysers, usefulness in community screening 

Aboriginal people suffer from very high incidence and prevalence of metabolic 

disorders compared with all other Australians (24-27). Historical and social factors 

may influence the trust in, and utilisation of, medical facilities in the community, 

should they exist and be adequately equipped. In support, a recent report by the 

AIHW (105) stressed a need for substantial additional improvement in health system 

performance for Aboriginal and Torres Strait Islander Australians. Remoteness, or 

distance of individuals, groups or communities from urban centres where facilities 

are present, can limit health service delivery. It is therefore envisaged that programs 

be implemented in order to achieve better understanding of current educational and 

clinical practices. Meanwhile, an urgent need is present to identify members of the 

community suffering from, or already developing, an ailment. As such, community 

screenings typically include both infectious and non-infectious disease markers, 

depending on their goal. 

 

 

Aim of screening  

The main goals of the larger project in the remote Aboriginal community during 

2001-2005 were to evaluate the effectiveness of social, environmental and 

behavioural interventions. Identification of risk factors by quantification of 

anthropometry and biochemical changes in individuals can facilitate the evaluation 

of such population-based intervention projects. 
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Challenges 

Community based screenings in areas that are remote from urban centres face many 

logistical obstacles. These include physical access to populations, recruitment of 

participants in a study, negotiation over procedures and levels of intrusion into the 

fabric of peoples’ lives, and - of relevance to pathology data - obtaining of pathology 

samples, processing samples in field conditions, storing the processed samples and 

shipping them in a dedicated container to a laboratory. All these procedures must be 

done in conditions that would not affect the integrity of the sample. To accommodate 

that, a considerable number of staff members must be employed and various aspects 

of work must be done in concert for best efficiency. 

 

 

Point-of-Care instruments, relevance 

Use of point-of-care (POC) in a community screening negates the need for sample 

collection, storage and transport and associated procedures (e.g. venipuncture 

procedures, blood processing, packaging and delivery). Furthermore, prompt 

feedback of pathology results and immediate intervention by health-care personnel 

on board would be enabled. Therefore, the use of POC could target the short-term 

goal of a risk-factor screening, principally aiming at reduction in the prevalence of 

risk factors for CVD (primary prevention). 
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Point-of-Care instruments, potential benefits in a remote setting 

Potential benefits for the use of POC are many. The major problem, however, is the 

fact that POC instruments are relatively new in a clinical setting and that proper 

evaluation has yet to be satisfactory established. It is possible that portable 

technology will become more acceptable over time. Potential benefits include the 

following: 

 

• Prompt results allow for immediate feedback of results to the patient and can 

enhance the doctor’s knowledge of a patient’s relevant metabolic condition and 

abolish the need for a further appointment to be made once blood results have 

arrived. 

• Onsite testing and prompt results can enhance positive interactions between 

health care personnel and patients. Immediate feedback of results can allow the 

health practitioner to discuss the relevant pathology results with the patient and 

to recommend type and intensity of action, such as behavioural and dietary 

changes, or intensive medical (pharmaceutical) intervention where appropriate. 

• POC testing can be used as an educational tool for health workers and nurses, 

thus adding further professional development as well as improve their 

understanding of patients’ conditions. 

• Low quantities of blood samples that are required for each measurement mean 

that a finger-prick blood sample would suffice, thus POC can help minimise 

invasiveness and promote acceptability by patients. Importantly, evaluation of 

the interchangeability of capillary and venous blood samples is still warranted. 
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• Costs incurred during obtaining, processing, packaging and delivery of samples 

from a remote location to a medical centre – usually by airmail – for standard 

pathology testing can amount to great expense over time. No studies of this 

nature have been conducted to date, however, onsite POC testing has all the 

qualities to minimise the overall expenditure and better time management of a 

clinic. 

• Investment in, and promotion of, expertise of allied health workers in 

Indigenous communities means that the staff will be able to acquire new, or 

enhance existing, skills in a clinical setting. Such additional training has the 

potential to have a positive impact on health service delivery. 

 

 

Potential limitations of Point-of-Care instruments 

While many potential benefits can be attributed to the use of POC instruments in the 

field, a number of limitations must be acknowledged and considered. These include 

the following: 

 

• Additional costs encompassing consumables and non-consumables goods that 

have not been incorporated into the annual budget of clinic. Thus, this can add 

pressure on the funding allocated for the costed practices/ items. 

• Initial training of health personnel can be translated to added pressure on the 

clinical staff and clinic management. While this is regarded as a potential 

limitation, it is important to note that any staff training is subjected to similar 

procedures as an integral part of training. 
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• Involvement in quality assurance programs is a requisite for validity reasons. 

This component forms an integral, ongoing factor to be considered when using 

POC instruments. This procedure involves the purchasing of dedicated samples 

to be analysed on the machines, usually requiring 10-15 minutes of a staff 

member periodically. 

• Storage of reagent kits requires the use of fridge and fridge space, which may 

be a valid factor in small clinics where space is scarce.  

• Use-by date of reagent kits indicates that the kits have a limited shelf life 

defined by months. 

• Maintenance of instruments to allow for a smooth and reliable operation 

requires cleaning of the barcode reader for some instruments and periodical 

change to filter pads. Maintenance at this level usually takes about 3-5 minutes 

and can be done by minimally trained personnel. 

• Time management of a clinic is a perennial issue and, as noted earlier, staff 

training and a prolonged visit to the doctor may add additional pressure on the 

clinic initially. Despite the lack of studies that evaluate the effect that POC 

usage has on time management in the clinic, it is envisaged that the use of 

onsite testing will, at least, promote effectiveness of each patient’s visit to the 

clinic for the management of a chronic metabolic condition. 

 

Arguments for and against the use of portable technology are mostly speculative and 

an in-depth study into each of these arguments is warranted, but is beyond the scope 

of the thesis. The present work examines the analytical properties of POC 
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instruments used in a field setting, with respect to agreement with standard 

laboratory methods. 

 

 

Point-of-Care instruments 

The DCA2000+® analyser (Bayer Diagnostics, USA) is capable of determining 

haemoglobin A1c (HbA1c), a useful biological marker of long-term glycaemic control 

in type 2 diabetes patients (106), on a capillary or venous blood sample in 6 minutes. 

This analyser can also measure urine albumin and creatinine concentrations and their 

ratio (ACR) on approximately 40 µL of urine in 7 minutes, an established predictor 

for diabetic nephropathy and clinical proteinuria in non-diabetics (47), and coronary 

heart disease (CHD) in both diabetic and non-diabetic persons (107, 108).  

 

Figure 16-2. DCA2000+ and dedicated cartridges 
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The Cholestech LDX® Lipid analyser (Cholestech Corporation, USA; Figure 17-2) is 

another POC instrument capable of determining blood levels of total and HDL 

cholesterol (HDL-C), triglycerides and glucose, all established markers for CVD, in 

approximately 5 minutes (109). 

 

Figure 17-2. Cholestech, printer and dedicated cartridges 

 

 

 

 

 

Participants and screening procedures 

The data obtained for the following analysis originated in risk factor screenings in 

remote Aboriginal communities in the Northern Territory between the years 2001-

2003. Screening was offered to all residents aged 15 years and older. Seventy six to 

188 blood samples were used for the purpose of POC evaluation. Locations where 

POC instruments were used included basic office space to extreme field conditions. 
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Sample handling – reference to Point-of-Care biochemical analyses 

As noted above, venipuncture was performed on the medial cubital vein after an 

overnight fast and in a sitting position. Venous blood was drawn directly into 

dedicated evacuated tubes (preservatives: EDTA for HbA1c testing; SST tubes for 

lipids; fluoride heparin for glucose) using aseptic precautions. Onsite biochemical 

testing on DCA2000+® and Cholestech LDX® analysers were performed on venous 

whole blood immediately after collection. The remaining samples were kept in 

insulated containers packed with ice blocks and processed within four hours. Early 

morning urine samples were collected in specimen containers and kept in insulated 

containers packed with ice blocks, and samples were then analysed on the 

DCA2000+ within four hours. All blood, plasma, serum and urine sample aliquots 

were stored in a liquid-nitrogen ‘Biological Shipper’ (CryoPak Series, Taylor-

Wharton, AL, USA) until arrival in the laboratory and subsequently stored at -80˚C 

until laboratory analysis.  

 

 

Point-of-Care analytical methods 

Haemoglobin A1c (HbA1c): The DCA2000+® has a measuring range for HbA1c of 

2.5-14.0%. HbA1c is measured immunochemically by inhibition of latex 

agglutination whereas total haemoglobin is measured separately in an oxidised form. 

Both HbA1c and total haemoglobin are measured spectrophotometrically and HbA1c 

concentration is subsequently expressed as a percentage of total haemoglobin (110). 
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Each reagent cartridge (Bayer DCA2000+® Haemoglobin A1c Reagent Kit) uses 1.0 

µL of whole blood. 

 

 

Albumin to Creatinine Ratio: The DCA2000+ ACR assay quantitatively measures 

urine albumin and creatinine concentrations within the ranges of 5.0-300 mg/L and 

1.3-44.2 mmol/L respectively and calculates the ratio of these two analytes. Urine 

albumin is measured by a specific antibody binding to albumin in the presence of 

polyethylene glycol, causing increased turbidity, which is read at 531 nm. Urine 

creatinine complexes with 3,5-dinitrobenzoic acid at alkaline pH, forming a colour 

that is then read spectrophotometrically at the same wavelength. The reagent kit 

(Bayer DCA2000+ Microalbumin/ Creatinine Reagent Kit) uses 40 µL of urine for 

the analysis.  

 

 

Lipids and Glucose: The Cholestech LDX® Lipid and Glucose Analyser measures 

the following analytes on a dedicated cassette (Lipid profile plus Glucose Panel 

cassettes): total cholesterol, across the range 2.6-12.9 mmol/L; triglycerides, range 

0.5-7.3 mmol/L; HDL-C, range 0.4-2.6 mmol/L, and glucose, range 2.8-27.8 

mmol/L, on approximately 35 µL of whole blood in approximately five minutes. 

Total cholesterol is measured enzymatically using cholesterol esterase, cholesterol 

oxidase, peroxidase and a Trinder’s indicator using N-ethyl-N-sulfohydroxypropyl-

m-toluidine sodium salt (TOOS) (111). Triglycerides are also measured 

enzymatically using glycerol kinase, glycerol phosphate oxidase and the Trinder’s 

indicator system using TOOS. HDL-C is isolated from other lipoproteins following 
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their precipitation with dextran sulphate and magnesium acetate. The filtrate 

containing HDL-C is then directed to the HDL-C reaction pad, where cholesterol in 

this fraction is measured enzymatically as for total cholesterol. Glucose is carried in 

the filtrate along with the HDL-C, and its concentration is measured by an enzymatic 

method using glucose oxidase to catalyse the oxidation of glucose to peroxide. 

 

 

Analytical precision 

Optics check was measured daily to test the integrity of both instruments’ optical 

components.  For logistical reasons, precision was assessed using quality control 

(QC) materials at one site only. All QC values fell within the acceptable limits 

designated by the manufacturer and run by Quality Assurance for Aboriginal 

Medical Services (QAAMS) program in Australia (109), as shown in Table 5-2.   
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Table 5-2. Analytical precision of DCA2000+
®
 and Cholestech LDX

®
 analysers, as assessed by repeated measures of QC samples 

Variable Range, limits Mean (range) SD CV, % N 

HbA1c normal range 4.9-5.9% 5.4 (5.4-5.4) 0 0 3 

HbA1c abnormal range 9.5-11.9% 10.6 (10.3-10.7) 0.2 2.2 3 

albumin low range 29-35 mg/L 30.6 (28.2-32.3) 2.1 6.9 3 

albumin high range 191-233 mg/L 207 (195-219) 17.0 8.2 2 

creatinine low range 7.8-9.6 mmol/L 8.4 (7.8-8.9) 0.6 6.7 3 

creatinine high range 31-38 mmol/L 34.2 (34.2-34.2) 0 0 2 

ACR low range 3.4-4.1 mg/mmol 3.6 (3.6-3.6) 0.01 0.3 3 

ACR high range 5.5-6.7 mg/mmol 6.1 (5.7-6.4) 0.49 8.1 2 

      

Total cholesterol low range * 4.7 (4.6-4.7) 0.06 1.2 3 

Total cholesterol high range * 6.8 (6.7-7.0) 0.2 2.6 3 

Triglycerides low range * 1.7 (1.6-1.8) 0.06 3.6 3 

Triglycerides high range * 2.7 (2.6-2.7) 0.03 1.0 3 

HDL-C low range * 0.9 (0.9-1.0) 0.03 2.9 3 

HDL-C high range * 1.9 (1.8-1.9) 0.07 3.8 3 

Glucose low range * 8.5 (8.4-8.6) 0.1 1.2 3 

Glucose high range * 16.8 (16.4-17.2) 0.4 2.4 3 

* Acceptable range for the analytes was unavailable at the time of screening, however CVs were low and similar to that reported by Australian-based studies (109) 

and fell within the acceptable analytical error for the analytes in question reported by the National Cholesterol Education Program, both are detailed below. 
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In Melbourne, previous POC analytical precision testing for the analytes in question 

across a range of settings yielded the following CVs: HbA1c, 3-4%; ACR, 4-6%; total 

cholesterol, 2-5%; HDL-C, 4-7%; triglycerides, 3-7%; glucose, 1-5% [(109); Mason 

NJ et al, unpublished data]. National Cholesterol Education Program (NCEP) 

recommendations for precision in lipid testing are total cholesterol, ≤3%; HDL-C, 

≤6%; triglycerides, ≤5% [National Cholesterol Education Program 1995; (112)]. 

 

 

Comparative Laboratory Methods 

All laboratory analyses were performed by SouthPath, a NATA (National 

Association of Testing Authorities, Australia) accredited laboratory, at Flinders 

Medical Centre, South Australia and all reagents were provided by Roche Diagnostic 

Australia. Additional information on biochemical analysis was provided above in this 

Chapter. 

 

 

Statistical analyses 

The goal of this analysis was to determine whether POC technology provides 

clinically equivalent information to laboratory results.  Wilcoxon signed-rank test 

was used to compare POC and laboratory results for the equalities of population 

median for the paired samples, with P<0.05 representing statistical significance. 

Results between the two methods were considered ‘discrepant’ if the differences 

between the POC and laboratory results exceeded three standard deviations from the 

mean difference, as shown in Table 6-2.  
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Table 6-2. Values of analytes that were reported by both POC and the 

laboratory but were discrepant 
Variable N POC Laboratory Difference (absolute) 

HbA1c, % 1 12.4 9.3 3.1 

Albumin, mg/L 1 239 155 84 

Creatinine, mmol/L 3 12.4, 14.8, 39.9* 9.3, 9.4, 44.4* 3.1, 5.4, 4.5* 

ACR, mg/mmol 3 15.9, 23.1, 70.3* 19.4, 25.2, 66.2* 3.5, 2.1, 4.1* 

Total cholesterol, mmol/L 2 6.8, 7.1* 5.3, 5.6* 1.5, 1.5* 

Triglycerides, mmol/L 2 2.6, 4.1* 3.1, 3.5* 0.5, 0.6* 

HDL-C, mmol/L 0 - - - 

Glucose, mmol/L 0 - - - 

*Respective corresponding values. 

 

Discrepant results were excluded from comparisons of continuous variables but not 

from comparisons of diagnostic categorisation. Bland & Altman analysis (113) was 

used to assess agreement between the two methods, and linear regression analysis 

was used to determine whether the difference between methods was constant or 

proportional to concentration in the model.  Recommendations of the NCEP Adult 

Treatment Panel III (114) were used as cut-off values to define metabolic 

abnormalities. High level of total cholesterol was defined at ≥5.5 mmol/L. 

Albuminuria was defined as ACR ≥3.4 mg/mmol (115). HbA1c <6.0% was 

considered indicative of good glycaemic control (116) and fasting plasma glucose 

(FPG) ≥7.0 mmol/L was used to define diabetes (117).  Chance-corrected agreement 

between results was assessed by the kappa statistic.  Kappa coefficient >0.75 was 

considered excellent agreement (118). Data were analysed using SPSS (Version 13.0, 

Chicago IL, USA) and EpiCalc 2000 (Version 1.02. Gilman, J. & Myatt, M., Brixton 
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Books 1998. Available online: http://www.brixtonhealth.com/epicalc.html) was used 

to calculate agreement between risk categorisation based on point-of-care analysers 

and NATA-accredited laboratory results. 

 

 

Results – point-of-care instruments 

The following Tables and Figures provide a summary of the results for each of the 

analytes, which is discussed further below. 
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Table 7-2. Median and inter-quartile range of analytes, bias and the relationship to the mean concentration for the 

POC analysers and corresponding laboratory methods (Bland-Altman analysis) 
Median (inter-quartile range) Variable N 

POC Laboratory 

Mean difference, (LLA, ULA)* Slope (SE) R2 

DCA 2000+ 

HbA1c, % 117 5.6 (5.3-6.0) 5.5 (5.3-6.1) -0.02 (-0.65, 0.61) -0.062 (0.023) 0.059 

Albumin, mg/L 78 18.8 (7.5-41.7) 18.0 (5.5-43.2)† 3.05 (-7.98, 14.08) 0.057 (0.011)‡ 0.247 

Creatinine, mmol/L 100 12.1 (7.9-17.1) 12.4 (8.1-17.0)† -0.19 (-1.29, 0.90) -0.029 (0.007)‡ 0.140 

ACR, mg/mmol 76 1.66 (0.70-3.53) 1.27 (0.46-3.03)† 0.28 (-0.38, 0.94) 0.021 (0.012) 0.039 

       

Cholestech LDX 

Total cholesterol, mmol/L 74 4.4 (3.8-5.0) 4.4 (3.8-5.1) 0.003 (-0.68, 0.69) -0.038 (0.046) 0.01 

HDL-C, mmol/L 73 1.05 (0.95-1.25) 1.00 (0.81-1.20)† 0.10 (-0.10, 0.30) -0.157 (0.044)‡ 0.151 

Triglycerides, mmol/L 71 1.65 (1.12-2.19) 1.49 (1.07-2.36)† 0.06 (-0.18, 0.30) -0.039 (0.016)‡ 0.080 

Glucose, mmol/L 74 5.2 (4.5-6.0) 5.2 (4.7-5.8)† -0.16 (-1.09, 0.77) 0.115 (0.031)‡ 0.161 

* Mean difference between the two methods (POC minus laboratory) and lower (LLA) and upper (ULA) limits of agreement; † P<0.05, 

Wilcoxon Signed Ranks Test for two related samples; ‡ P<0.05, difference from zero for slope of (POC – laboratory)/mean value. 
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Table 8-2. Agreement between diagnostic results 

Prevalence (95% CI), % Variable Cut-off value 

POC laboratory 

Agreement* (95% CI) % Kappa coefficient 

DCA2000+ 

HbA1c, % ≥6.0 26 (18, 34) 30 (21, 38) 95 (89, 98) 0.874** 

ACR,  mg/mmol ≥3.4 30 (20, 41) 25 (16, 35) 95 (87, 98) 0.874** 

      

Cholestech LDX 

Total cholesterol, mmol/L ≥5.5 20 (11, 29) 13 (6, 21) 91 (81, 96) 0.668** 

HDL-C, mmol/L <1.03♂/ 1.29♀ 60 (49, 71) 73 (62, 83) 88 (77, 94) 0.728** 

Triglycerides, mmol/L ≥1.7 49 (38, 61) 42 (31, 54) 93 (84, 97) 0.863** 

≥6.1 24 (15, 34) 19 (10, 28) 95 (86, 98) 0.841** 
Glucose, mmol/L 

≥7.0 14 (6, 21) 15 (7, 23) 99 (92, 100) 0.945** 

*Proportion of all successfully identified values in the total sample; **P<0.001. 
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Figure 18-2. Bland & Altman plots for the difference* between DCA2000+ and 

laboratory measurements ** 

 

 

* POC minus laboratory results; ** Continuous lines represent regression line of best fit for the 
sample; dashed lines represent the limits of agreement; dotted line represents mean difference of 
zero. 
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Figure 19-2. Bland & Altman plots for the difference* between Cholestech 

LDX analyser and laboratory measurements **  

 

 

 

 

* POC minus laboratory results; ** Continuous lines represent regression line of best fit for the 
sample; dashed lines represent the limits of agreement; dotted line represents mean difference of zero. 
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DCA 2000+ instrument 

HbA1c: One hundred and eighteen whole blood samples were measured on the 

DCA2000+ and in the laboratory. The median and inter-quartile range for HbA1c by 

the two methods in question was similar (Table 7-2 above) and the difference was 

not statistically significant (P=0.947). The observed concentration-dependent bias 

and the mean difference between DCA2000+ and laboratory methods were small and 

not clinically meaningful (that is, the magnitude of the difference would not affect 

clinical decision making; Table 7-2 and Figure 18-2 above). Agreement between 

DCA2000+ and laboratory methods, and kappa coefficient analysis for HbA1c for 

categorising participants above or below a laboratory cut-off value of 6.0%, were 

both excellent (Table 8-2 above).  

 

 

Urine Albumin, Creatinine and ACR:  One hundred and eight urine samples were 

measured on the DCA2000+ and in the laboratory. Of the 108 samples, 29 albumin 

results were outside the measuring range of the DCA2000+. Four creatinine results 

exceeded the lower and upper measuring limits. Hence, urine albumin and ACR was 

only compared in 79 samples and urine creatinine was compared in 104 samples.  

The small differences between the median values for the analytes and calculated 

ACR values were statistically significant but not clinically meaningful (Table 7-2 

above). A slight positive concentration-dependent bias for albumin with increase in 

scatter concomitant with increase in albumin concentration, and a slight inverse 

concentration-dependent bias for creatinine were observed, but the calculated bias for 

ACR  was neither concentration-dependent nor statistically significant (Table 7-2 
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and Figure 18-2 above). The DCA2000+ successfully identified all albuminuric urine 

samples, with an overall excellent kappa coefficient value (Table 8-2 above).  

 

 

Cholestech LDX instrument 

Seventy six samples were tested for lipids and glucose on the Cholestech analyser. 

The Cholestech did not report three HDL-C results despite corresponding laboratory 

results reported within the POC detectable limits. Additionally, triglyceride levels for 

the same samples fell outside the measuring range of the POC instrument. There 

were two unreported glucose values by the Cholestech with corresponding laboratory 

results of 5.10 mmol/L and 7.60 mmol/L (the former sample coinciding with 

unreported HDL-C and triglycerides; the latter having all other variables reported). 

Despite this, total cholesterol values were reported for each sample.  

 

Table 7-2 above lists the median values with inter-quartile range for the analytes 

measured by the Cholestech LDX analyser and the laboratory: no significant 

difference in total cholesterol concentrations was observed between the two methods 

(P=0.749), neither was the bias concentration-dependent. Despite this, HDL-C, 

triglycerides and glucose returned small but statistically significant differences in 

mean rank (despite similar median glucose values), and statistically significant 

concentration-dependent biases (Table 7-2 and Figure 19-2 above). The magnitude of 

these differences was generally not clinically meaningful, although at HDL-C 

concentrations below 1.0 mmol/L the Cholestech overestimated all samples tested by 

approximately 0.1 mmol/L (approximately 10%). Overall agreement between the 

Cholestech analyser and laboratory results for the selected laboratory cut-off values 
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was excellent, excluding HDL-C (Table 8-2 above), the latter probably due to failure 

to detect 9 low HDL-C cases identified by laboratory measures, with a mean 

difference of 0.12 mmol/L. Kappa coefficient for the analytes (Table 8-2) was 

considered excellent, excluding that for total and HDL cholesterol. 

 

 

 

Discussion – point-of-care 

Major findings of this study were published, titled ’Use of the Bayer DCA 2000+ for 

the measurement of glycated haemoglobin in a remote Australian Aboriginal 

community’, and ‘Agreement between laboratory results and on-site pathology 

testing using Bayer DCA2000+ and Cholestech LDX Point-of-Care methods in 

remote Australian Aboriginal communities’ (119, 120). 

 

Mortality rate among Australian Aboriginal peoples is very high, with circulatory 

diseases featuring prominently. An emphasis on proper identification and 

management of people at risk of CVD is therefore essential. The present population-

based study on the use of POC demonstrated that the DCA2000+ and Cholestech 

LDX bench-top analysers are good diagnostic tools for screening of biochemical 

markers indicative of a metabolic abnormality, supporting other reports published in 

the literature (120-122). HbA1c measured on the DCA2000+ showed excellent 

overall agreement with the laboratory measurements. There was only a single 

discrepant value, which was clinically unambiguous as to the further management of 

the individual. Furthermore, although the upper limit of detection for the DCA2000+ 

is 14%, knowledge of levels above this point is of limited clinical use and therefore 
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unlikely to change the clinical management of patients. The concentration-dependent 

bias observed in the present population-based screening study differs from 

previously published observations which showed no such relationship in 

predominantly diabetic populations (120, 123), probably due to the metabolic 

heterogeneity of the screened population.  As for urine ACR test, we confirm very 

high proportion (nearly 18%) of high protein levels tested on urine dipstick (urine 

dipstick protein pad 2+ or greater, corresponding to 1000 mg/L) in the screened 

population. Although accurate determination of urine albumin in overtly proteinuric 

samples can by achieved by diluting the sample 1:5 (124), this is not generally 

necessary from a clinical point of view. 

 

Overall agreement between results obtained by the Cholestech LDX analyser and the 

laboratory was very good for the analytes in question, with the possible exception of 

HDL-C. Three of 76 samples did not provide complete information on blood lipids 

and glucose and it is possible that in those cases pre-analytical errors occurred. These 

errors may include air bubbles in the sample collection tube or insufficient blood 

being placed in the cartridge, and all are likely to be a result of human error that can 

be eliminated if proper training is provided. As for HDL-C, keeping in mind that for 

every 1.0% reduction in HDL-C there is 2.0% to 3.0% increase in coronary risk 

(125), the overestimation of HDL-C by 5.0% on average (and greater lack of 

agreement at low HDL-C levels) may raise some concerns for clinicians who 

evaluate their patients’ health based on levels of this analyte. This is particularly 

pertinent for Aboriginal populations, among whom very low levels of HDL-C are the 

norm.  Importantly, the diagnostic cut-offs employed for the analytes are based on 

NCEP ATP III recommendations (114), derived from North American populations 
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with higher total cholesterol levels relative to Aboriginal Australians. Lower total 

and HDL cholesterol cut-offs to define high-risk for the latter may therefore be more 

appropriate, prompting further diagnostic investigation for the bench-top analyser at 

the lower concentration range. 

 

The present study design means that the conclusions are limited to the utility of POC 

technology for initial screening of risk factors.  Formal clinical diagnosis of diabetes 

and other conditions requires confirmation with repeat testing.  There was no access 

to the results of follow-up testing of those participants identified as being at risk so it 

was not possible to evaluate the POC results in terms of confirmed diagnoses.  

However, note that POC bench-top analysers can provide additional benefits beyond 

their principally analytical role: Prompt results allow for immediate feedback and can 

potentially enhance positive interactions between health care personnel and patients. 

Additionally, POC instruments can also be used for educational purposes, increasing 

health awareness of both health-care personnel and patients, especially in poorly 

resourced areas. Also, the low quantities of blood samples required for each 

measurement mean that a finger-prick blood sample would suffice, as capillary and 

venous blood samples can be used interchangeably [such as in the case of HbA1c 

testing (109, 126)]. Thus, use of POC can help minimise invasiveness and promote 

acceptability by patients. Importantly however, these aspects of the technology are 

yet to be formally evaluated and further investigation in the effectiveness in 

facilitating improved clinical outcomes (e.g. patients adhering to treatment to 

improve glycaemic control) and cost-effectiveness (e.g. training and time 

management of staff), are warranted. 

 



CHAPTER 2: STUDY DESIGN, MATERIALS AND METHODS 
 

 83 

Special considerations and limitations 

Analytical POC testing was performed on freshly obtained blood samples and 

compared these with laboratory analysis performed on thawed samples. However, in 

other studies thawing of frozen samples prior to analysis has been shown to have no 

effect on sample integrity (127, 128), indicating that no sample handling bias was 

introduced through thawing. Other effects of transport could not be investigated.  

Furthermore, proper sample handling for POC analysis (and for laboratory analysis, 

including transport) depends on appropriate training of the operator(s) as highlighted 

previously (123). Pre-analytical errors in sample handling can be possible causes of 

the difference found in some samples. 

 

The risk factor screening program located in the top end of the Northern Territory 

was conducted in various settings, ranging from an office-based room to an 

improvised setting in the bush. During these assessments, modes of transport 

included the use of 4×4 vehicles on bumpy terrain, small charted airplanes and some 

considerable walking trips, consequently subjecting the POC equipment to dust, heat, 

humidity and rough handling. The POC instruments proved to be robust and reliable 

in these difficult working conditions. 

 

 

Conclusions – point-of-care 

The Cholestech LDX and the DCA2000+ provided good agreement with laboratory 

measures for population-based screening for CVD risk factors based on conventional 

cut-off values with the possible exception of HDL-C at low levels, and are an 
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analytically robust alternative to conventional testing for this purpose. The above 

assessment of the overall agreement and usefulness of the POC analysers, which was 

in accordance with previously reported studies (121, 129-131), supports the use of 

such instruments in remote settings. 
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MATERIALS AND METHODS FOR IN-VITRO STUDIES 

Chapter 6 reports experimental studies involving SSAO/VAP-1 expression in 

response to inflammatory CRP and metabolic related conditions. Previous 

observations and interpretations were reported from community-based studies. 

Experimental studies investigate the relationship (by association or causative) 

between markers of inflammation and oxidative stress with abnormal metabolism 

and form an integral part of evaluation of novel markers for CVD risk in Aboriginal 

people. 

 

 

Tissue Culture Products 

Tissue culture plastic dishes of 100 mm in diameter were obtained from Falcon 

Tissue Culture Products (Becton Dickinson and Company, New Jersey, USA). 

Dulbecco's Modified Eagles Medium (DMEM), Hank's Balanced Salt Solution 

(HBSS), sodium bicarbonate, penicillin, trypsin and foetal bovine serum (FBS) were 

obtained from JRH Biosciences (formerly CSL Biosciences; Lenexa KS, USA). 

Collagenase type-I and elastase were purchased from Sigma-Aldrich (Castle Hill 

NSW, Australia). 

 

 

Potassium phosphate buffer solution 

Preparation of 1.0 litre: 

• 500 ml of 4.0 mM of KH2PO4. 

• 1.0 L of 4.0 mM of K2HPO4. 

• Into 1.0 L bottle add 250 mM sucrose and 1 mM EDTA. 
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• Add 300 ml of 4.0 mM KH2PO4 to bottle and 300 ml of 4.0 mM K2HPO4. 

• Stir until sucrose dissolve, usually for 10 min until fully dissolved. 

• Add 300 ml of 4.0 mM K2HPO4 to solution. 

• Check pH. 

• Add 4.0 mM K2HPO4 up to a total of 1.0 L of solution. 

• Correct with KOH to pH 7.2. 

 

 

Dulbecco's modified Eagle Medium (DMEM) solution 

Preparation of 1.0 litre: 

• DME Powder* (JRH Cat. No. 56499): One litre per packet. 

• EPES (JRH Cat. No. 90909.): 4.0 g. 

• Sodium bicarbonate (JRH Cat. No. 90421): 2.025 g. 

• pH to 7.2 (pH will rise to ~7.4 during filtering) with 10 M Sodium hydroxide, 

then filter sterilize (0.22 µm). 

  

*DME = Dulbecco's Modified Eagle Medium Powder (Cat. No. 56499) with high 

glucose 4,500 mg/L, 110 mg/L Sodium Pyruvate, 4mM L-Glutamine and without 

Sodium bicarbonate. 
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Dulbecco's modified Eagle/F12 Medium (DME/Ham's F12) solution 

Preparation of 1.0 litre: 

• DME/F12* Powder JRH (Cat No. 56498): 12.0 g. 

• Sodium bicarbonate JRH (Cat. No. 90421): 2.44 g. 

• pH to 7.2 (pH will rise to ~7.4 during filtering) with 10 M Sodium hydroxide, 

then filter sterilize (0.22 µm). 

  

*DME/F12 = Dulbecco's Modified Eagle Medium/Ham’s nutrient mixture F12 (1:1 

DME/F12) powder (Cat No: 56498) with glucose 3151 mg/L, 55 mg/L Sodium 

Pyruvate, with 2.5 mM L-Glutamine and without Sodium bicarbonate. No 

Antibiotics included in this recipe and therefore must be included in the final 

solution. 

 

   

Smooth muscle cells, protocols  

Work related to smooth muscle cell (SMC) proliferation and passaging was based 

largely on information in a book with collated protocols for human cell culture by 

Jones G. E.  (132). 

 

 

Smooth muscle cells, animal source 

Ten week old female Wistar Kyoto rat (n=1), approximately 250 g in body weight, 

was used for the preparation of aortic smooth muscle cell cultures.  
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Stepwise preparation of primary aortic smooth muscle cell culture 

• Anesthetize rat. 

• Swab chest and abdomen with 70% alcohol and under aseptic conditions. 

• Open thoracic and abdominal cavities. 

• Dissect aorta, including the arch. 

• Place in HBSS containing 5% FBS. 

• Strip vessels of fat and connective tissue in a sterile laminar flow under a 

dissecting microscope. 

• Open aorta longitudinally. 

• Incubate for 20-30 minutes at 37°C in 2.0 ml collagenase type I (3.0 mg/ml) in 

DMEM. 

• Place vessel in HBBS. 

• Peel tunica media from tunica adventitia using a watchmaker forceps. 

• Incubate tunica media in 4.0 ml of collagenase type I solution with gentle 

shaking at 37°C for 60 minutes. 

• Remove collagenase solution. 

• Add 4.0 ml of elastase (1.0 mg/ml in DMEM). 

• Incubate for 30 minutes at 37°C. 

• Add 4.0 ml of collagenase and continue incubation along with gentle stirring, 

agitation and passage through sterile Pasteur pipette (to quicken cell 

dispersion). 

• Continue until tissue is dispersed into single cells. 

• Centrifugate at 1500 G for 5 minutes. 

• Suspend in 10% FBS (cells should adhere to surface in approximately 30 

minutes). 
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Smooth muscle cells, human source 

Primary HCA SMC were purchased from Cambrex Bio Science Walkersville, Inc. 

USA. 

Importantly, some objective and subjective challenges arose during the study. These 

included initially dependence on people with expertise in the field and not part of the 

study group, loss of cells due to malfunctioning incubator and breakdown of imaging 

system among others. Most importantly, however, was the nature of HCA SMC in 

in-vitro environment. HCA SMC proliferates at a lower pace compared with RA. 

This may be due to a number of factors, including lagging in the mitotic phase cycle 

(133), or a transforming growth factor (TGF) – β related autocrine inhibitory effects 

(134, 135). 

 

 

 Stepwise subculturing of smooth muscle cells 

• Remove existing medium from dish.  

• Add 1.5 ml trypsin (0.25%) for 100 mm dish. 

• Incubate at 37ºC for 5 minutes. 

• Occasionally agitate dish to increase separation rate. 

• Add 1.0 ml of 10% FBS/DMEM to cell suspension in dish. 

• Collect content and place in tube. 

• Centrifuge at 900 G for 5 minutes. 

• Clear supernatant from pellet. 

• Resuspended pellet in 10 ml of 10% FBS/DMEM. 
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• Count cells with a particle counter (Beckman Z1 Coulter® Particle Counter, 

CA, USA) and replate onto 100 mm tissue culture dishes at a density of 1.27 x 

10
3
cells/cm

2
. 

 

 

Stepwise cell harvesting for SSAO activity assay protocol 

Note: all work was done on ice. 

• Incubate cells in DMEM with FBS (range 0.1% to 10%) at 37°C until 

confluence in achieved. 

• Take sample of medium from dish/ flask and place in an o-ring vial. 

• Wash with 1.0 ml PBS 1.0 mM twice. 

• Add 0.5 ml potassium buffer to dish and scrape cells with a dedicated 

mechanical cell scraper. 

• Place content into o-ring vial. 

• Add 0.5 ml potassium buffer into dish and add content into the vial. Total 

content should be approx 1.0 ml in vial. Volume error may be due to residual 

PBS in dish. 

• Place 0.5 ml of disrupted sample content into the mechanical homogeniser 

(Ultra-Turrax 25, IKA®-Laboratories, Germany) and homogenise with an 80 

mm diameter probe at speed, starting at 8,000 rpm and increasing slowly to 

13,500 rpm, until uniformity. This process takes 45 seconds in total. 

• Place content in a separate vial. 

• Add 0.5 ml of potassium buffer into homogenizer and add content into vial. 

• Wash mechanical homogeniser. 

• Store in deep freezer (-80°C) until analysis. 
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Inhibition concentration (IC50) of semicarbazide 

Semicarbazide is a known inhibitor of the copper-dependent monoamine oxidase 

family (lysyl oxide, diamine oxide and SSAO), collectively function-based classified 

under the Enzyme Classification commission as 1.4.3.6. (136). This group has been 

shown to have an organic co-factor topaquinone (137). Testing for IC50 of SSAO 

inhibitor in the laboratory is necessary to exclude potential enzymatic activity other 

than that by SSAO/VAP-1. While in serum SSAO activity is chiefly mediated by 

VAP-1 (138-140), in other cases, such as in cell culture settings where homogenates 

are used in assay, it is imperative to use semicarbazide in order to validate the source 

of amine oxidase activity. Figure 20-2 shows an IC50 of semicarbazide in RA SMC 

homogenates. 

 

Figure 20-2. IC50 of semicarbazide in homogenates of RA SMC incubated for 6 

days in differentiating medium (n=4) 
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IC50 of semicarbazide (inhibitor/ total sample, v/v 50/500 µL) produced similar 

results to those in the published literature [10 µM (141)]; but this was also shown to 

be different to others [0.1 µM (101)]. However, at concentration of 1.0 mM of the 

inhibitor, approximately 30% SSAO activity was recorded, whereas in the literature 

inhibition was almost absolute at this concentration level. Treatment of samples 

(n=4) with semicarbazide (1.0 mM, 50 µL) but without clorgyline produced just over 

63% of the activity in the samples treated with clorgyline alone (9.07 mM, 50 µL). 

This outcome provides some evidence that other amine oxidase enzymes contributed 

to total SSAO activity in SMC homogenates to some extent. 

 

 

Immunocytochemistry 

There are a number of protocols for immunochemistry testing in-vitro. Some 

protocols can’t be used due to its use of chemicals (e.g. acetone, methanol, 

paraformaldehyde), or the material on which the cells were initially seeded (e.g. 

plastic, glass). After failed attempts to successfully stain HCA SMC for VAP-1, the 

following protocol was found to be the least labour-intensive and the most 

appropriate for in-vitro immunostaining for VAP-1 antibody: 

 

• Seed HCA SMC in a semi confluent concentration in chamber slides (Nunc 

LabTek, In-Vitro Technologies, Melbourne Vic). Incubate with DMEM + 10% 

FBS for 48 hrs. 

• Wash cells (x 2) with PBS 0.1% working solution. 

• Fix with methanol 100% at 4ºC for 10 minutes. 

• Wash twice with PBS and leave for 5 minutes each cycle. 
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• Remove PBS and add 100 µL normal goat serum (NGS) diluted 1/50 for 15 

minutes. 

• Gently remove NGS and add 100 µL of the following primary antibodies in 

their respective wells for 1 hour at room temperature: α-actin 1/50, VAP-1 1/10 

1/50 1/100 and 1/200 series of dilutions, IgG2a negative control 1/50. 

• Place in Wash twice with PBS and leave for 5 minutes each cycle. 

• Remove PBS solution and add 100 µL of the secondary antibody (anti mouse, 

read at 488 nm) diluted at 1/200 and leave in a dark place for 30 minutes at 

room temperature. 

• Wash twice with PBS and leave for 5 minutes each cycle. 

• Place under microscope (Olympus Corporation, Ltd, Japan), observe and take 

photographs. 

 

 

STATISTICAL ANALYSES 

All statistical analyses included in this thesis were performed by the candidate. The 

statistical software extensively used for the analyses was SPSS (Version 13.0, 

Chicago IL, USA), a software package to perform statistical analyses on a personal 

computer. Other statistical softwares include EpiCalc 2000 (Version 1.02. Gilman, J. 

& Myatt, M., Brixton Books 1998, available online: 

http://www.brixtonhealth.com/epicalc.html), mainly used to calculate agreement 

between risk categorisation, and proportional differences. 

 

Statistical analyses vary between one Chapter to another, as well as in sections 

within each Chapter. Typically, analyses comparing gender effect and values of a 
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dependent variable were generated from General Linear Model (GLM). Also, in 

cases where the variables were transformed to a logarithmic scale, these were 

converted to their geometric mean with a simple ‘exponential’ function, ‘=exp(loge 

value)’, in Microsoft Excel sheet. Linear regression models, using Enter or Stepwise 

features, were also employed in the analyses presented in this thesis. These were 

used to show an overall predictive power of a number of independent variables 

together to account for variance in a dependent variable. Stepwise linear regression 

models were used when assumptions were purposefully not made to allow the 

strongest independent predictors to be selected purely by their statistical power, 

rather than their known function(s) or relevance. This was done so to validate 

expected outcomes where predictors were purposefully selected for an analysis based 

on known or hypothesised biological relationships. Pearson χ2 test was used to 

identify significant differences between dichotomic variables (e.g. gender, termed ‘0’ 

and ‘1’) for some cases and Wilcoxon signed-rank test was used to test for the 

likelihood of carrying multiple variables. kappa coefficients statistics to assess 

chance-corrected agreement were also used in the thesis. Pearson Product-Moment 

Correlation Coefficient (r) using a two-tail analysis was reported for some cases as a 

measure of association between two variables (142). Bland-Altman analysis (113) 

was used to further describe the data in matched samples. McNemar classification 

test was used to assess differences between baseline and follow-up measurements. 

Principal component analysis was performed to identify groups of metabolic 

variables as potential determinants of variables in question (e.g. inflammatory and 

pro-oxidant variables), reporting the rotated component matrix output. 
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CHAPTER 3: METABOLIC SYNDROME 

 

Brief definition 

The metabolic syndrome is a cluster of biochemical, anthropometric and 

haemodynamic variables that are indicative of abnormal metabolism, and are 

established risk factors for cardiovascular disease (CVD). The metabolic syndrome is 

now recognised as a disease by the Centres for Disease Control under the name 

‘dysmetabolic syndrome X’ (ICD 9, code #277.7).  

 

Over the second half of the 20th century, the prevalence of the metabolic syndrome 

increased dramatically, alongside with the epidemic proportions of obesity and type-

2 diabetes (38). Figure 1-3 shows the prevalence of the metabolic syndrome in 

selected countries. 
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Figure 1-3. The prevalence of the metabolic syndrome using NCEP ATP III 

criteria 

 

 

  

Figure was taken from Eckel et al (38). 

 

Overall, the prevalence of the metabolic syndrome is higher in women than in men, 

though reverse was reported for Australians. In Australia, one person in five over 24 

years of age has the metabolic syndrome. 
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History and historical references of the metabolic syndrome 

The use of clustering of metabolic abnormalities to describe a clinical condition is 

not new to science and has been described in the 17th century by a Dutch Physician 

Nicolaes Tulp. In a case report, Tulp described one of his patients as fat and with a 

diet that was rich with fat foods (probably high in saturated fatty acids). Tulp also 

observed “on the blood…very white milk” and recommended “to make him take a 

loathing to milk…abstain from the same” (143), echoing Hippocrates’s famous 

aphorism written in 400 bc “when more food than is proper has been taken, it 

occasions disease”. Leaping to the 20th century, in 1923 the Swedish physician Kylin 

described the clustering of hypertension, hyperglycaemia and gout (38). In the 1950s, 

Vague (144) examined differences in body fat distribution using an index of 

muscular differentiation, and then linked android obesity (as opposed to gynoid 

obesity) with hypertension, diabetes and premature atherosclerosis (144). In 1988, 

Gerald Reaven coined the term ‘Syndrome X’. This term included resistance to 

insulin-stimulated uptake of glucose as the major feature of the syndrome, combined 

with hyperinsulinaemia, increased hepatic VLDL-triglyceride secretion and 

decreased HDL-C, and hypertension (145). Reaven later on expanded this term to 

include some manifestations of the syndrome, such as microvascular angina, serum 

hyperuricemia, and abnormal fibrinolytic system [via increase in plasminogen 

activator 1 (PAI-1); (146)]. A number of terms are in current use to describe the 

metabolic syndrome and include the “insulin resistance syndrome”, the 

“dysmetabolic syndrome”, the “plurimetabolic syndrome”, the “deadly quartet” and 

the “glucose intolerance, hypertension and obesity syndrome”. At the same time, 

there are also a number of definitions for the metabolic syndrome (146, 147). 

 



CHAPTER 3: METABOLIC SYNDROME 
 

 98 

Aetiology of the metabolic syndrome – potential causative factor and associated 

metabolic disorders 

A common aetiological factor for the individual components of the metabolic 

syndrome is believed to be insulin resistance (145, 148). Insulin is a potent 

pancreatic endocrine hormone and its functions largely revolve around stimulating a 

range of cells to take up glucose, amino-acids and fatty-acids and promote energy 

storage (149), illustrated in Figure 2-3. 

 

Figure 2-3. A simplified scheme of the regulation of metabolism by insulin 

 

 

Figure was taken from Saltiel and Kahn (149). 

 



CHAPTER 3: METABOLIC SYNDROME 
 

 99 

Glucose intolerance, insulin resistance 

Insulin resistance is a condition where there is resistance to insulin-mediated glucose 

uptake. Thus, higher levels of insulin are secreted into the circulation to maintain 

normal glucose levels. Insulin resistant individuals are therefore hyperinsulinaemic, 

which can be explained as an adaptation to overcome the defect in insulin action 

(146). Insulin resistance can originate from a number of genetic or environmental 

sources/ factors or the combination of the two. An example of genetic predisposition 

to insulin resistance, a Danish study by Poulsen et al (150) on polymorphism in 

PPAR-γ (classically known to play a role in β-oxidation of fatty acids) among 207 

monozygotic and 342 dizygotic twins, showed similar glucose intolerance patterns in 

monozygotic twins compared with dizygotic twins, and based on these observations 

suggested that the intrauterine environment may be implicated in the aetiology of 

insulin resistance. 

 

When the body is unable to regulate glucose levels hyperglycaemia results. 

Hyperglycaemia induces damage in cells via four main pathways [polyol, 

hexosamine, PKC and AGE pathways; (151)], all which are associated with 

overproduction of reactive oxygen species (ROS) in cells. Increase in cellular 

oxidative stress progressively leads to micro- and macrovascular complications. 

 

 

Low HDL-C and elevated triglycerides 

Insulin stimulates glucose uptake by cells to be utilised as energy source. Insulin also 

stimulates storage of energy in the form of glycogen in skeletal muscle and 

triglyceride synthesis and storage in adipose tissue (149). Frequent stimulation of 
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insulin secretion can lead to constant stimulation of hepatic VLDL-triacylglycerol 

secretion that may lead to muscle insulin resistance (152). The relationship of insulin 

resistance with HDL-C is less obvious, as low HDL-C may be directly linked to 

elevated triglycerides rather than to circulating insulin levels (153). The strong 

inverse relationship of HDL-C to triglycerides and its importance as a risk factor of 

CHD has been established (154), and the triglycerides to HDL-C ratio has been 

termed ‘the atherogenic index’ (155). Successful therapeutic interventions to achieve 

risk reduction of future CVD events included administration of fenofibrate and 

statins to reduce triglycerides and increase HDL-C production (156). 

 

 

Hypertension  

Compared to their normotensive counterparts, people with hypertension are more 

likely to be glucose intolerant and hyperinsulinaemic, independent of medication or 

body fat (146). In normal physiologic conditions, insulin has a vasodilatory effect on 

the vasculature, probably by increasing nitric oxide (NO) production (157, 158). 

However, in the presence of insulin resistance, NO production is elevated as a 

compensatory mechanism to overcome impairment of cyclic-GMP generation, the 

effector of NO (159). This is an interesting observation as hypertension is 

characteristically defined as a condition where there is a reduction in NO synthase or 

NO availability in the vascular wall and raised angiotensin-2 (A2) levels (77). 

Tyrosine kinase is an insulin receptor that undergoes auto-phosphorylation when 

activated by binding to insulin, and subsequently a chain of phosphorylation of other 

intracellular proteins occurs. This process involves the activation of the enzyme 

phosphatidylinositol 3-kinase (PI 3-kinase), involved in a number of insulin-sensitive 



CHAPTER 3: METABOLIC SYNDROME 
 

 101 

metabolic processes, including glycogen and protein synthesis (160). Angiotensin-2 

also activates PI 3-kinase via binding to its G-protein-coupled angiotensin type 1 

(AT-1) receptor, resulting in disruption to insulin signalling pathway, thus reducing 

insulin sensitivity to glucose uptake (161). Both hyperglycaemia and insulin activate 

the renin-angiotensin system to increase the expression of angiotensinogen, A2 and 

AT-1 receptor (162). Thus, insulin resistance is involved indirectly in increase of 

blood pressure levels. 

 

 

Obesity 

Obesity is a strong driver of increase in the prevalence of the metabolic syndrome, 

and also has been shown to be the strongest predictor of incident metabolic syndrome 

compared with the other components (163). Some conventional definitions of the 

metabolic syndrome argue that intra-abdominal fat is the major determinant of the 

condition (164). Obesity is associated with features of the metabolic syndrome, such 

as hypertension, dyslipidaemia and hyperglycaemia, and all are established 

predictors of CVD. Recently, experimental studies produced some evidence linking 

abdominal adiposity with insulin resistance. A recent study by Kabir et al (165) on 

hepatic insulin resistance showed that dogs fed a high fat diet had higher hepatic 

triglyceride content, increase in circulating insulin and free fatty acid (FFA) levels, 

and a significantly decreased insulin sensitivity, among other changes. Previous work 

by this research group demonstrated a reduction in insulin clearance by the liver in 

these animals (166). The accumulated evidence from that study suggested that 

increased FFA is the basis of hepatic insulin resistance (165). Additionally, a study 

by Xu et al (167) on mouse adipocytes harvested from obese mice demonstrated a 
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macrophage inflammatory response. It was hypothesised that this was an 

intermediate stage between obesity and insulin resistance (or impaired insulin action 

in adipose tissue) and that increases in circulating FFA resulting from increased 

lipolysis ultimately promote muscle and hepatic insulin resistance.  

 

Circulating insulin is implicated in control of body weight through interaction with 

the central nervous system, namely the hypothalamus (168). Circulating insulin 

levels are proportional to body fat content. Thus, increase in adiposity promotes 

increase in basal insulin, causing hyperinsulinaemia (168). At this stage, however, 

whether obesity has a causal effect on CVD or is a reflection of an underlying, more 

fundamental factor is yet to be established (147). It is clear, however, that central 

adiposity is associated with CVD. Possibly for this reason all the definitions of the 

metabolic syndrome include this feature - specifically waist girth – as in the NCEP 

criteria (114). Moreover, other definitions (169) placed central adiposity as a 

prerequisite to the presence of the metabolic syndrome. Indeed, excess adipose tissue 

is known to promote a pro-inflammatory and prothrombotic state through increasing 

other CVD risk factors, such as IL-6, TNF-α, CRP and PAI-1 (38, 146, 170), which 

will be discussed further in Chapter 4 of the thesis.  

 

 

The metabolic syndrome, criteria and usefulness 

Each of the components of the metabolic syndrome is an independent risk factor for 

CVD. At the same time, many of these factors are interrelated. Recently, however, 

concerns have been raised about the use of criteria for the metabolic syndrome, the 

cut-offs being used, and perhaps most intriguingly, whether the cluster of metabolic 
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abnormalities is actually a true syndrome (171). This provocative view prompted 

much discussion in the form of Letters in Diabetes Care (Vol 2, January 2006). Some 

suggested that the use of the term ‘syndrome’ is pragmatic for educational purposes 

for clinicians and for improving overall health in the population (172). This is not a 

new concept, however, as others suggested earlier in time that the definition for the 

syndrome forms a starting point from which to work (148). Nevertheless, the 

relationship of the components of the metabolic syndrome to CVD risk individually, 

and in concert, will be discussed as criteria and use of the metabolic syndrome are 

widely accepted at this stage. 

 

The metabolic syndrome is a constellation of several metabolic abnormalities that 

have been shown to be strongly associated with CVD outcomes (173-177). However, 

criteria for the metabolic syndrome vary from one expert consultant group to another 

(114, 148, 169, 178, 179), reflecting a range of perspectives, from its use as a 

research tool to its application in clinical practice. For example, the World Health 

Organisation [WHO; (148)] advocated for insulin resistance as a primary cause of 

the metabolic syndrome, while the International Diabetes Federation [IDF; (169)] 

weighted obesity as the dominant feature of the condition. In contrast, the US 

National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP 

III) consultation group decided to allow similar weight for each of selected five 

abnormal metabolic disorders comprising the metabolic syndrome, so as not to imply 

that the condition per se is the cause of associated risk factors for CVD (180). It is 

important to note that all expert groups agree on the inclusion of some of the 

components (dyslipidaemia, hyperglycaemia, hypertension and obesity) in their 

definitions for the condition. However, different cut-off values for the components 
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are employed, and the definitions vary in their inclusion of measures of insulin 

resistance, obesity and albuminuria. 

 

The NCEP ATP III definition of the metabolic syndrome was used throughout the 

thesis and related peer-reviewed publications for the following reasons: lack of 

ethnic-specific cut-offs (used in IDF criteria); lack of OGTT and clinical diagnosis of 

diabetes (used in WHO criteria); its use of clinically relevant measures (fasting 

glucose, lipids, anthropometry and blood pressure). Other variables that are 

indicative of vascular damage and abnormal metabolism that are included in the 

criteria for the metabolic syndrome by the WHO, such as albuminuria and insulin 

resistance (181), will also be discussed. This is particularly pertinent given the high 

incidence of renal failure among Aboriginal Australian people (31), and its relation 

to vascular disease and death. 

 

 

NCEP ATP III criteria 

The NCEP Adult Treatment Panel III criteria for the metabolic syndrome (114) 

include co-existence of 3 or more of the following: 

1. Abdominal obesity (waist circumference ≥88.0 cm for women and ≥102.0 cm 

for men); 

2. Elevated triglycerides (fasting plasma triglycerides ≥1.7 mmol/L); 

3. Low HDL-C (HDL-C <1.03 mmol/L for men or <1.29 mmol/L for women); 

4. Hypertension (systolic blood pressure [SBP] ≥130 mm Hg and/or diastolic 

blood pressure [DBP] ≥85 mm Hg); 

5. Hyperglycaemia (fasting plasma glucose ([FPG] ≥6.1 mmol/L). 
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WHO criteria 

The WHO criteria (148) include at least one of the following in the first group with 

two or more of those in the second group: 

 

o Group 1: 

1. Impaired glucose tolerance or type-2 diabetes, as shown in Table 1-3: 

 

Table 1-3. WHO criteria, metabolic syndrome components: impaired glucose or 

type-2 diabetes 

 
Table was taken from the WHO report on Diabetes Mellitus and its complications (148). 
 

2. Insulin resistance (low quartile of glucose uptake [upper quartile of HOMA IR] 

for background population that is under investigation). 

 

o Group 2: 

1. Hypertension (SBP/DBP ≥140/90 mm Hg); 
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2. Obesity (waist to hip ratio [WHR] >0.90 for men; >0.85 for women, and/ or 

body mass index [BMI] >30 kg/m2); 

3. Raised triglycerides (≥1.7 mmol/L) and/ or low HDL-C (<0.90 mmol/L for 

men; <1.0 mmol/L for women); 

4. Microalbuminuria (urinary albumin excretion rate ≥20 µg/min or albumin to 

creatinine ratio ≥3.4 mg/mmol). 

 

 

IDF criteria 

The IDF criteria (169) include the single criterion in the first group with at least two 

factors in the second group: 

 

o Group 1: 

1. Central obesity (waist circumference ≥94 cm for Europid men and ≥80 cm for 

Europid women). Other ethnic-specific values include south Asians and 

Chinese with a single modification for men (waist circumference ≥90 cm), 

whereas cut-off for women remains unchanged. For Japanese, waist ≥85 cm 

men, ≥90 cm women. Other populations use Europid cut-off recommendations 

until specific data becomes available. 

 

o Group 2: 

1. Raised triglycerides (plasma triglycerides ≥1.7 mmol/L); 

2. Low HDL-C (HDL-C <1.03 mmol/L in men and <1.29 mmol/L in women); 

3. Hypertension (SBP/DBP ≥130/85 mm Hg); 

4. Hyperglycaemia (FPG ≥5.6 mmol/L). 



CHAPTER 3: METABOLIC SYNDROME 
 

 107 

The metabolic syndrome and CVD events 

The metabolic syndrome has been reported to add prognostic value to assessment of 

future CVD events in combination with (or without) previous history of CVD events 

or diabetes status. Most published reports utilise the definitions proposed by either 

the WHO or the NCEP expert groups. Table 2-3 presents selected studies on the 

power of the metabolic syndrome in predicting CVD events. 
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Most studies report a two- to three-fold increased risk of CVD events associated with the presence of the metabolic syndrome. 
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Metabolic syndrome, therapy  

The metabolic syndrome is regarded as a secondary target of risk-reduction therapy 

after LDL-C lowering, and diagnosis and treatment of the condition was described by 

the NCEP ATP III expert group as having beneficial health outcomes beyond the 

lowering of LDL-C (114). The metabolic syndrome is managed at two levels: (i) 

reduction in underlying causes, and (ii) treatment of the associated lipid and non-

lipid risk factors. The first level of therapy is lifestyle changes targeted at achieving 

weight reduction (dietary changes and increased physical activity). The first level of 

therapy is of relevance to the community-based intervention at Galiwin’ku, as it is 

these modifiable factors that were targeted as an integral part of the program. The 

second level incorporates drug therapy for other metabolic abnormalities, such as 

hypertension and dyslipidaemia, as well as aspirin in those in a prothrombotic state 

(38, 114). Pharmacological therapy includes the use of metformin and insulin 

sensitising drugs (thiazolidinediones) (187), both commonly used in the treatment for 

type-2 diabetes (180), and fenofibrate (PPAR-α and PPAR-γ agonists)  for HDL-C 

(156). 
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Metabolic syndrome in Indigenous Australians 

Aboriginal Australians suffer greatly from elevated risk factors for CVD. For 

example, Guest et al (188) reported a study on over 300 Aboriginal people living in 

southeast Australia and showed overall higher DBP and triglycerides and lower 

HDL-C compared with their counterparts of European descent from the same region, 

despite their total cholesterol being lower. Their fasting glucose and insulin were 

both higher as was their WHR, but not their BMI, consistent with central adiposity. 

Early reports showed similar differences between Aboriginal and non-Aboriginal 

Australians: O’Dea et al (189) reported a comparison study of glucose and lipid 

metabolism between three age-matched groups of lean young men living in the north 

part of Western Australia: urban and remote Aboriginal men and urban men of 

European descent. Certain parameters were similar in both Aboriginal groups (urban 

and remote): impaired glucose tolerance and hyperinsulinaemia; whereas other 

parameters were similar between the two urban groups (Aboriginal and non-

Aboriginal men), mainly similar levels of HDL-C. Rowley et al (29) reported a study 

involving eight Aboriginal communities in central Australia, the Kimberley and Cape 

York, and showed a positive association between albuminuria and metabolic risk 

factors, irrespective of diabetes status, and a significant change in the prevalence of 

insulin resistance along with increase in clustering metabolic risk factors. Indeed, the 

prevalence of the metabolic syndrome was high, irrespective of criteria used (29, 32, 

46). These reports provide evidence that abnormal metabolism is prevalent among 

Aboriginal peoples and that environmental factors may play a role in such 

differences. However, that abnormal metabolism is prevalent among diverse 

Aboriginal populations does not necessarily imply a common causative factor(s). To 
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date, none of this has been systematically investigated, leaving much to speculate by 

independent observations and reporting outcomes by association. 

 

 

Abnormal metabolism and kidney function 

Due to the high incidence rate of renal failure among Australian Aboriginal people 

and its relation to vascular damage and death, any discussion of the metabolic 

syndrome must include a discussion on kidney function. This is also relevant as some 

definitions for the metabolic syndrome use ACR in its criteria (WHO criteria). 

 

Impaired kidney function is a condition where function of the kidney is gradually 

lost, leading to end-stage renal disease (ESRD). Albuminuria is a marker of renal 

damage, and chronic metabolic conditions, such as diabetes, high blood pressure and 

chronic and/ or recurring infections are implicated in this process (44). In Australia, 

heart, stroke and vascular disease are the most frequent causes of death in people 

with ESRD, and kidney failure was the underlying cause of death in nearly 2000 

Australians in 2002, comprising 1.4% of all deaths (44). In 1997 the age- and sex-

adjusted rate of those beginning ESRD treatment for Indigenous Australians was 

approximately nine times that of non-Indigenous Australians (31). Additionally, a 

wide range of incidence of ESRD has been reported in the Indigenous Australian 

population, with the highest recorded in a number of places in the Northern Territory 

[up to 1300 cases per million per year, (31)]. Figure 3-3 reports the incidence of 

ESRD among Indigenous peoples across Australia. Of note is the high incidence rate 

of ESRD mostly in very remote and sparsely populated areas. 
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Figure 3-3. The incidence of ESRD in the Indigenous Australian population 

 

 

Figure was taken from Cass et al (31). 

 

 

Albuminuria and blood pressure, relevance to Australian Aboriginal people 

The association of albuminuria with blood pressure is of particular importance. A 

qualitative cross-sectional of the correlates of urinary albumin excretion in 10 studies 

worldwide showed a positive relationship between the two (190). A study by 

McDonald et al (45) on 237 people living in an isolated community on the northern 

coast of Australia revealed a significant relationship between SBP and micro- and 

overt macroalbuminuria. Additionally, a study by Rowley et al (29) including people 
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from eight Aboriginal communities across the centre and northern Australia showed 

a significant blood pressure increase across categories of ACR. 

 

 

Prognostic implications of Albuminuria 

Albuminuria reflects vascular damage (181) and is a risk factor for CVD. 

Microalbuminuria, measured by urine albumin excretion rates between 30-300 

mg/day, is now accepted as a powerful predictor of CVD mortality (191). In support, 

a 10-year study on patients newly diagnosed with type-2 diabetes showed that the 

cumulative incidence of micro- and macroalbuminuria rose sharply in people with 

type-2 diabetes (baseline: 18.2% and 3.0%, 10 years: 33.0% and 10.2%, respectively) 

compared with people without diabetes [baseline: 1.4% and 0%, 10 years: 11.9% and 

0.8%, respectively, (192)]. Moreover, microalbuminuria has emerged as being a 

more powerful predictor of CVD mortality in patients with type-2 diabetes than 

traditional risk factors [odds ratio (OR) 10.02], such as total cholesterol (OR 2.32), 

blood pressure (OR 3.20) or smoking (OR 6.52) (193). Recently, albuminuria has 

emerged as a predictor of CVD mortality in the general population (194). 

 

As the incidence of ESRD in Indigenous Australians is many times higher than the 

total Australian population (31), knowledge of the presence of albuminuria 

accompanying abnormal metabolic conditions could allow for appropriate 

interventions, and thus has the potential to delay the onset, or progression of, micro- 

and macrovascular complications. 
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Hypotheses 

o Like the variations in incident ESRD across regions in Australia and given 

the heterogeneity in Indigenous Australians, the prevalence of the metabolic 

syndrome will vary across different regions. 

o All widely used criteria for the metabolic syndrome identify similar 

populations with the metabolic syndrome. 

o As in other populations, obesity is strongly associated with components of the 

metabolic syndrome and is a driver of the metabolic syndrome in Aboriginal 

people. 

o Considering the strong prognostic value of ACR in predicting death in people 

and the high incidence of ESRD in the Indigenous Australian populations, the 

inclusion of albuminuria in the criteria for the metabolic syndrome will 

identify a larger proportion of the population with the condition. 

o Point-of-care analytical instruments that are capable of onsite testing for 

biochemical markers that comprise the metabolic syndrome are 

interchangeable with laboratory analysis for community-based risk factor 

screenings. 
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Study populations 

The main dataset utilised for the following investigation consists of 1444 people that 

were recruited from community-based risk-factor screenings in central and northern 

Australia during 1993-2001, during which time consistent methods were used for 

assessing biochemical, haemodynamic and anthropometric variables (see Methods 

section for detailed information on pages 30, 35). The second dataset consists of 

people recruited in a community-based risk-factor screening program for whom 

blood was tested on POC instruments (page 60). 

 

 

Significance 

Criteria for the metabolic syndrome vary between expert consultation groups. The 

WHO includes measure of albuminuria in its criteria whereas NCEP (and IDF) do 

not [other differences include the use of BMI and 2hr oral glucose tolerance test 

(OGTT), which will be discussed later]. Therefore, comparison of the criteria in 

identifying people with metabolic syndrome in Aboriginal peoples was performed. 

Identification of the most suitable criteria for Indigenous Australians and its key 

features have research and clinical implications. Additionally, testing for the 

presence of the metabolic syndrome in field conditions has practical implications for 

treatment effectiveness. 
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Results 

 

Characterising the larger dataset 

The larger dataset consists of 1444 people that were recruited from community-based 

risk-factor screenings during 1993-2001. Table 3-3 summarises basic clinical 

characteristics of the participants in the dataset and Table 4-3 the prevalence of the 

components of the metabolic syndrome across regions. 

 

 

Table 3-3. Mean (95% CI)
a
 values of clinical characteristics of  

participants in risk-factor screenings between 1993-2001 

Variable Women (n=808) Men (n=636) P value b 

Age, years 34 (33, 35) 32 (31, 33) <0.001 

Weight, kg 66.1 (65.0, 67.2) 71.2 (69.9, 72.6) <0.001 

Height, cm 161.2 (160.8, 161.6) 172.8 (172,4, 173.3) <0.001 

Waist, cm 88.6 (87.6, 89.6) 87.7 (86.6, 88.9) 0.252 

Hips, cm 99.7 (98.9, 100.5) 94.4 (93.5, 95.3) <0.001 

BMI, kg/m2 25.4 (25.0, 25.8) 23.8 (23.4, 24.3) <0.001 

WHR 0.88 (0.87, 0.88) 0.92 (0.91, 0.93) <0.001 

FPG, mmol/L 5.2 (5.1, 5.4) 5.2 (5.1, 5.4) 0.966 

HbA1c, % 5.9 (5.7, 6.0) 5.8 (5.6, 5.9) 0.371 

T-C, mmol/L c 4.5 (4.4, 4.6) 4.7 (4.6, 4.8) <0.001 

HDL-C, mmol/L  0.86 (0.84, 0.88) 0.84 (0.82, 0.86) 0.107 

Trig, mmol/L 1.7 (1.6, 1.7) 1.9 (1.8, 2.0) <0.001 

SBP, mm Hg d 121 (120, 122) 129 (128, 131) <0.001 

DBP, mm Hg e 70 (69, 71) 73 (72, 74) <0.001 
a Values reported are geometric mean except for waist circumference; b ANOVA test; c Total 
cholesterol; d Systolic blood pressure; e Diastolic blood pressure. 

 

Eight hundred and eight women and 636 men were included in this analysis and 

response rates to community screenings varied from 45% to 87%. The age 
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distribution was not statistically different to the national Indigenous distribution 

reported by the Australian Bureau of Statistics (195) (Pearson χ2 = 42.0, P=0.227), 

and ranged from 15 to 84 years in women and 15 to 94 years in men. Men tended to 

be taller and heavier than women on average but had similar waist circumference. 

Blood pressure, total cholesterol and triglycerides were higher in men than in women 

but HDL-C was comparatively very low and not significantly different. Fasting 

plasma glucose and long term glucose levels (glycated haemoglobin) assessments 

were similar in both gender groups (both P≥0.371). Self-report cigarette smoking 

was 55% and 25% respectively for men and women (P<0.0001). 

 

 

The prevalence of the metabolic syndrome in Aboriginal people 

The prevalence of men and women classified as having the metabolic syndrome was 

36.6% and 45.3% respectively in the larger dataset. Table 4-3 shows the prevalence 

of the metabolic syndrome across four geographic regions.  
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The prevalence of the metabolic syndrome and its components was not uniform 

across regions and gender groups. After adjusting for BMI, the variation across 

regions for the prevalence of hypertension was no longer statistically significant in 

women (P=0.065), nor was hyperglycaemia in men (P=0.146). Adjustments for age 

did not alter any outcomes (data not shown). Despite these differences, the 

prevalence of low HDL-C was strikingly high for all surveyed populations. 
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Additionally, there was a high prevalence of abdominal obesity among women, and 

particularly in Cape York for both gender groups. Overall, there was significant 

variation across regions for each component of the metabolic syndrome, except for 

elevated triglycerides in women and hyperglycaemia in men.  

 

 

Comparison of WHO and NCEP ATP III criteria of the metabolic syndrome 

The prevalence of the metabolic syndrome by the two conventional criteria in the 

presence of its various components is shown in Table 5-3. IDF criteria was excluded 

from all analyses given that it relied heavily on the NCEP definition for the 

metabolic syndrome, utilised ethnic-specific cut-off values for abdominal obesity 

that were not defined for Indigenous people and that it was subjected to revision 

since introduced. 
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Table 5-3. The prevalence (%) of the metabolic syndrome in the 

presence of its components according to NCEP and WHO * 

Criteria Component Gender WHO (n) NCEP (n) 

Women 42 (257) 49 (297) Metabolic 

syndrome 

Complete criteria 

Men 34 (158) 43 (200) 

Women 86 (253) 75 (223) WHO Insulin resistance 

/diabetes Men 86 (158) 64 (117) 

Women 94 (119) 98 (124) NCEP Hyperglycaemia 

Men 87 (77) 82 (73) 

Women 74 (91) 94 (115) WHO Hypertension 

Men 51 (73) 72 (103) 

Women 63 (117) 87 (161) NCEP Hypertension 

Men 42 (105) 70 (173) 

Women 49 (245) 56 (280) WHO Dyslipidaemia 

Men 39 (147) 51 (195) 

Women 44 (252) 51 (294) NCEP Low HDL-C 

Men 35 (137) 49 (192) 

Women 62 (185) 79 (238) NCEP Elevated triglycerides 

Men 46 (133) 66 (188) 

Women 60 (235) 67 (264) WHO Obesity 

Men 52 (145) 55 (155) 

Women 65 (207) 79 (254) NCEP Obesity 

Men 79 (56) 94 (67) 

Women 65 (162) 67 (167) WHO Microalbuminuria 

Men 65 (107) 64 (106) 

*complete data (e.g. OGTT) for all participants. 
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Overall, the NCEP ATP III criteria identified a larger proportion of the population 

having the metabolic syndrome compared with WHO criteria. Nearly all women with 

the NCEP definition for hyperglycaemia were identified with the metabolic 

syndrome. The single criterion where WHO criteria for the metabolic syndrome 

identified a larger proportion of men and women with the condition was that for 

Insulin resistance/ diabetes.  

 

 

  

Major findings of the difference between the NCEP and the WHO criteria on a 

subset of the larger dataset (excluding Top End participants) were published in 2005 

by Schutte & Shemesh et al (46). Agreement between the two criteria in both gender 

groups is shown in Table 6-3: 

 

 

 

This outcome indicates that different ‘at risk’ populations were identified by the two 

criteria, especially for men.  

 

From the Tables above it appears that that, while similar proportion of women were 

identified by the criteria, for men different populations were identified. These 

Table 6-3. Metabolic syndrome, agreement between NCEP and WHO criteria 

Gender and criteria NCEP criteria 
Agreement 

[kappa, (P value)] 

 Absent Present  

Absent 269 43 
Women 

Present 83 214 

0.79 

[0.585 P<0.001] 

  

Absent 222 45 
Men W

H
O

 c
ri

te
ri

a 

Present 87 113 

0.72 

[0.407 P<0.001] 
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differences may have originated from either the more inclusive criteria of the NCEP 

definition for the metabolic syndrome or the requirement of the presence of insulin 

resistance/ diabetes in the WHO criteria, which appeared more restrictive.  
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The relationship of the NCEP-defined metabolic syndrome components to 

measures of body fatness 

A WHO expert consultation group on obesity advocated for the use of BMI to 

determine the health status of individuals and groups at increased risk of morbidity 

and mortality, and provided classification for lean, healthy, overweight and obese 

people for this purpose (11). Since then, classification of BMI categories according 

to WHO criteria has been widely used across all populations. Among Aboriginal 

peoples, however, high incidence and prevalence of metabolic disorders, such as 

type-2 diabetes, have been shown to occur even in the “healthy” BMI range (20-25 

kg/m2) (26). Similar observations were reported for Asian populations (94, 196-198). 

The prevalence and risk of the metabolic syndrome and its relationship to BMI in 

Aboriginal people was therefore investigated. 
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Table 8-3. Age-standardised prevalence (%) of the NCEP-defined metabolic 

syndrome and its components across increasing BMI categories in men and 

women 

BMI category (kg/m2) Variable 

< 20 20 - 25 25 - 30 ≥ 30 

P value* 

Women (n) 136 242 248 190  

Hypertension 7.8 24.7 26.9 40.7 <0.001 

Low HDL-C 85.0 93.2 95.4 97.4 <0.001 

Elevated triglycerides 32.1 41.5 54.7 58.4 <0.001 

Hyperglycaemia 7.0 10.4 22.3 29.2 <0.001 

Abdominal obesity 0.0 22.5 68.9 97.1 <0.001 

Metabolic syndrome 11.9 28.7 53.9 74.8 <0.001 

      

Men (n) 139 224 195 81  

Hypertension 17.2 41.4 60.1 75.3 <0.001 

Low HDL-C 64.5 78.8 83.1 93.6 <0.001 

Elevated triglycerides 21.8 57.6 67.7 80.7 <0.001 

Hyperglycaemia 6.5 11.1 17.0 33.1 <0.001 

Abdominal obesity 0.0 0.0 12.2 76.7 <0.001 

Metabolic syndrome 4.8 27.2 47.1 88.0 <0.001 

*Linear trend. 

 

Table 8-3 shows that each of the components of the NCEP-defined metabolic 

syndrome increased linearly across increasing BMI categories. Additionally, the 

prevalence of low HDL-C was very high across all BMI categories for both men and 

women. Even in the lean men and women with no abdominal obesity, the prevalence 

of low HDL-C was very high. In contrast, all other components of the metabolic 

syndrome were absent or relatively low in that group and increased sharply as BMI 

increased.  
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Given the gender difference in the prevalence of the metabolic syndrome and its 

components in the screened population, comparison of the co-occurrence of 

components of the metabolic syndrome between men and women was investigated 

(Figure 4-3), with a view to elucidate the role of obesity as a differentiating factor: 

 

Figure 4-3. The co-existence of multiple components of the NCEP-defined 

metabolic syndrome, stratified by gender 

 

Overall, women had more chance of having multiple abnormalities than men 

(Wilcoxon singed-rank test; mean rank 755.8 versus 680.1; P<0.001), and the 

proportions of having two or more metabolic abnormalities were 70% and 66% 

respectively for women and men according to the NCEP criteria. Differential gender 

scoring for increase in clustering components of the metabolic syndrome was 

apparent only in overweight (BMI 25-30 kg/m2) and obese people (BMI ≥30 kg/m2) 

(both P<0.01). However, no differences were found between men and women 
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fulfilling BMI criteria for lean and healthy weight status (both P≥0.922), suggesting 

a similar risk status exists in these groups. 

 

 

Abnormal metabolism and albuminuria 

A common aetiological factor for the individual components of the metabolic 

syndrome is believed to be insulin resistance (145, 148), and is intimately related to 

endothelial dysfunction. Damage to the endothelium is reflected by levels of 

albuminuria (181), a predictor of CVD-related death (191, 199). WHO criteria (148) 

includes albuminuria in its criteria for the metabolic syndrome. Despite that, and 

given the high incidence of ESRD in Aboriginal people (31), the WHO criteria were 

the least sensitive of the two criteria examined. This outcome raises questions about 

the usefulness of albuminuria in identifying people with the metabolic syndrome. An 

in-depth investigation into the relationship of renal function to the metabolic 

syndrome is shown in Table 9-3. 
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Table 9-3. The proportions of renal function categories* in men and women in 

the survey sample 

Renal function category, % Group 

Normoalbuminuria Microalbuminuria Macroalbuminuria 

Men 69 22 9 

Women 64 24 12 

Total 66 23 11 

*Normoalbuminuria: ACR<3.4 mg/mmol; Microalbuminuria: 3.4≤ACR<34.0 mg/mmol; 

Macroalbuminuria: ACR≥34.0 mg/mmol. 

 
 

The combined prevalence of micro- and macroalbuminuria was 36% for women and 

31% for men. Wilcoxon signed-rank test for the NCEP metabolic syndrome score 

showed that there was no gender differences in the presence of albuminuria 

(microalbuminuria, P=0.208; macroalbuminuria, P=0.303). However, 

normoalbuminuric women were more likely to have multiple metabolic 

abnormalities than men (P=0.007). Figure 5-3 shows the prevalence of albuminuria 

across clusters of components of the metabolic syndrome in the population. 
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Figure 5-3. The prevalence of albuminuria across increase in components of the 

metabolic syndrome 

 

 

The prevalence of albuminuria increased linearly with increase in co-existing 

components of the metabolic syndrome in both men and women (P=0.947).  

 

Note: A similar Figure was reported for a subset sample of the population by Rowley 

et al (29), which depicted the prevalence of increase in clusters of components of the 

metabolic syndrome, as defined by the WHO, across normo-, micro- and 

macroalbuminuria. Rowley clearly showed an increase in the prevalence of 

albuminuria with increase in clusters of the components of the WHO criteria for the 

metabolic syndrome, while a gradual decline in the proportion of those with 

normoalbuminuria across these clusters was shown. 

 

The relationship of albuminuria to clinically relevant variables was further 

investigated using Principal Component analysis. Principal Component analysis 
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(Table 10-3) was applied to the dataset to identify independent groups of variables 

(termed Factors) from a pool of clinically relevant variables. 

 
 

Table 10-3. Principal Component analysis of clinically relevant variables 

Component (% of variance explained) Variable 

1 (25.8) 2 (25.6) 3 (17.6) 

Loge FPG  0.853  

Loge insulin resistance  0.799  

Waist girth  0.600  

Loge HDL-C   -0.918 

Loge triglycerides   0.623 

Loge SBP 0.880   

Loge DBP 0.893   

Loge age 0.529   

Extraction Method: Principal Component Analysis. Rotation Method: Varimax with Kaiser 
Normalization. Absolute values less than 0.5 were suppressed. 

 
 

Principal Component analysis produced three factors (Eigenvalue >1.0) in this model 

[Kaiser-Meyer-Olkin (KMO) = 0.718, Bartlett's Test of Sphericity P<0.001], 

accounting for 69% of the total variance in the model: Factor 1 represented blood 

pressure and included age. The second Factor represented insulin resistance, 

hyperglycaemia and central obesity and the third Factor represented dyslipidaemia. 

Inclusion of ACR in the model showed a strong association with Factor 1 (data not 

shown). This relationship was similar in men and women or the metabolic syndrome 

(data not shown). When the generated factors from Principal Component analysis 

were included in a logistic regression model (adjusted for gender and geographic 

region), they were all significant determinants of albuminuria: Factors 1 and 2 having 

similar OR (2.29 versus 2.12 respectively), and Factor 3 having a lower OR (1.28) 

(all P≤0.001). The prevalence of components of the metabolic syndrome and the 
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likelihood of having the condition in people with albuminuria are presented in Table 

11-3. 

 

Table 11-3. The prevalence of components of the metabolic syndrome in the 

presence of albuminuria and their independent odds ratio compared to 

normoalbuminuric group (adjusted for age, gender and geographic region) 

Component Prevalence, % Odds ratio (95% CI) P value 

Low HDL-C 90.6 1.29 (0.86, 1.94) 0.211 

Hypertension 55.0 2.60 (1.99, 3.38) <0.001 

Hyperglycaemia 32.3 3.52 (2.55, 4.87) <0.001 

Elevated triglycerides 67.3 1.96 (1.51, 2.53) <0.001 

Abdominal obesity 48.6 2.28 (1.73, 2.99) <0.001 

 

 

Overall, people with albuminuria were more likely to have the components of the 

metabolic syndrome relative to people with normoalbuminuria, however low HDL-C 

appeared to be a common feature across renal groups. Hyperglycaemia was more 

than 3.5 times likely to occur in people with albuminuria, followed by hypertension, 

abdominal obesity and elevated triglycerides. In a logistic regression model of all 

components of the metabolic syndrome (including age, gender and geographic 

regions), OR for hyperglycaemia was the highest (OR 2.67), followed by 

hypertension (OR 2.24), triglycerides (OR 1.52) and waist (OR 1.49), while low 

HDL-C (OR 1.00) was not significant in the model.  

 

As noted previously, insulin resistance was a prerequisite of the metabolic syndrome 

using the WHO definition, while NCEP criteria did not rank importance for any 

condition in its definition. Additionally, only the WHO criteria included albuminuria 

in its definition for the metabolic syndrome. Agreement between the criteria was 
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therefore tested in the presence and absence of albuminuria, to examine whether 

agreement between the criteria was driven by albuminuria, shown in Table 12-3: 

 

Table 12-3. Agreement between NCEP and WHO criteria in men and 

women, with and without albuminuria 

NCEP criteria 
Albuminuria Gender   

Absent Present 

Agreement 
[kappa, (P value)] 

Absent 194 52 

Present 19 76 

0.79  
(0.532, P<0.001) Women 

 

Absent  169 60 

Present 19 32 

0.72  
(0.278, P<0.001) 

No 

Men 

 

Absent  58 29 

Present 24 138 

0.79  
(0.526, P<0.001) Women 

 

Absent  33 25 

Yes 

Men 

W
H

O
 c

ri
te

ri
a 

Present 26 81 

0.69  
(0.325, P<0.001) 

 
 

Stratification by albuminuria did not appreciably increase the overall agreement 

between NCEP and WHO criteria in either gender group, thus the level of agreement 

remained poor. This outcome indicates that inclusion of albuminuria did not account 

for the difference between NCEP and WHO criteria. 
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Use of POC in identifying people with the metabolic syndrome 

The use of POC in field conditions was reported at length in the Methods Chapter  

(page 60) and outcomes were also published (119, 120). The major conclusion was 

that use of POC instruments in community risk-factor screening for the purpose of 

quantifying established CVD markers was appropriate. Indeed, there is scope for use 

of transportable technology due to its ability to be used as an on-site pathology tool 

as well as a cost-effective, educational and a valuable tool to risk-factor management 

(e.g. diabetes) in communities that are remote from centralised facilities (i.e. 

pathology laboratories). The following analysis presented in Tables 13-3 & 14-3 and 

Figure 6-3 provides further evidence about the usefulness of POC as a tool to 

identify those at risk of having biochemical components comprising the metabolic 

syndrome in combination with on-site testing for anthropometry and blood pressure 

variables, altogether in approximately 10 minutes. 

 

Table 13-3. The prevalence (%) of abnormal metabolic conditions according to 

laboratory and POC analytical techniques 

Criterion Laboratory (%) POC (%) Absolute [proportional] 

difference (%) 

Hyperglycaemia 19 24 5 [21] 

Elevated triglycerides 42 49 7 [14] 

Low HDL-C 73 63 10 [14] 
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Table 14-3. Agreement between POC and laboratory techniques for 

biochemical components comprising the NCEP criteria for the metabolic 

syndrome 

  POC 

Criterion  Absent Present 

Agreement 

[kappa, (P value)] 

Absent 56 4 Hyperglycaemia 

Present 0 14 

95% 

[0.84 (<0.001)] 

     

Absent 37 5 Elevated 

triglycerides Present 0 31 

93% 

[0.86 (<0.001)] 

     

Absent 20 0 Low HDL-C 

L
ab

or
at

or
y 

Present 9 44 

88% 

[0.78 (<0.001)] 

 

 

It is clear that the levels of agreement between POC and laboratory techniques for 

biochemical criteria of the metabolic syndrome were high. POC analysis for low 

HDL-C criterion had nine false negative results but was very specific, while the other 

two criteria tended to be more sensitive and overestimated the prevalence of these 

abnormal metabolic conditions relative to laboratory methods, thus accruing four to 

five false positives. 
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Figure 6-3. Clustering of biochemical components of the metabolic syndrome 

for POC and laboratory techniques 

 

 

None of the techniques had more chance of having multiple abnormalities (Wilcoxon 

singed-rank test; both mean rank 6.0, P=0.763), and the proportions of having at least 

one biochemical abnormality were 86% and 82% for laboratory and POC 

respectively. 
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Discussion 

The prevalence of components of the metabolic syndrome in the surveyed Aboriginal 

populations was 2-fold higher compared with reports for other Australians, and 

double or more relative to other reported American or Asian populations (200, 201). 

Even for those persons in the so-called “healthy” BMI range the prevalence of the 

metabolic syndrome was high. Significantly, the prevalence of the metabolic 

syndrome in the survey sample of Aboriginal people of median age (age range) 33 

(15-94) years was comparable with reported levels for people older than 60 years and 

living in the US (200), and about double that in the similar age group.  

 

Conventional risk factors for coronary heart disease include hypercholesterolaemia, 

hypertension, hyperglycaemia and tobacco smoking. More recently identified risk 

factors include those associated with the metabolic syndrome: triglycerides, insulin 

resistance, microalbuminuria, abdominal obesity, as well as physical inactivity, 

psychosocial factors and socio-economic status (50, 51, 202). The present results 

indicate that factors associated with the metabolic syndrome are likely to be major 

mediators of the greatly elevated premature CVD mortality among Indigenous 

Australian people, and that increasing BMI, including in the 20-25 kg/m2 range, is 

strongly related to high prevalence of the metabolic syndrome. Overall, there were 

variations across regions that were independent of age or body fatness. This indicates 

non-uniformity in CVD-risk profile and consequently utilisation of different 

strategies to curb the burden of CVD. Some of these findings on a subset sample 

were accepted for publication (203). 
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Metabolic syndrome, criteria and usefulness in Aboriginal people 

Comparison between NCEP and WHO criteria indicated that they identified different 

populations as having the metabolic syndrome. This was much more pronounced in 

men. Stratification by albuminuria, an established CVD marker (204), so as to 

compare its effect on the agreement between criteria for the metabolic syndrome, did 

not appreciably alter outcomes. This suggests that differences between the two 

criteria extend beyond the renal function criterion. Moreover, for clinical purposes 

this outcome may indicate that the inclusion of ACR as a component of the 

metabolic syndrome may not be necessary for this population, or alternatively those 

with albuminuria are already identified as being at risk, thus making the use of the 

syndrome redundant in such cases. Intriguingly, findings from the US Third National 

Health and Nutrition Examination Survey (205) showed that WHO definition 

identified a larger proportion of the population with the metabolic syndrome 

compared with NCEP criteria, and this was the case in both age and gender groups, 

as well as across different ethnic background (White, African and Mexican American 

people). Similar findings were reported from a health survey study among the 

Greenland adult Inuit population (206). However, it is important to note that 

predictive power of each definition in any given population can only be validated in 

a longitudinal study, where CVD events are used as end-points, as was summarised 

in Table 2-3. Thus, at this stage it is impossible to determine which of the criteria is 

actually better at predicting CVD events (including mortality) in Aboriginal people. 

Moreover, it is possible that criteria for the metabolic syndrome in Indigenous people 

will be modified once knowledge of CVD events becomes available. 
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It is clear, however, that the NCEP criteria for the metabolic syndrome are more 

sensitive than the WHO criteria in Aboriginal people. On the other hand, it may be 

that the WHO criteria are more specific, identifying a smaller proportion of false 

positive cases. Given the high levels of CVD morbidity and mortality, the very high 

prevalence and incidence rates of type-2 diabetes (26) and ESRD (31) in Indigenous 

populations, the use of a more sensitive, more inclusive criteria is justified. 

Therefore, the NCEP criteria are recommended for this population.  

 

That dyslipidaemia, defined by either criteria, was not in full agreement with the 

presence of the metabolic syndrome by any criteria only emphasizes that it is the 

most common metabolic abnormality in Aboriginal people, regardless of any 

definition. Additionally, that NCEP criteria were not in good agreement with the 

WHO may stem from the dyslipidaemia criterion, as it may be the factor that 

contributes to the differences between the criteria. NCEP allows for two lipid-

associated factors while the WHO criteria places the two lipid components in one 

category. As dyslipidaemia is highly prevalent in Aboriginal people, it is plausible 

that this factor contributed considerably to the differences noted. The importance of 

dyslipidaemia, particularly HDL-C, is discussed below.  
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Low HDL-C and the metabolic syndrome 

Sixty eight percent of the participants in the survey sample had at least two abnormal 

metabolic conditions, with low HDL-C the predominant component of the metabolic 

syndrome. Additionally, while very lean (BMI <20 kg/m2) men and women were at 

low risk for hypertension and hyperglycaemia, low HDL-C, and to a lesser extent 

elevated triglycerides, were very common in the survey sample. 

 

High prevalence of the metabolic syndrome, and low HDL-C, are consistent with 

poor CVD health (24). To highlight just how low HDL-C is in Australian Aboriginal 

people, using a common cut-off value of 1.0 mmol/L for HDL-C, the Australian 

Diabetes, Obesity and Lifestyle Study (AusDiab) group reported prevalence for low 

HDL-C of 5.5% and 18.6% for Australian women and men respectively (43). An 

analysis using the same cut-off value in the current survey sample showed that 73% 

of participants had low HDL-C with no difference between women and men. 

Relative to the AusDiab population, the prevalence of low HDL-C was 13-fold 

higher for women and 4-fold higher for men. While the prevalence of elevated 

triglycerides and hyperglycaemia were also higher than for those reported for the 

mainstream Australian population, these differences were less extreme than for low 

HDL-C. Given the very low levels of HDL-C in both men and women, the 

application of gender-specific cut-offs derived from other populations appears to be 

inappropriate, raising questions as to the relevance and generalisability of the current 

criteria for the metabolic syndrome. 

 

The importance of HDL-C is well established. HDL-C has known anti-atherogenic 

properties, which include reverse cholesterol transport and antioxidant activity, such 



CHAPTER 3: METABOLIC SYNDROME 
 

 140 

as paraoxonase-1 (207, 208), both linked to CHD (209). For example, experimental 

models showed that HDL-C were implicated in reduction of the number of fatty 

streaks, significant changes in plaque composition, reduced macrophage infiltration 

and increase in smooth muscle cells in affected areas, consistent with observations in 

patients treated with lipid modifying drugs (210). Poor nutritional status has been 

reported for Aboriginal people (21-23) and a positive relationship between 

paraoxonase-1 activity and dietary derived antioxidants (211). It may be possible to 

improve HDL-C levels through dietary and lifestyle modifications but has been 

proven to be difficult (23). 
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The metabolic syndrome and body fatness 

As noted earlier, a WHO expert consultation on obesity advocated for the use of BMI 

to determine the health status of individuals and groups at increased risk of morbidity 

and mortality (178). This has been an effective measure due to its simplicity - both 

measurement and calculation. However, high incidence and prevalence of metabolic 

disorders have been shown to occur in those fulfilling the criteria for the “healthy” 

BMI range (20-25 kg/m2) in Aboriginal people (26), as well as in other populations 

(94, 196-198). A crude measure of adiposity and overall health, BMI is relatively 

insensitive to differences in body composition, body fat distribution, gender, ethnic 

background and age (92-94, 196-198, 212, 213). Therefore, conventional BMI 

categories may not be useful for some populations, including Aboriginal people, 

therefore ethnic-specific cut-off values should be sought. Despite that, conventional 

BMI categories are still in current use in clinical practice in part due to their ease of 

measurement.  

 

Obesity is a strong driver of increase in the prevalence of the metabolic syndrome 

and is part of, and associated with, its various components (147, 180). There is 

evidence that intra-abdominal fat is the major determinant of the condition (164). 

Piers et al (96) reported on differences of adiposity and body fat distribution between 

Aboriginal and non-Aboriginal Australians using measures of anthropometry and a 

four-terminal bioelectrical impedance plethysmograph. The conclusion was that 

greater total body fat, with predominantly abdominal fat deposition in both 

Aboriginal women and men, is likely to contribute to greater health risk at any given 

BMI compared to populations of European origin, and that the WHO 

recommendations for a healthy BMI range and weight status may be inappropriate in 
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Aboriginal people. Unfortunately, there is no information on other factors which 

could contribute to abnormal metabolism in Aboriginal peoples in this study, such as  

physical inactivity, intrauterine and early childhood nutrition and psychosocial stress 

(214, 215) that are possible contributors to the adverse health outcomes. That low 

HDL-C was the most common metabolic abnormality in Aboriginal people and that 

low HDL-C was highly prevalent across BMI strata, including the leanest category, 

only strengthen the need for better knowledge of the underlying social, 

environmental and behavioural factors that are associated with lower prevalence of 

risk factors in Aboriginal Australians.  

 

 

Variations in prevalence of abnormal metabolism across regions 

The prevalence of components of the metabolic syndrome were high in Aboriginal 

peoples included in the survey sample across four distinct geographic regions spread 

between the centre and the top part of Australia. It is important to note that 

Indigenous Australian peoples form a diverse group. It has been estimated that about 

500 different groups can be defined by ethnicity, territory, language (or dialect) and 

customs. Humans have occupied Australia possibly for approximately 40,000 years 

(5), during which time adaptation of peoples to the land occurred. This adaptation 

may account in part for differences among Indigenous groups. For example, people 

that reside on Australia’s northern coastal area have been exposed to various human 

gene pools: there is evidence of trade dating between Macassan people of now 

Indonesia and people living in the top part of Australia at least from the 17th century 

(1), as well as co-inhabitation of the Torres Strait and Cape York peninsula 

Aboriginal people with Torres Strait Islander peoples of Melanesian origin. 
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Therefore, some degree of genetic admixture in Aboriginal peoples living on 

Australia’s northern coast area, including the populations studied, cannot be 

excluded. This may have relevance to the prevalence of abdominal obesity seen in 

Cape York Aboriginal people.  

 

The Torres Strait has been inhabited by people of Melanesian origin. In more recent 

times, substantial numbers have migrated to Cape York Peninsula and lived in the 

proximity of local Aboriginal communities. Melanesian peoples have a higher lean 

body mass for a calculated BMI, as has been reported for neighbouring Polynesians 

(92, 93). In contrast, Aboriginal people characteristically have a finer built (with 

relatively short torso and longer limbs) and exhibit a pattern of abdominal fat 

deposition when they gain weight (96). Therefore, it is possible that obesity, as 

defined by BMI categories or waist cut-off values that were calculated from data 

from populations of European region, may overestimate obesity-related diseases in 

people of Melanesian origin and grossly underestimate that in Aboriginal people. 

This suggests that the BMI ranges associated with health (and risk of disease) should 

be population-specific. 

 

Despite potential genetic and environmental heterogeneity among Indigenous 

peoples, all the people that were included in the survey sample have very high 

prevalence of the metabolic syndrome. Others have also reported very high incidence 

and prevalence of CVD risk factors in these populations (24, 26, 27, 29, 30, 32, 33), 

consistent with shorter life expectancy compared with non-Indigenous Australians 

(25). In the past, however, obesity, diabetes and associated diseases were not 

recorded for Indigenous Australians, suggesting that related vascular diseases did not 
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exist. For example, leanness in Aboriginal peoples with no evidence of chronic 

metabolic diseases were noted as late as 50 years ago (18), and reports on Aboriginal 

Australians indicated similarities between those living in the desert or coastal regions 

of the Northern Territory and South Australia in terms of similar stature (18) and 

leanness (relatively low weight to a given height) (19), all giving an impression of 

athletic appearance. 

 

The implications of the widely prevalent CVD risk in Indigenous peoples necessitate 

a multiple-tier intervention strategy to curb such preventable metabolic diseases. 

Evidence of successful interventions have already been demonstrated by O’Dea 

(216) and Rowley (23, 84), implying beneficial outcomes across Indigenous 

populations. 
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POC and the metabolic syndrome, aspects of onsite testing 

The conclusion from the analysis performed on the laboratory and onsite pathology 

testing is that the two analytical techniques are in strong agreement and are 

interchangeable for the purpose of identifying people with CVD risk. Standard 

procedure in remote Aboriginal communities is labour intensive and relatively slow, 

as feedback and consequent clinical intervention need to be postponed to a later date 

when results become available and patients recalled to the clinic. POC instruments 

can produce pathology results onsite and allow immediate feedback and consequent 

clinical advice to reduce their risk. The potential benefits from this practice are 

immense and include treatment effectiveness as per time allocated for each patient, 

minimal invasiveness (a finger-prick blood sample), informed advice about diet and 

lifestyle or medications to be taken, positive interaction between health-care 

personnel and patients, better management of existing metabolic conditions and cost-

effectiveness in the long run, among others. Given that poor health service delivery 

in Indigenous communities is an important determinant of Indigenous health 

[Moodie, P, 1974; cited by Saggers and Gray (217)], the use of POC has the potential 

to enhance the level of healthcare in areas that are remote from urban centres or 

where access to the local clinic is limited. In Australia, use of POC testing for 

management of diabetes and renal disease as well as for educating Aboriginal health 

workers in Aboriginal communities has been reported (47, 121, 122, 130, 131), 

demonstrating the valuable contribution of the use of onsite testing to the health of 

people living in non-urban environments. 
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Conclusions  

The prevalence of the metabolic syndrome was high in Aboriginal people regardless 

of the definition used, but was not uniform across regions. NCEP criteria for the 

metabolic syndrome identified larger populations with the condition compared with 

the WHO criteria. Moreover and despite high levels of ESRD in Aboriginal people, 

the inclusion of albuminuria in the criteria for the metabolic syndrome by WHO did 

not assist in identifying a larger proportion of people. Components of the metabolic 

syndrome increased with obesity, however low HDL-C was highly prevalent, 

independent of body fatness, gender or geographic region. For the purpose of 

identifying people for having the metabolic syndrome in risk-factor screenings, POC 

instruments provide an adequate alternative to laboratory analytical testing. 

 

Comprehensive longitudinal data with recorded CVD events as hard outcome 

measures will determine which, if any, criteria for the metabolic syndrome is 

appropriate to predict CVD-risk in Aboriginal people. Alternatively, a modified 

ethnic-specific criteria be produced for this purpose. 
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CHAPTER 4: C - REACTIVE PROTEIN 

 

The immune system 

The immune system is a term for a system that protects its host against a vast number 

of pathogens. The immune system is classically characterised as having two 

distinguishable divisions: the innate and the adaptive immune systems. Excluding 

mechanical barriers to invasion by pathogens, such as skin and fat tissue, the innate 

immune system provides the very first line of defence against pathogens. The innate 

immune system is therefore non-specific. The adaptive immune system forms the 

specialised immune response, and as such necessitates a learning, memorising and 

recognition system. The adaptive immune system lags behind the innate immune 

system, however it is complementary to the innate immune system and both form an 

inter-related and efficient immune response. 

 

The innate immune system is non-specific and collectively forms a first-line defence 

against pathogens. The innate immune system includes surface barriers (e.g. skin, 

mucus), enzymes (e.g. lysozyme) and pH, as well as peripheral host-defence 

components such as dendritic cells (218), monocyte/ macrophages and the 

complement system. The latter is of particular interest as it incorporates C-reactive 

protein (CRP) in its response and recognition of pathogens. CRP is an integral part of 

a complex network of cellular and humoral pattern recognition receptors involved in 

the recognition and response to microbial elements and damaged tissues (219, 220).  
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C – reactive protein, early reports 

Identification of CRP first began with the classification of the haemolytic 

streptococci by the precipitin reaction, where soluble precipitating substance was 

identified (221). In 1928, Lancefield (222) referred to CRP as species-specific 

substance or substance C, identifying the molecule as a carbohydrate which 

precipitates with antibacterial sera against homologous and heterologous haemolytic 

streptococci, and described the precipitates as disc like shapes. In 1930, Tillet and 

Francis (223) referred to CRP as “pneumococcus fraction C of carbohydrate of 

somatic origin”. This agent was then identified as a phosphocholine residue of C-

polysaccharide, the teichoic acid of Streptococcus pneumoniae (224). 

 

 

The complement system 

The complement system, also referred to as the pattern recognition system, is divided 

into two subgroups, the classical and alternative pathways. This system has a number 

of roles in the immune defence of the body. These include pathogen recognition, 

opsonisation (a complement component that binds covalently to invading organisms 

and enhances their phagocytosis by phagocytes), direct destruction of pathogen cell 

walls and inflammation. Following a stimulus, such as that from CRP, a cascade of 

events follows. This is shown in Figure 1-4. Components along the cascade have 

different activities: C3a can bind to receptors of mast cells and basophils (leading to 

release of histamine and leukotrienes), and C3b binds covalently to glycoproteins on 

the surface of the cell (opsonisation). C3b is recognisable by macrophages and 

neutrophils, who then uptake the cell by phagocytosis (225). Both C3a and C5a act 

as an anaphylatoxin (226), while C5b participate in the membrane attack complex, 
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perforating the cell wall and ultimately leading to osmosis and cell lysis. Activation 

of the classical pathway by lectin pathway is also present and initialises the cascade. 

The alternative pathway can be activated without a ‘trigger’ (an antigen-antibody 

complex), and factors H and I of this pathway serve as regulators of C3 cleavage by 

blocking the positive feedback of C3b or by inactivating C3b per se (225). That CRP 

is capable of initiating the complement cascade indicates that knowledge of 

concentration levels may be important to assess health status. 
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Figure 1-4. Immune system, the complement system 

 

 

Figure was adapted from an online source (http://www.socgenmicrobiol.org.uk). 
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C – reactive protein, phylogeny and structure  

Human CRP is composed of five identical non-glycosylated polypeptide subunits, 

each containing 206 amino-acid residues.  The promoters are non-covalently 

associated in an annular configuration with cyclic pentameric symmetry (227) that is 

found in all pentraxins (228). The ‘A’ face of CRP binds to C1q component of the 

innate immune system, which then initialises the complement cascade. ‘B’ face of 

CRP, which contains two atoms of calcium, is the ligand-binding site. In order for 

‘A’ site to bind to C1q, ‘B’ site must be bound to ligand (220). Recently, it has been 

proposed that each of the monomers plays a distinctive role in the binding process to 

ligands, where one subunit is important for C1q (subunit 4) and FcγR (subunit 3) 

binding [a leukocyte receptor, (229, 230)]. Figures 2-4 & 3-4 show both sides of the 

pentraxin. 

 

Figure 2-4. Face ‘A’ of C – reactive protein 
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Figure 3-4. Side ‘B’ of C - reactive protein 

 

 

Both Figures were adapted from an online source (http://www.ncbi.nlm.nih.gov). 

 

There are two calcium ions that are bound 4 Å (4 x 10-8 cm) apart by protein side-

chain coming from loops at the concave face, termed the B face, which is the site of 

ligand binding (illustrated complexed with phosphocholine residues). Figure 4-4 

shows a negatively stained electron micrograph of the disc-like pentamer CRP face-

on and side-on (see arrows) (231). 
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Figure 4-4. Human C – reactive protein, electron micrograph 

 

 

Figure was taken from a review by Pepys and Hirschfield (231). 

 

CRP is a short pentraxin which belongs to the pentraxin family (219), named for its 

micrographic appearance. CRP is highly conserved in evolution and is found in 

vertebrates and also found in the ‘living fossil’ arthropod, the horseshoe crab (232), 

of which four species still remain around the world. 

 

Structural polymorphism of CRP on cell membranes was observed via electron 

microscopy: i) ring-like form, which is a typical pentameric form (also existing in 

solution); ii) small globulin-like form, which could be monomers of CRP based on 

their size, and; iii) fibril-like form where pentamer CRP molecules are stacked (also 

found in solution) (233). The fibril formation may block the binding sites on either A 

(C1q binding site) or B (PC ligand binding site) face of the pentamers. In this 

manner, the stacked CRP will be deactivated but possibly not destroyed in-vivo to 
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lower the amount of CRP, giving rise to questions on function of CRP, such as a 

potential immediate source to protect against infections. In support, other studies 

showed that CRP’s half life is determined by synthesis but not by catabolism (234), 

that is, the CRP that is found in the circulation is indicative of its production and not 

its removal. 

 

 

C - reactive protein, ligand recognition 

Human CRP is a calcium-dependent ligand-binding protein that binds to ligands of 

various sources and assists in the direct destruction of pathogens or removal of debris 

by macrophages. Autologous ligands include native and modified plasma 

lipoproteins (e.g. oxLDL-C), damaged cell membranes, various phospholipids and 

apoptotic cells (small nuclear ribonucleoprotein particles). Extrinsic ligands include 

various microorganism glycans and derived components (e.g. capsular/ somatic) 

(229, 231). 

 

 

Brief overview on C - reactive protein and relevance to vascular disease 

Inflammation forms an integral part of atherogenesis. Inflammation is implicated in 

destabilisation of the fibrous cap of an atherosclerotic lesion, predisposing to plaque 

rupture that triggers most episodes of coronary thrombosis (58). The pentraxin CRP 

is an integral part of the innate immune system and therefore plays a role in an 

inflammatory response. CRP is mainly produced in the liver and is up-regulated by 

tumour necrosis factor α (TNF-α), interleukin (IL)-1β and IL-6 in response to 
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infection or injury (235). Figure 5-4 shows a characteristic response of acute phase 

reactants to inflammatory stimulus. 

 

Figure 5-4. Changes in circulating C-reactive protein levels following a 

moderate inflammatory stimulus 

 

 

Figure was taken from a review by Gabay & Kushner (235). 

 

CRP is therefore a systemic marker of inflammation. CRP has been shown to be 

positively associated with age, body mass index (BMI), smoking status, diabetes and 

obesity (236, 237). In addition, information on circulating CRP has been shown to 

add prognostic information to the metabolic syndrome in identifying people at risk of 

future cardiovascular events for some cases (170, 175). The accumulating 
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information on CRP suggested that this non-specific inflammatory marker can be 

used to identify people at high risk of coronary events (236, 238, 239). That CRP is 

associated with factors already known to have clinical importance relating to CVD, 

such as diabetes or obesity (178, 240), has prompted international expert panels to 

formulate a basis for which CRP would be used in a clinically meaningful manner. 

For example, the American Heart Association (AHA) recommended in 2003 that 

serum CRP can be categorised to three main risk groups for the purpose of the 

evaluation of CVD risk: serum CRP levels of 1.0 to 3.0 mg/L were associated with 

moderate CVD risk and levels above 3.0 mg/L associated with high risk (241).  

 

 

Gene location and major source of C - reactive protein 

The gene for CRP (and serum amyloid P component) is on chromosome 1 (386) and 

considered highly conserved in evolution. CRP is produced by the liver and is 

predominantly induced by IL-6, IL-1 and TNF-α (242-244). On a par with its 

conserved properties in evolution, recently other sites have been proposed, such as 

the kidney and arteries (245-247). Control of CRP expression was shown to be at the 

level of transcription (248). 
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Autoimmune disease and C - reactive protein 

A component of complement pathway is C5a. C5a is a key inflammatory mediator 

that interacts with surface receptors on neutrophils, monocytes, macrophages, 

vascular EC, liver cells, neuroglia cells in the central nervous system, and mast cells. 

Among several roles, C5a also recruits neutrophils and macrophages to sites of injury 

and stimulates the release of other inflammatory mediators [e.g. histamine, IL-1, IL-

6, IL-8, (226)]. C5a has been implicated in the pathogenesis of numerous immuno-

inflammatory diseases such as rheumatoid arthritis, systemic lupus erythematosus, 

ischaemic heart disease, atherosclerosis and more (249).  Ligand-bound CRP is 

recognised by C1q of the innate immune system, thus potentially activates the classic 

complement pathway, resulting in production of C5a. C5a stimulates the release of 

cytokines IL-1 and IL-6 from leukocytes (226), which are known to up-regulate CRP 

production and release by hepatocytes, thus C5a may form an up-regulatory loop for 

CRP production. 

 

The alternative pathway components factor B, properdin and factor D are involved in 

self-assembly and proteolytic steps that result in the generation of a highly effective 

C3 convertase enzyme that is stabilised by properdin (250). The biologic effects of 

the alternative pathway are likely due to the increase in C3 activation through an 

amplification loop, followed by generation of downstream activation products, such 

as C5a and the membrane attack complex. The alternative pathway is activated on 

surfaces of pathogens that have neutral or positively charged characteristics and do 

not express or contain complement inhibitors. Therefore, it is plausible that the 

alternative pathway may also contribute to CRP production via downstream 

activation of C5a. 
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C - reactive protein as opsonin 

Bound CRP can also be recognised by Fc(γ) receptor II on phagocytic cells (230), 

and that the site appears to be allele-specific to single chain receptor FcγRIIa-R-131 

(251). As a result, CRP induces intracellular signalling events, starting by increase in 

Ca2+ in the phagocytic cells to ultimately leading to initiation of the oxidative burst, 

degranulation, cytokine production, and phagocytosis (251). 

 

 

C - reactive protein and lipid components - phosphocholine 

Phosphocholine (PC) is a component of many prokaryotes and is almost universally 

present in eukaryotes. In Streptococcus pneumoniae, PC is present in the somatic 

ribitol teicoic acid component and is associated with different sugar residues in a 

variety of other organisms, including Streptococcus and Bacillus species. PC is also 

found in the external components of a variety of pathogenic protozoa, fungi, 

nematodes and other intestinal parasites. PC is ubiquitous in the phospholipids of 

cellular membranes of higher animals and importantly, in the circulating plasma 

lipoproteins that are involved in the pathogenesis of atherosclerosis. 

 

CRP binds to exposed PC residues (229). PC is an intermediate form of 

phosphatidylcholine (PtC). CRP does not bind to non-oxidised PtC but does bind to 

oxidised PtC as well as to oxidised LDL-C. This is important because 

lysophosphatidylcholine is derived from PC and has been shown to be a chemo-

attractant to monocytes (252), and is thus pro-atherogenic. EO6 is an autoantibody to 

oxidised LDL-C. This is also a T15 [a highly conserved natural antibody (253)] 

clono-specific-anti-PC antibody that is specific to oxidised phospholipids (254), 
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more precisely oxidised PtC. The spectrum of ligand recognition by CRP closely 

resembles that of EO6 (255).  

 

 

C - reactive protein and adiposity 

It is now recognised that body fat is intimately related to steady state subclinical 

inflammation. The adipose tissue constitutively produce IL-6, which is known to 

upregulate CRP production. CRP has been shown to strongly correlate with measures 

of body fat (256-259) and other related metabolic abnormalities (236, 237, 258), and 

has also been suggested that relatively modest elevations of circulating CRP 

concentrations identify people at high risk of coronary events independently (236, 

238, 239) or as an adjunct to the metabolic syndrome (170, 175).  

 

Both CRP and IL-6 correlate with measures of adiposity and clinical risk factors 

(243, 259), and body fat has been shown to explain approximately 20% of the total 

variance in these markers (242). This suggests that obesity is an inflammatory 

condition and its manifestations in the form of elevated CRP and IL-6 may be 

implicated in the pathogenesis of CVD through a combined autocrine, paracrine and 

endocrine mechanisms (242, 244). 

 

 

C - reactive protein and diabetes 

CRP has been shown to be a predictor of the development of type 2 diabetes (260-

262). The Cardiovascular Health Study of 5,888 people ≥65 years over 

approximately 4 years of follow-up showed that those in the upper quartile of CRP 
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were 2.03 (95% CI 1.44, 2.86) times more likely to develop diabetes compared to 

those in the lowest quartile of CRP (262). In the Mexico City Diabetes Study (260), a 

6-year follow-up the odds ratio (95% CI) for developing the metabolic syndrome was 

2.8 (1.4, 5.5) and 4.1 (2.0, 8.0) for the second and third tertiles of CRP, and that for 

diabetes 2.8 (1.1, 7.3) and 5.4 (2.2, 13.4) respectively in women only. The 

association of increasing glucose levels with inflammation appears to be consistent in 

the literature. Consistent with that is the observation that CRP is highly correlated 

with measures of body fat, at least in women (263, 264). Such aetiological 

associations are probably in part due to the release of IL-6 from visceral and 

subcutaneous adipose tissue, a known mediator of hepatic CRP production. 

 

 

C - reactive protein, blood pressure and the vascular system 

CRP has been reported to correlate with systolic and diastolic blood pressure (243, 

265-267) and vessel stiffness (268) persistently, and after adjusting for age, gender 

and smoking status. In the Women’s Health Study, a follow-up of over 20,000 

women aged ≥45 years, 5365 developed incident hypertension over a median of 7.8 

years, and those in the highest quintile for CRP had multivariate-adjusted risk ratio 

(95% CI) of 1.52 (1.36, 1.69) for developing hypertension compared to the lowest 

quintile, and the linear trend across quintiles was statistically significant (265).  

 

The aetiology of hypertension and its relationship to inflammation is not yet clear. 

CRP has been reported to upregulate the renin-angiotensin type-1 receptor 

expression (269). It has also been reported that CRP quenches NO production in the 

vasculature (270). Also, both CRP and IL-6 were reported to correlate with blood 
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pressure or hypertension (243). This accumulated evidence suggests that CRP may 

have direct pro-hypertensive properties that can be exacerbated in the presence of 

abnormal metabolism, such as obesity. This data also suggests a possible 

pathophysiological link between hypertension and CVD. 

 

The effect of CRP on the vessel wall has been widely investigated. CRP has been 

shown to attenuate NO production and to increase vasoactive endothelin-1, IL-6, 

monocyte chemo-attractant protein and CAMs in human saphenous vein and 

umbilical vein endothelial cells (270, 271). CRP has also been shown to upregulate 

AT-1 receptor in human saphenous vein smooth muscle cells as well as to affect 

smooth muscle cell migration and proliferation (269), manifestations of the 

pathogenesis of atherosclerosis (66). Inhibition of NO production leads to blocking 

of angiogenesis and cell apoptosis is induced (270). In addition, NO quenching and 

increase in expression of endothelin-1 and AT-1 receptor leads to vasoconstriction 

and elevated blood pressure. Interestingly, CRP was shown to have vasodilatory 

effects on blood vessel cells via potassium channels (272), in contrast with previous 

observations. This may form a balance between pro- and anti-atherogenic effects in 

the vasculature, however, a direct role for CRP in the development of atherosclerosis 

is not fully established at this stage (273). 

 

 

C - reactive protein and renal disease 

Renal disease, or kidney disease, is a condition associated with greatly increased risk 

of CVD. Although asymptomatic during initial development, activation of the renin-

angiotensin system or an overproduction of vasoactive substances can result in 
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vascular disorders and hypertension (274), in itself an established CVD risk factor 

(275). Renal disease often correlates with an adverse lipid profile, also an established 

CVD risk factor (114). Increasing levels of blood pressure are known to cause renal 

damage (276). Microalbuminuria is a risk factor for progression of renal dysfunction 

as well as of CVD and reflects vascular damage (181). Thus, kidney disease is a risk 

factor for the development of CVD (277), and levels of proteinuria are higher in 

hypertensive, diabetic or obese people, all known CVD risk factors associated with 

inflammation and in which CRP is elevated.  

   

 

Local production of C - reactive protein 

CRP production and release into the circulation is chiefly from the liver (235), 

particularly during infection. However, local production of CRP has been reported. 

Local production of the CRP protein and mRNA transcripts has been shown in 

inflamed cortical tubules and glomerular cells of the kidney in patients experiencing 

acute allograft rejection (245). Local generation of CRP protein and mRNA has also 

been found in smooth muscle cells (SMC) of atherosclerotic lesions with active 

disease, such as in patients undergoing coronary artery bypass surgery (246), as well 

as in atherosclerotic plaque in tissues obtained post-mortem (247). In in-vitro 

models, inflammatory cytokines have been shown to induce expression of CRP in 

human coronary artery SMC (278) as well as in human aortic EC conditioned with 

macrophage media (279). CRP works in concert with, and is part of, the innate 

immune system and that CRP is found in atherosclerotic lesions is consistent with the 

widely accepted notion of atherosclerosis being an inflammatory condition.  
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The presence of mRNA transcript of CRP in atherosclerotic lesions may well be 

related to an inflammatory condition. CRP is a highly conserved molecule in 

evolution (232) and therefore it is possible that other cells have a capacity to produce 

CRP, regulating local production of the protein. In addition, it is plausible that local 

production of CRP mRNA by cells of atherosclerotic tissue and expression of the 

protein creates a sustainable autotoxic mechanism, implicated in atherosclerotic 

plaque (247). 

 

 

C - reactive protein in healthy populations, a predictor of CVD mortality 

Levels of circulating CRP have been shown to predict CVD events (236, 238, 239). 

In addition, CRP levels have been proposed to add prognostic information to the 

metabolic syndrome in identifying people at risk of future cardiovascular events and 

to LDL-C at all levels of the Framingham Risk Score (170, 175). As noted earlier, 

the AHA recommendation for CRP measurement to evaluate CVD risk with serum 

levels below 1.0 mg/L being associated with low CVD risk, and levels above 3.0 

mg/L were associated with high CVD risk (241), and this facilitated the more 

extensive use of CRP in clinical practice. 

 

Figure 6-4 shows a compilation of prospective studies on CRP as a marker for future 

cardiovascular events among individuals without known coronary disease [values are 

risk estimates and 95% CI were calculated as comparison of top versus bottom 

quartile per study (239)]. 
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Figure 6-4. Meta-analysis, C-reactive protein as a marker for future 

cardiovascular events among individuals without known coronary disease: 

studies published between 1996-2000 

 

 

Meta-analysis was taken from Ridker, P (239). 

 

It appears unequivocal that CRP is a significant predictor of CVD events. However, 

three years later, as the next Figure shows, CRP has been reported to be a weaker 

predictor of CVD events than once considered (280), in part owing to possible 

positive bias in reporting (i.e. negative reports less likely to have been published). 

Figure 7-4 shows a compilation of 22 prospective studies on the association of CRP 

concentrations with the risk of CHD. 
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Figure 7-4. Meta-analysis, the association of C-reactive protein concentrations 

with the risk of CHD in essentially general populations 

 

Meta-analysis was taken from Danesh et al (280). 

 

Another review on the prognostic value of CRP (with the metabolic syndrome) in 

predicting death has been published (170), shown in Figure 8-4:  
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Figure 8-4. Prognostic value of C - reactive protein with the metabolic syndrome 

in predicting death 

 

Figures and data were collated from a review by Ridker et al (170). 

 

Cardiovascular event-free survival according to 

CRP levels above or below 3.0 mg/L among 

individuals with and without metabolic syndrome 

Clinical predictive value of hsCRP levels 

<1.0, 1.0 to 3.0, and >3.0 mg/L among 

individuals already defined as having 

metabolic syndrome by ATP III criteria. 

Cardiovascular event-free survival among 

apparently healthy individuals according to 

baseline levels of CRP and LDL cholesterol. 
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Together these data clearly demonstrate that high levels of CRP add additional 

considerable strength to the prognostic value of LDL-C and the metabolic syndrome, 

at least in some populations. While the relationship with LDL-C was consistent over 

time, the relationship of CRP >3.0 mg/L with the metabolic syndrome, or 

independently, showed a somewhat similar pattern to CRP <3.0 mg/L, whereby only 

after a follow-up of about six years does a significant prognostic value becoming 

apparent. 

 

 

Infectious diseases in Australian Aboriginal people, potential drivers of CRP 

levels 

Aboriginal people suffer from very high infectious burden compared to the general 

population. Skin infections, respiratory infections and gastrointestinal infections are 

highly prevalent in Aboriginal children in the Northern Territory (52), but also noted 

for other Indigenous populations (49). In addition, Aboriginal people have one of the 

highest rates of rheumatic heart disease worldwide (53). Indeed, the range and rate of 

infectious diseases in the Northern Territory is very high for the relatively small 

population of less than 200,000 people. For example, Melioidosis is endemic to 

northern Australia and Southeast Asia. Reviewing of the literature on Melioidosis in 

the northern territory over a 10-year period, Currie et al (55) reported that over 50% 

of 252 cases were Aboriginal people (consisting up to 30% of the Northern Territory 

populace), and 50% of all patients presented with pneumonia. A 12-month 

prospective study on people with acquired bloodstream infections at the Royal 

Darwin Hospital in the Northern Territory, showed that nearly half of those with 

bacteremia were Aboriginal people (again, consisting up to 30% of the Northern 
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Territory populace) and that over 40% of them acquired the condition while in a 

community setting (56). Figure 9-4 provides information about the most prevalent 

infectious diseases in the Northern Territory population. 

 

Figure 9-4. Notifiable infectious diseases during 2000-2001 in the Northern 

Territory (excluding disease rates below 10 cases per 100,000 people) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure was taken from a report by the Northern Territory Centre for Disease Control (281). 

 

Thus, Aboriginal people in the tropical part of Australia appear to suffer from very 

high burden of infectious diseases compared to the general population. Such high 

chronic and recurring levels have implications on their general health and possibly 

contribute to high levels of inflammatory markers such as CRP. 
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Adiposity and body fat distribution – BMI as a conventional measure of total 

body fat 

The World Health Organisation (WHO) suggested that BMI be used to determine the 

weight status of individuals to facilitate identification of those at increased risk of 

morbidity and mortality, and provide firm basis for community intervention 

evaluation (178). BMI was first calculated based on studies on Western/ Europid 

populations, and was used to classify overweight in people (282). BMI cut-off values 

of 21-23 kg/m2 are now considered optimal at population levels and a BMI range of 

18.5-24.9 kg/m2 at an individual level (240). Significantly different body fat 

distribution and fat mass levels were found in Australian Aboriginal people 

compared to their Europid counterparts (95, 96). Thus, the WHO-recommended BMI 

ranges to determine weight status may not apply in these populations.  

 

Given the constitutive generation of IL-6 by the fat tissue and its known upregulatory 

effect on CRP production in the liver, BMI may grossly underestimate the pro-

inflammatory effect of body fatness in Aboriginal people. More sensitive tools are 

therefore considered. 

 

 

Body composition – tools for measurement of body composition 

There are a number of methods used to assess body composition. These include 

hydrodensitometry, total body water, total body potassium and whole body dual X-

ray absorptiometry (DEXA), and the bioelectrical impedance analyser (BIA) (86-88). 

BIA is a method to estimate whole body composition, and incorporates 

measurements of resistance and reactance produced in the body in response to an 
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alternating electrical current charge. For in-depth information on BIA apparatus and 

subject preparation please see Methods Chapter (page 30). Briefly, participants 

fasted overnight and did not work 12 hours prior to the study. All accessories were 

removed prior to measurements. Their skins were cleaned with alcohol swabs prior 

to electrode placement. Participants were required to lie in a supine position, with 

legs and arms at approximately 30 degrees apart from the body. In total, preparation 

of each participant took approximately five minutes. Measurements were taken three 

consecutive times and the mean was reported. 

 

 



CHAPTER 4: C – REACTIVE PROTEIN 
 

 171 

Aims 

o To examine the relationship between CRP and adiposity in men amd women in 

the remote Aboriginal community. 

o To examine the variation in CRP levels within individuals over time. 

 

Outcome significance 

There is ample evidence that knowledge of CRP levels can assist in the prognosis of 

future cardiovascular events. It is assumed that reduction in CRP levels promotes 

better health outcomes. Therefore, simple measurements of circulating CRP levels 

may help to identify people with varying degrees of severity of future CVD, and may 

also assist in identifying potential drivers of elevated CRP levels in the population. 

The potential clinical significance is therefore pivotal to this study, whose primary 

target was to screen people for CVD risk factors. Additionally, quantification of CRP 

levels may also assist in characterising the overall health status of a community. 

 

 

Study population 

For in-depth information, please see Methods Chapter (page 21). Briefly, Risk factor 

screening was carried out between 2001-2003 as part of evaluation of a community-

directed intervention program in an isolated coastal community in the north-east of 

Arnhem Land. Screening was offered to all residents aged 15 years and older. Age 

was determined by self-report and confirmed from clinical records. Anthropometric 

measurements included weight, height, waist and hip circumferences using standard 

techniques (85). Blood pressure measurements were taken with an automated 
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Dinamap (Critikon, USA) after the participant had been sitting for five minutes, and 

pathology samples were obtained, processed and stored for future laboratory testing. 
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Results 

The range of CRP values in women and men was 0.47 – 30.0 mg/L and 0.38 – 69.5 

mg/L respectively and mean CRP was very high in both sexes. Figure 10-4 shows the 

distribution of CRP in the survey sample: 

 

Figure 10-4. Distribution of CRP in the population 

 

 

 

Overall, the distribution of CRP did not vary significantly between men and women 

(P=0.228). 

 

Table 1-4 summarises the clinical characteristics of the survey sample. 
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Table 1-4. Clinical characteristics of surveyed population, presented as mean 

(95% CI)* 

Variable Women (n=204) Men (n=175) 

Age*, years 36 (34, 37) 32 (31, 34) ║ 

CRP*, mg/L 4.06 (3.53, 4.66) 3.42 (2.94, 3.97) 

Glucose*, mmol/L 5.5 (5.3, 5.7) 5.7 (5.4, 5.9) 

Insulin*, µU/mL 11.0 (9.8, 12.6) 7.3 (6.4, 8.4) ║ 

Body Mass Index, kg/m2 23.2 (22.5, 23.8) 21.6 (20.8, 22.4) ║ 

Waist*, cm 86.6 (84.6, 88.5) 82.4 (80.3, 84.4) ║ 

Waist to hip ratio 0.93 (0.92, 0.94) 0.92 (0.91, 0.94) 

Homocysteine*, µmol/L 10.38 (9.78, 10.91) 14.58 (13.74, 15.64) ║ 

HbA1c*,  % 5.75 (5.58, 5.87) 5.58 (5.47, 5.75) 

Total cholesterol, mmol/L 4.4 (4.2, 4.5) 4.5 (4.3, 4.6) 

Triglycerides*, mmol/L 1.5 (1.4, 1.7) 1.4 (1.3, 1.5) 

HDL-C*, mmol/L 0.91 (0.88, 0.95) 1.00 (0.96, 1.04) ║ 

LDL-C†, mmol/L 2.56 (2.45, 2.67) 2.68 (2.55, 2.80) 

Systolic BP*, mmHg 112 (110, 114) 122 (119, 125) ║ 

Diastolic BP, mmHg 69 (67, 70) 73 (71, 74) ║ 

Diabetes‡ 13% 11% 

Metabolic syndrome 41% 18% ║ 

Albuminuria§ 27% 23% 

Cigarette smoking 54% 65% ║ 

* Values are geometric mean (95% CI); § Albumin to creatinine ratio ≥3.4 mg/mmol; ‡ Fasting 
plasma glucose ≥7.0 mmol/L; † Calculated using the Friedewald equation:  LDL-C = total 
cholesterol - HDL-C - (triglycerides/2.17); ║ P<0.05 (unpaired t-test for continuous variables; χ2 tests 
for categorical variables). 

 

 

Table 1-4 above shows that women had higher BMI and waist circumference than 

men but similar WHR. Women also had higher insulin levels but lower 
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homocysteine, HDL-C and blood pressure. Smoking was highly prevalent in both 

sexes, however there was no statistical difference between smokers and non-smokers 

(P women = 0.774, P men = 0.058). 

 

The proportions of those with AHA CRP-risk and >10 mg/L are shown in Figure 11-

4.  

 

Figure 11-4. The prevalence of Aboriginal women and men across AHA CRP 

risk categories and >10 mg/L (n reported in each box) 

 

 

 

Over 50% of the population were categorised into the high CRP-risk group and 

nearly 20% had CRP >10 mg/L. After exclusion of those with CRP concentration 

>10 mg/L (44 women and 29 men) yielded the following levels: mean (95% CI) CRP 

was 2.87 (2.52, 3.27) mg/L and 2.53 (2.20, 2.90) mg/L for women and men 
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respectively (P=0.188). Further investigation between those with CRP >10 mg/L 

showed that they had higher levels of the following variables: HbA1c (5.6 [5.5, 5.7] 

versus 6.0 [5.8, 6.3])%,  FPG (5.5 [5.3, 5.7] versus 6.1 [5.7, 6.6]) mmol/L, BMI (22 

[21, 22] versus 24 [23, 26]) kg/m2 and waist circumference (84.1 [82.5, 85.7] versus 

91.5 [88.3, 94.7) cm (all P≤0.002). All are characteristics of a chronic disease. 

 

The prevalence of the metabolic syndrome according to NCEP criteria was much 

higher in women than in men (41% versus 18%, χ2 = 20.94, P<0.001). Women had a 

higher prevalence of abdominal obesity (52% versus 10%; χ2 = 72.28, P<0.001) and 

low HDL-C (90% versus 58%; χ2 = 50.59; P<0.001) but lower prevalence of 

hypertension (19% versus 29%; χ2 = 5.13, P=0.024). No statistically significant 

differences were found in hyperglycaemia [18% versus 17%] or elevated 

triglycerides (45% versus 37%) respectively for women and men (both P>0.05). 

 

Bivariate and partial correlations of CRP with clinically relevant variables (including 

those making up the metabolic syndrome) confirmed strong and statistically 

significant relationships between CRP and anthropometric variables in women but 

much less so in men. After controlling for anthropometric indices (WHR or BMI) 

significant relationships with CRP were only found for total and LDL cholesterol 

(both P<0.05) for women but not for men (both P>0.05; data not shown). 

 

Figures 12-4 & 13-4 present levels of CRP concentration across conventional BMI 

categories and estimates of proportional body fat in men and women. 
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Figure 12-4. The association of CRP with categorical BMI for Australian 

Aboriginal women and men (n reported in each box) 

 

 

While mean levels of CRP were similar in men and women, the relationships with 

BMI were very different: CRP rose sharply with increasing BMI in women (P linear 

trend < 0.001), but not in men (P linear trend = 0.198). Lean women had lower CRP 

concentration than their counterparts (P=0.012), but in the overweight and obese 

BMI ranges women had higher CRP concentrations than men (P<0.05). CRP 

concentration in the so-called ‘healthy BMI’ range was not significantly different 

between the sexes (P=0.756).  
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Figure 13-4. Mean (SEM) CRP levels across quartiles of percent body fat 

estimate* 

 

 

* Body fat was calculated using gender-specific Heitmann equations (95).  

 

It is Important to note that Heitmann showed that body fat estimates using BIA 

output were consistently different for Australian Aboriginal people compared with 

estimates in Danes, Torres Strait Islanders and New-Zealand Samoans, and that this 

observation was supported by reports on similar body fat deposition in Aboriginal 

women and men when they gain weight (96). Nevertheless, CRP increased linearly 

with quartiles of percent body fat in women but not in men, similar to that with BMI 

categories. 
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The relationship of CRP with anthropometric and biochemical variables was further 

explored. Table 2-4 shows a multivariate stepwise linear regression analysis of 

clinical variables as determinants of CRP in men and women. 

 

Table 2-4. Stepwise linear regression models for predicting the total variance 

in Loge CRP concentration* 

95% CI for B Sex Model Predictors R2 B 
coefficient Lower 

Bound 
Upper 
Bound 

P 
value 

(Constant) -14.77 -18.24 -11.30 <0.001 1 
Loge Waist 

0.35 
3.61 2.83 4.39 <0.001 

       
(Constant) -14.97 -18.35 -11.59 <0.001 
Loge Waist 3.51 2.75 4.27 <0.001 

2 

LDL-C 

0.39 

0.25 0.09 0.41 0.002 
       

(Constant) -14.89 -18.23 -11.55 <0.001 
Loge Waist 3.19 2.38 3.99 <0.001 
LDL-C 0.23 0.07 0.38 0.005 

Women 

3 

Loge HbA1c 

0.40 

0.81 0.07 1.55 0.031 
 

(Constant) -1.25 -3.04 0.53 0.167 1 
WHR 

0.05 
2.70 0.77 4.62 0.006 

       
(Constant) -0.10 -2.05 1.85 0.920 
WHR 3.88 1.79 5.96 <0.001 

2 

Loge HbA1c 

0.10 

-1.30 -2.29 -0.31 0.010 
       

(Constant) -1.13 -3.29 1.03 0.301 
WHR 4.93 2.64 7.21 <0.001 

3 

Loge HbA1c -1.20 -2.18 -0.22 0.017 

 
Men 

 Loge 
Triglycerides 

0.13 

-0.36 -0.71 -0.02 0.037 

* Variables included in the model: Loge age, Loge HbA1c, total cholesterol (T-C), Loge HDL-C, Loge 
triglycerides, LDL-C, Loge ACR, Loge homocysteine, Loge pulse pressure, Loge  HOMA (insulin x 
glucose/22.5), Loge waist circumference, WHR, BMI and smoking (categorical variable). 
 

The Table clearly shows that waist circumference was the major independent 

predictor explaining 35% of the variance in CRP concentration in women, however 

none of the variables explained the variance in CRP to any meaningful extent in men 

(WHR, r2 = 5.4%).  
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Albuminuria and inflammation, the case for C - reactive protein 

Renal disease is a condition associated with greatly increased risk of CVD. Although 

asymptomatic during initial development, activation of the renin-angiotensin system 

or an overproduction of vasoactive substances can result in vascular disorders and 

hypertension (274), in itself an established risk factor for CVD (275). Renal disease 

often correlates with an adverse lipid profile, also an established risk factor for CVD 

(114). Increasing levels of blood pressure are known to cause renal damage (276). 

Albuminuria is a risk factor of progression of renal dysfunction as well as of CVD 

and reflects vascular damage (181). Kidney disease is therefore a risk factor for the 

development of CVD (277), and levels of proteinuria are higher in hypertensive, 

diabetic or obese people, all are known risk factor for CVD. These risk factors are 

closely associated with systemic inflammation and CRP is an inflammatory marker 

that predicts CVD events (236, 238, 239). Therefore, the aim was to investigate the 

relationship between circulating CRP levels and renal dysfunction in this population. 

 

While ACR was a significant predictor of CRP (P<0.001), it accounted for only 3.5% 

of the variance. Inclusion of gender variable in the model did not change these 

outcomes. Figure 14-4 shows the levels of CRP across renal categories in men and 

women. 
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Figure 14-4. Circulating CRP levels across renal groups* 

 

*Normoalbuminuria: ACR<3.4 mg/mmol; Microalbuminuria: 3.4≤ACR<34.0 mg/mmol; 

Macroalbuminuria: ACR ≥34.0 mg/mmol. 

 

Renal dysfunction is a significant predictor of CRP in the model (P=0.003). 

However, there was no incremental linear increase of circulating CRP levels across 

renal groups (P=0.213). Additionally, there was no difference across gender groups 

(P=0.108) nor was the relationship of CRP to renal groups different across gender 

groups (Pgender × renal groups=0.345). There was a significant difference between 

normoalbuminuria and microalbuminuria in the sample (P=0.001) explained by 

differences in women but not in men. However, CRP levels in those with 

macroalbuminuria was not different to normoalbuminuria (P=0.572). Given that 

body fat is a predictor of CRP in women (263), the inclusion of BMI as a covariate in 

the model abolished albuminuria as a predictor of CRP (all P≥0.211), while that of 

BMI remained statistically significant (P<0.001). 
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The expected outcome was the increasing of circulating CRP levels across renal 

function groups. Unexpected finding is that there were no differences able to be 

detected between normo-, micro- and macroalbuminuria. This is an unexpected result 

that needs to be followed up. Body fat produces IL-6 that upregulate hepatic CRP 

production, however, given that BMI did not alter these observations, loss of CRP in 

proteinuric people due to severe renal dysfunction may be a contributor of lower 

CRP levels observed in the macroalbuminuria group. 
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Consistency of C - reactive protein levels in the population 

As noted earlier in this Chapter, CRP levels in both men and women that participated 

in the risk-factor screening were very high, with 59% of the population considered at 

high risk, and 19% having levels >10 mg/L. However, CRP is a non-specific acute-

phase protein that is produced in the liver in response to inflammatory stimuli and 

therefore levels can change drastically over short periods in time. Given the above, 

the hypothesis is therefore that circulatory CRP levels will vary considerably over 

time. The aim of this study was to determine the degree of reproducibility over time 

in CRP levels using the AHA CRP-risk categories (241) in an Indigenous Australian 

cohort, with a view to use CRP as a marker of future CVD events in community-

based risk-factor screenings. 

 

 

Study population  

A subset of 70 participants that were screened in both risk factor screening programs 

in Galiwin’ku community between years 2001-2004. 

 

 

Results 

The median time between the first and second assessment of CRP levels in this 

subset population was 829 days. Changes of individual levels are shown in Figure 

15-4. The geometric mean of CRP levels in the first and second screening for this 

subset were 4.7 mg/L and 5.1 mg/L respectively, an overall of 8.0% rise in CRP 

levels (P=0.390).  

 



CHAPTER 4: C – REACTIVE PROTEIN 
 

 184 

Figure 15-4. Changes in individual CRP levels across baseline and follow-up 

screenings 

 

 

 

Variations in CRP levels appear to be common at all levels of CRP. 

  

Figure 16-4 shows a scatter-plot of baseline and follow-up CRP form men and 
women.
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Figure 16-4. Scatter plot, the relationship of CRP levels in baseline and follow-

up screenings* 
 

 

* Butted line represents women (♀), solid line represents men (♂). 

 

The strong linear relationship of CRP levels indicates that CRP levels are consistent 

in this subset. The predictive properties of CRP measurement in the baseline 

screening were then tested against that of follow-up screening, shown in Table 3-4: 
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Table 3-4. Loge CRP measurement in Follow-up screening as a function 

of baseline Loge CRP and anthropometry measurements (r
2
=0.611)* 

Predictor B coefficient (95% CI) P value 

(Constant) 0.51 (0.14, 0.81) <0.01 

Gender -0.31 (-0.68, 0.07) 0.109 

Loge baseline CRP 0.80 (0.62, 0.97) <0.001 

∆ BMI**, kg/m2 0.04 (-0.09, 1.71) 0.554 

∆ Waist**, cm -0.01 (-0.03, 0.005) 0.183 

*Model: linear regression analysis, method: Enter; **Follow-up anthropometry measurements 
were not statistically significant once baseline CRP was included in the model. 

 

The Table shows that the strong predictive value of baseline CRP measurement was 

not confounded by gender or changes in body fatness. Also, the difference in CRP 

levels was not attributed to changes in body habitus, and in other models follow-up 

measures of body fatness variables came second to baseline CRP (data not shown).  

 

The relationship of the difference between the two CRP measurements with the mean 

between the two was investigated. An illustration of the trend in CRP levels in the 

subset sample is shown in Figure 17-4: 
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Figure 17-4. Bland-Altman scatter plot of the relationship between the mean 

and the difference in CRP levels over a median of 829 days 

 

 

 

Excluding one discrepant value (79.6 versus 10.3 mg/L), over 92% of total sample 

fell within Bland-Altman’s limits of agreement (i.e. within ±2 standard deviations of 

the mean difference between samples). A positive bias across the continuum of the 

mean CRP levels between the two screening relative to the difference for the 

comparable subset sample was seen (regression coefficient [B] of concentration 

versus difference = 0.991, P<0.001). 
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The relationship between CRP at baseline and follow-up was further investigated, 

with intent of allowing for equal weight for each measurement, shown in Figure 18-

4: 

 

Figure 18-4. Bland-Altman scatter plot of the relationship between the mean 

and the proportional difference (relative to baseline) in CRP levels over a 

median of 829 days 

 

 

With each measurement given an equal statistical weight, proportional changes in 

CRP relative to baseline did not change significantly in the sample set (P=0.965), 

indicating that there was a uniform increase in CRP across the population rather that 

only an increase in the prevalence of very high CRP values.  
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Figure 19-4 and Table 4-4 show proportions of subsets in AHA-risk of CRP in 

baseline and follow-up screenings. 

 

Figure 19-4. The prevalence of baseline (blank bars) and follow-up (solid bars) 

CRP according to AHA and >10 mg/L risk categories 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-4. Agreement between baseline and follow-up CRP across AHA and >10 

mg/L risk categories* 

CRP category < 1.0 mg/L 1.0 - 3.0 mg/L 3.0 - 10.0 mg/L > 10.0 mg/L 

Agreement  

(95% CI),% 

0.87  

[0.76, 0.94] 

0.93  

[0.83, 0.97] 

0.67  

[0.55, 0.78] 

0.80  

[0.68, 0.88] 

*Proportion of successfully identified values in the total sample (all P McNemar =NS). 

0

5

10
15

20

25

30
35

40

45

<1 mg/L 1-3 mg/L 3-10 mg/L >10 mg/L

CRP category

P
re

va
le

nc
e,

 %



CHAPTER 4: C – REACTIVE PROTEIN 
 

 190 

People that were classified into the categories above did not change significantly 

over time.  

 

The AHA statement on the use of CRP to identify people at low or high risk of CVD 

(241) recommended the exclusion of those who presented with CRP >10 mg/L and 

suggested investigating for obvious source of infection or inflammation. The 

recommendation that followed was to discard the sample and repeat measurement in 

two weeks. Since then, reports on the use of AHA CRP-risk categories excluded 

values >10 mg/L, including studies on Indigenous populations (283, 284). In the 

study population, no bimodality for CRP distribution was evident. Moreover, the 

prevalence of CRP >10 mg/L was extremely high and ranged from 24% to 30% in 

the subset. The use of the full range of the Framingham risk score for CRP in the 

large-scale Women’s Health Study in the USA (285) showed that the predictive 

value of CRP was strongly linear across the Framingham score and there was no 

evidence of any threshold effect. The authors also proposed that those with CRP >10 

mg/L should be regarded at being at ‘very high risk’ of CVD.  

 

The following analysis in Table 5-4 investigates further the reproducibility of CRP 

>10 mg/L in the subset. 
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Table 5-4. Cross-tabulation of CRP >10 mg/L for baseline and follow-up 

screenings 

Follow-up   

NO YES 

Total 

NO 44 9 53 
Baseline 

YES 5 12 17 

Total  49 21 70 

 

Comparison between the two proportions of those with CRP >10 mg/L was not 

statistically significant (24.3% versus 30%, P=0.569). However, there were more 

cases is in the follow-up screening, a rise of 23% from baseline. An impressive 

overall agreement (95% CI) between the two screenings for CRP >10 mg/L 

following and average of 829 days and stood at 80 (68, 88)%. McNemar 

classification test for the two paired observations showed no statistically significant 

difference (P=0.424). The small observed magnitude of this difference could not be 

attributed to human or equipment error (intra- or inter-assay CVs for CRP testing 

was 1.9% and 4.3% respectively). Additionally, those with CRP >10 mg/L at follow-

up did not have significantly different changes in clinically relevant variables 

compared with baseline (all P≥0.058). 
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Discussion 

Novel findings on CRP were observed in Aboriginal people that participated in this 

study and include high and consistent CRP levels over time and differential 

relationship of CRP with body fatness in men and women. These findings may have 

implications for the utility of CRP as a CVD marker in Aboriginal men and women. 

Some of the findings were successfully published (263). 

 

 

C – reactive protein, high circulating levels 

Strikingly high circulating levels of CRP were found in people that participated in 

the community-based study. High circulating CRP levels have also been reported 

previously in other Australian Aboriginal populations (33, 54). High prevalence of 

infectious diseases has been previously reported (286-289), and are known to 

dramatically increase CRP production in the liver. This is likely to be related to a 

constellation of factors secondary to poor quality housing and overcrowded living 

conditions (24), and poor nutrition. Consistent with this, a study in a neighbouring 

Indigenous community reported that CRP concentrations were significantly 

associated with IgG seropositivity to Heliobacter-pylori, Chlamydia-pneumoniae and 

cytomegalovirus (54). It is important to note that high infectious load in people living 

in the Northern Territory area is well recorded and is characteristic of tropical or 

near-tropical environments (281). However, exclusion of those with CRP >10.0 

mg/L, considered to be clinically relevant and may also be associated with clinically 

relevant inflammatory condition, such as traces of infection (241), did not 

significantly alter statistical relationships of CRP to anthropometric and other 

variables and consequent conclusions of our study. In fact, no bimodality of CRP 



CHAPTER 4: C – REACTIVE PROTEIN 
 

 193 

was found in CRP distribution for the population. Additionally, those who presented 

with CRP >10 mg/L were likely to have diabetes and/ or have a degree of obesity. 

All indicate that increasing levels of CRP may well be indicative of a chronic 

abnormal metabolism that can progress to CVD. This finding is supported by a report 

by Ridker and Cook (285), who showed that the predictive value of CRP was 

strongly linear across the Framingham score with no evidence of threshold effect. 

 

Based on the AHA risk model for CRP  [CRP >3.0 versus CRP <1.0 mg/L; (241)], 

over 50% of people in the present survey sample were at 2-fold increase in 

cardiovascular risk, a figure that is consistent with high prevalence of premature 

cardiovascular mortality in Aboriginal people. The root cause for this phenomenon is 

still at large, and attempts have been made to account for high CRP levels. Of those, 

psychosocial factors such as depression, anxiety, social isolation and chronic life 

stress have been investigated and shown to be associated with an acceleration of 

carotid atherosclerosis. Black (290) suggested that the detrimental impact of 

psychosocial stress on cardiovascular health is at least partly mediated by 

inflammatory responses. This conclusion was supported by others (291) reporting an 

inverse association of CRP and other systemic inflammatory markers with 

socioeconomic status in middle-aged men. Given the high levels of CVD among 

Indigenous Australians, it is reasonable that psychosocial stress may be an important 

mediator of increased circulating CRP levels and thereby promote the progression of 

chronic diseases, as has been shown for vascular disease and diabetes conditions in 

other populations (292). 
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Poor nutritional status in remote Aboriginal communities has been reported (21-23). 

Inverse associations of CRP and the HDL-C associated anti-oxidant enzyme 

paraoxonase-1 with plasma diet-derived antioxidants have been reported in a 

Western Australian Aboriginal population (33, 211). HDL-C has anti-oxidant, anti-

thrombotic and anti-inflammatory roles (207, 208), beyond its recognised role of 

reverse cholesterol transport. Low levels of paraoxonase-1 activity, which may 

reflect reduced capacity to hydrolyse lipid peroxides or maintain effective HDL-C 

function, have been linked to CHD (209). Others reported increases in paraoxonase-1 

activity in Indigenous Australians with improved dietary quality (211). Low levels of 

atheroprotective HDL-C and low fruit and vegetable intake, consistent with high 

homocysteine levels, may amplify poor antioxidant defence and a pro-inflammatory 

state, manifested in high CRP levels. 

 

 

C – reactive protein and body composition 

CRP concentrations were strongly related to BMI in women, but not in men. This 

observation is probably the first to be described for Australian Aboriginal people, but 

has been described for other populations (256, 264) and attributed, at least in part, to 

differences in the proportion of body fat (higher in women for a given BMI). 

However, this does not explain why lean men (BMI <20 kg/m2) had higher CRP than 

lean women. CRP may well be differentially linked to CVD in women and men.  In 

support of this possibility, the Framingham Heart Study reported a much stronger 

association of CRP with atherosclerosis in women than in men, after adjusting for 

potential confounders (293). The Mexico City Diabetes Study (260) reported that 

CRP was a statistically significant predictor of developing the metabolic syndrome 
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and diabetes in women only. There is no satisfactory explanation for this 

phenomenon. One possibility is that it is related to sex hormone profile: It is well 

established that centrally obese women have a relatively high free testosterone index 

that increases with weight gain (294). Consistent with a role for androgenicity was a 

recent study by Folsom et al (295), who reported that several endogenous sex 

hormones may influence levels of inflammatory markers (including CRP and 

fibrinogen) in postmenopausal women, and that this relationship was related to BMI. 

It is important to note in this context that Australian Aboriginal women 

characteristically exhibit a pattern of abdominal fat deposition when they gain weight 

(96). The low levels of HDL-C and high insulin and triglyceride concentrations in 

Aboriginal women that participated in this community-based study confirm that this 

pattern is associated with an unusually adverse metabolic profile. However, in the 

absence of longitudinal data it is not possible to conclude that increases in CRP 

levels in association with increasing central fat deposition are a strong marker of 

CVD risk in Aboriginal women in particular. Furthermore, as high CRP levels were 

observed across BMI strata for both men and women, even in the lean BMI category, 

other underlying mechanisms in addition to adiposity are likely to modulate CRP and 

associated CVD risk, particularly in men.  

 

 

C – reactive protein, time related reproducibility 

Circulating CRP levels in the cohort sample were highly reproducible, even after a 

mean of 829 days between the two measurements. There were more cases of people 

with CRP >10 mg/L and overall increase in CRP levels over time that was not 

attributable to changes in body fatness or gender. These observations have important 
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implications. Reproducibility of CRP levels in this population indicates that the first 

measurement of CRP levels reflects the chronic levels over time. In support, Ockene 

et al (296) reported that over 60% of CRP levels in healthy adults remained in the 

same quartile following a repeat measurement after 12 months and Ridker et al (297) 

reported strong correlation (r=0.60, P<0.001) of circulating CRP levels after 60 

months of follow-up in post infarct patients. While direct causality between CRP and 

CVD has not been shown, the beneficial effects associated with a reduction in CRP 

levels appear potentially immense. Trials designed specifically to reduce CRP levels 

have not yet been conducted, however, observations have been made in statin 

therapy trials, along with beneficial effects associated with better CVD outcomes: In 

the Pravastatin or Atorvastatin Evaluation and Infection Therapy–Thrombolysis in 

Myocardial Infarction 22 (PROVE IT–TIMI 22) study of 3745 patients with acute 

coronary syndromes (298), statin therapy aiming at reducing LDL-C levels yielded 

similar results for CRP levels. People that reached CRP <1.0 mg/L combined with 

successful reduction in LDL-C levels had the lowest rate of recurrent coronary 

events compared with people at any given LDL-C levels but with CRP >1.0 mg/L. 

The conclusions from that study suggested a monitoring of CRP levels concomitantly 

with cholesterol levels. Other large longitudinal studies showed similar benefits 

resulting from statin therapy and its effect on CRP levels (297, 299, 300), suggesting 

a CRP-guided strategy to improve statin therapy in patients with CHD. The 

accumulated evidence from such studies indicate that the knowledge of CRP levels 

in patients with CHD may improve outcomes. As for the screened Aboriginal 

population, the nature of the study (two cross sectional observational studies), lack of 

information on drug use (e.g. that for diabetes, hypercholesterolaemia, hypertension) 

and lack of data on CHD events does not allow firm conclusions to be drawn. 
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However, that high CRP levels were consistent over time suggests that monitoring of 

CRP levels may be valuable following lifestyle intervention or drug therapy in 

Aboriginal people. 

 

That CRP levels were highly reproducible over time is consistent with other 

published data on inflammation and abnormal metabolism, diet and infections in 

remote living Indigenous Australians: Rowley et al (33) reported very high CRP 

levels in 171 participants in a chronic disease study conducted in 1996, 

corresponding with high levels of vascular cell adhesion molecules in the presence of 

the metabolic syndrome and an inverse correlation with plasma carotenoids. Others 

reported high levels of CRP concentration concomitant with high infectious load 

(54). Additionally, outcomes of The Strong Heart Study on CVD in 3277 American 

Indian communities (283) showed a median (inter-quartile range) CRP levels of 3.2 

(1.8, 5.1) mg/L with similar proportion of those with CRP >10 mg/L (16% versus 

19% in this study), concurring with high CRP levels in Indigenous populations.   

 

This suggests that information on CRP levels in Indigenous communities may be 

useful for monitoring general health status in the community. Additional relevant 

clinical implications may extend to the effectors of  lifestyle interventions, such as 

weight loss and healthy diet and drug treatment (298, 301, 302), which may lower 

CRP levels and improve CVD outcomes. 
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C – reactive protein, abnormal metabolism 

CRP levels were higher in the presence of abnormal metabolism. CRP levels were 

strongly associated with body fatness and insulin resistance in women, and linearly 

increased with increase in clusters of components of the metabolic syndrome in 

women. Both CRP levels and overall high prevalence of adverse metabolic profile 

are consistent with other studies on Australian Indigenous populations (26, 27, 32, 

40). One of the key issues is whether chronically high CRP levels, regardless of the 

primary driver, promote atherosclerosis. Although no causality has been established 

so far, ample evidence suggests that CRP is a valuable indicator of future CVD 

events and is an independent predictor of vascular risk in other populations (170). For 

example, the predictive value of CRP for CVD event was strong and linear across the 

Framingham score over a 9-year follow-up of nearly 30,000 apparently healthy 

women in the US (285). However, cut-off values have been proposed for the task in 

other populations (241). Such cut-off values, however, warrant further investigation 

about its usefulness in populations of different ethnic background, as shown by Rifai 

and Ridker (303). A recent review by Ridker et al (170) suggested that the inclusion 

of CRP as a component of the metabolic syndrome is timely as it enhances the 

prognostic properties of the metabolic syndrome as a predictor of CHD events. In 

contrast, others suggested that the value of additional information from CRP has 

been exaggerated by a positive report bias prior to year 2000, confounding the true 

value of this marker (280), and concluded that CRP was a less important predictor of 

CHD than cholesterol. The results of the present study suggest that the latter 

conclusion may not be generalisable across different population groups. Cholesterol 

levels were not elevated in Aboriginal people that participated in the community-

based risk factor screening, however its relationship to CRP was independent of 
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measures of adiposity. Additionally, the most striking lipid abnormality in this 

population was the dyslipidaemia (elevated triglycerides and low HDL cholesterol) 

associated with insulin resistance and diabetes. Indeed, these data are consistent with 

high CVD mortality in the surveyed population, but without proper longitudinal data 

estimating their predictive power is unproven. In fact, the only available longitudinal 

data on Aboriginal people in Arnhem Land was presented here, and despite it being 

at its initial stages, it has already showed a trend of high and consistent CRP levels in 

the population that is consistent with high CVD morbidity and mortality in this 

population. 

 

In conclusion, CRP levels in the surveyed sample of Indigenous Australians are very 

high and consistent with high levels of CVD morbidity and mortality in Aboriginal 

peoples. The relationship of CRP with surrogate markers of body fat was strong in 

women but much less so in men. A focus on conventional risk factors such as 

cholesterol and blood pressure may not be sufficient given the very high 

inflammatory load in this population. Prospective population-based risk-factor 

studies, such as that reported here, will elucidate the role of CRP as a predictive 

marker for cardiovascular events in Aboriginal people.  
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CHAPTER 5: SEMICARBAZIDE-SENSITIVE AMINE OXIDASE 

 

Background and rationale 

Semicarbazide-sensitive amine oxidases (SSAO; Enzyme Commission classification 

1.4.3.6) are a group of enzymes that catalyse the oxidative deamination of primary 

amines to produce an aldehyde (carbonyl group: C=O), ammonia and hydrogen 

peroxide (H2O2) (304). SSAO enzymatic activity is present in a wide range of 

prokaryote and eukaryote species (305), and is implicated in several physiological 

roles, including lipid metabolism and adipocyte differentiation, formation of 

extracellular matrix and histamine metabolism (304, 306, 307). Additionally, some 

members of the SSAO family have been shown to possess vascular adhesion 

properties, thereby promoting lymphocyte binding to the vessel wall during 

inflammation (74, 308, 309). Other inflammatory cell adhesion molecules (CAMs) 

have been shown to predict cardiovascular events (310, 311). SSAO activity levels 

have been reported to be elevated in patients with congestive heart failure, cerebral 

infarct, chronic liver disease and diabetes (307, 312-314) and have also been shown 

to predict death (315). Diabetes and associated vascular diseases are highly prevalent 

in Indigenous Australian people (26, 27, 31) and are the leading cause of premature 

death in heart failure patients (24, 25). Inflammation and oxidative stress may be 

important mediators of excess CVD risk (33), and current hypotheses suggest that 

increased SSAO activity levels produce oxidative damage in the vasculature, 

promoting angiopathy (307).  

 

In this study, quantification of SSAO enzymatic activity had two dimensions. First, 

SSAO activity was assessed as a potential early marker of vascular damage for 

evaluating risk and the effectiveness of intervention programs in a remote Aboriginal 
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community. Second, SSAO enzymatic activity was assessed in patients that 

underwent coronary artery bypass graft surgery (CABGS) and that had additional 

clinical information including intima media thickness, an established marker of an 

atherosclerotic process (316). The information on SSAO activity from these two 

selected populations was sought in order to elucidate the relationship of SSAO 

enzymatic activity with pro-inflammatory conditions that are implicated in a vascular 

inflammatory response. 

 

 

Monoamine oxidases enzymes - classification 

The Enzyme Commission classification system is based on functional aspects of an 

enzyme, including substrates, cofactors and inhibitors. Therefore, it is important to 

note that the following classification does not include any genetic aspects of the 

proteins.  

 

Human amine oxidases are generally divided into two main groups, the flavin-

adenine dinucleotide (FAD)-dependent amine oxidase and the copper-containing 

amine oxidases. The FAD-dependent group includes monoamine oxidases A and B 

(1.4.3.4) and polyamine oxidase (1.5.3). The copper-containing amine oxidases 

include monoamine and diamine oxidases (1.4.3.6) and lysil oxidase (1.4.3.13). 

Semicarbazide-sensitive amine oxidases [SSAOs; 1.4.3.6; website: 

http://au.expasy.org/cgi-bin/enzyme] are a group of enzymes that catalyse the 

oxidative deamination of substrates containing an amine moiety that is linked via an 

unsubstituted methylene group to another group, which can be either aliphatic or 

aromatic in nature: R-CH2-NR’R” +O2+H2O => RCHO +H2O2 + R’R”NH (304). 
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SSAO activity is detected in a wide range of prokaryote and eukaryote species (305). 

Table 1-5 summarises the classification of amine oxidase enzymes: 
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Table 1-5. Classification of amine oxidase enzymes 

Enzyme 
(classification) 

Cofactor Location Preferred substrates Inhibitors Known function 

Monoamine 
oxidase (1.4.3.4) 

Mitochondria, outer 
membrane 

Noradrenaline, dopamine, 5-
hydroxytryptamine, tyramine, 
tryptamine, octopamine, β-
phenylalanine 

Metabolism of 
neurotransmitters 

Polyamine 
oxidase (1.5.3) 

FAD 

Intracellular Spermine, spermitidine (and their N-
acetyl derivatives) 

Clorgyline, 
pargyline, 
deprenyl, 

Cell growth 
regulation 

Monoamine 
oxidase (SSAO; 
1.4.3.6)  

Cell surface 
(homodimer) and in  
plasma (monomer) 

Methylamine, aminoacetone, 
benzylamine 

Insulin mimicry in 
adipose tissue, 
lymphocyte 
adhesion  

Diamine oxidase 
(histaminase; 
1.4.3.6)  

Topaquinone; 
Copper 

Intracellular Putrescine, cadaverine, histamine Histamine 
degradation 

Lysil oxidase 
(1.4.3.13) 

Lysyltyrosine 
quinone; 
Copper 

Extracellular Side chain amino groups of lysine 
residues in collagen and elastin 

Semicarbazide, 
hydroxylamine, 
propargylamine, 
aminoguanidine, 
nialamide, 
iproniazid, 
phenelzine, 
hydralazine, 
benserazide, 
carbidopa 

Formation of 
extracellular matrix 
of connective tissue 

The Table was largely adapted from a review by Lyles (304). 
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DNA, SSAO protein 

The SSAO group are proteins that are usually dimeric glycoproteins of molecular 

mass varying 140,000 to 180,000 Dalton (317), with the latter being the mammalian 

SSAO (305). Human SSAO genome coding is located on the arm of chromosome 17 

(317). SSAO activity in human serum has been identified to originate from soluble 

vascular adhesion protein 1 [(VAP-1; (138, 139, 318)], and homologues of 

SSAO/VAP-1 gene include the diamine oxidase and a retina-specific copper amine 

oxidase. Alternative splice variants of SSAO/VAP-1 pseudo-gene have also been 

cloned (319). 

 

 

Human SSAO/VAP-1 structure and active site of enzyme 

The structure of human SSAO/VAP-1 and its active site has recently been elucidated 

(319, 320), and has been found to be identical to the VAP-1 molecule (139), and also 

closely resembles that of the mammalian domestic cow (Bos taurus) (320). It is a 

homodimer consisting of two chains, chain A (A55-A761) and chain B (B57-B761). 

Each of the monomers includes one copper atom and two calcium atoms. The 

remaining residues are probably those that compose the transmembrane helices in the 

intracellular space, consisting of three domains: D2 (residues 55-169), D3 (residues 

170-300) and D4 (residues 301-761) (319). The cofactor tri-hydroxy-phenyl-alanyl 

quinone, or topaquinone (TPQ), a derivative of the amino acid tyrosine by an 

autocatalytic reaction (321), directly engages with the substrate (322) and is directly 

linked to the active catalytic site of the enzyme. The cofactor TPQ may or may not 

have direct contact with the copper ion. Thus, the conformations are named off- or 

on-copper positions. In the case of SSAO/VAP-1, TPQ is in off-copper position, 
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therefore a short covalent hydrogen bond to a conserved water molecule (which acts 

as an axial copper ligand) is present (320). The structure of TPQ in the active site 

suggests it is in a position poised for catalysis (323). The entrance to the SSAO 

active site consists of a broad flattened funnel leading to a central cavity, which then 

is divided into two additional separate side channels that are in contact with the 

copper-binding site. Overall, the structure of the protein suggests that it is substrate-

selective. The active site of SSAO/VAP-1 is illustrated in Figure 1-5. 

 

Figure 1-5. SSAO/VAP-1, active site 

 

 

Figure was taken from Jakobsson et al (320). 
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Localisation and origin of SSAO in tissue bound and in soluble forms 

SSAO/VAP-1 can be found either as tissue-bound or in a soluble form (324, 325), 

with the latter reported to be the heavily sialiated form of VAP-1 (139). SSAO/VAP-

1 is found in most tissues with the vascular smooth muscle cells (SMC) serving as 

the major source of its enzymatic activity. VAP-1 mRNA of human tissue origin is 

strongly expressed in lung, small intestine and appendix. Intermediate amounts are 

seen in prostate, ovary, the mucosal lining of the colon, heart, placenta, skeletal 

muscle and lymph nodes. Low amounts of VAP-1 were detected in the spleen, 

thymus, testis, liver, pancreas, kidney, bone marrow and foetal liver. No other 

mRNA species of different size of the enzyme were detected (139). VAP-1 is absent 

from cardiac and skeletal muscle cells and most prominently found in high 

endothelial venules (the minute vessels that collect blood from the capillary plexuses 

and join together to form veins; HEVs) of peripheral lymph node-type lymphatic 

organs.  

 

VAP-1 is localised on the plasma membrane of vascular SMC and is present on the 

cell surface (325). VAP-1 has also been found in discrete granules within the 

cytoplasm and on the cell surface of HEVs. Salmi et al (326) also reported high 

expression levels of VAP-1 in HEVs belonging to the peripheral lymph node 

endothelial recognition system and low level expression in vessels of mucosa-

associated lymphatic tissues. Other human cells not producing this protein are 

leukocytes, epithelial and fibronoblastoid cells, chondrocytes and odonoblasts and 

brain [excluding micro-vessels as has been shown in murines and primates (327)] 

(317). Jaakkola et al (328) demonstrated that SMC of porcine and canine blood 

vessel origin do not express VAP-1 on their surface in non-inflamed conditions but, 
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as in endothelial cells (EC), seem to relocate VAP-1 onto the cell surface during 

inflammation. Jaakkola also reported that the expression of VAP-1 on the luminal 

surface of the endothelium was limited to areas of inflammation (328). In addition, 

Kurkijärvi et al (138) reported that SSAO activity in human serum is chiefly 

mediated by soluble SSAO/VAP-1. 

 

 

SSAO/VAP-1, function in vascular smooth muscle and endothelial cells 

Unlike EC VAP-1, SMC VAP-1 does not support binding of blood-borne 

lymphocytes, but serves as the major source of the tissue-bound enzymatic activity 

(325). It has been proposed that SSAO/VAP-1 enzymatic activity serves as a 

detoxifier of xenobiotics (305), however no evidence of such function has been 

reported during homeostatic conditions. VAP-1 has been shown to be induced in 

blood vessels during inflammation, selectively expressed in SMC of different origins 

(e.g. down-regulated in tumours) and implicated in malignant transformation of SMC 

(324). 

 

EC VAP-1 can operate in an L-selectin independent manner and supports the binding 

of lymphocytes to endothelial cells (74, 308). Circulating VAP-1 have been shown to 

enhance lymphocyte binding to cultured monolayer EC by triggering the functional 

up-regulation of other adhesion molecules on lymphocytes (312). EC VAP-1 

supports the binding of lymphocytes and is an inflammation-inducible adhesion 

molecule (326): in porcine and canine in-vivo experiments it has been  shown that 

translocation of VAP-1 onto the cell surface happened within an hour after the 

stimulus, and was hypothesized to be connected to the early recruitment of 
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polymorphonuclear leukocytes, followed by lymphocytes, to the area of 

inflammation (328). It has been shown that VCAM-1 gene expression was 

upregulated in a pro-oxidant experimental study (329). Like other CAMs, VAP-1 has 

been shown to interact with lymphocytes under laminar shear, suggestive of its 

capability in relevant physiologic conditions (309). In pathophysiologic conditions, 

such as in chronic rejected kidneys in man, a pattern of increase in VAP-1 in the 

rejected organ and concomitant increase in bound lymphocytes has been reported 

(330), highlighting VAP-1 significance in such conditions and also indicating a 

potential target for therapy. 

 

 

Endogenous activation of SSAO 

Lysophosphatidylcholine is an amphiphilic phospholipid and is derived from 

phosphatidylcholine that is formed during the hydrolisation of LDL-C by 

phospholipase A2 (331), in itself an independent risk factor for cardiovascular events 

and a potential target for drug therapy (332). Lysophosphatidylcholine has been 

shown to be a chemo-attractant to monocytes (252), induce EC CAMs (333), 

stimulate vascular SMC growth via protein kinase C pathway (334), be involved in 

regulation and synthesis of biglycan and the proteoglycan form of macrophage 

colony stimulating factor, as well as enhance lipoprotein binding properties (335) 

and to resemble the endogenous activator of SSAO (336). Thus, 

lysophosphatidylcholine is an atherogenic-modified lipoprotein and its activation of 

SSAO implicates SSAO in atherogenesis. 
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SSAO substrates in physiologic conditions 

The primary amine methylamine is ubiquitous in the circulation and is derived from 

a multitude of sources. There are both exogenous and endogenous sources of 

methylamine, the latter including a metabolite end-product of diverse compounds, 

including epinephrine, creatine, nicotine and sarcosine. Methylamine has been shown 

to be preferentially metabolised by SSAO compared with other amine oxidases. For 

example, methylamine excretion in urine following administration of SSAO 

inhibitors has been shown in rats, and homogenates of rat aorta converted 

methylamine to formaldehyde (141). It has also been shown that SSAO inhibitors 

prevent methylamine toxicity in cultured EC (337). Elevated methylamine levels 

were found in diabetes mellitus and uraemia, and have been linked to early onset of 

atherosclerosis (325). Thus, it is possible that increased expression of VAP-1 in early 

atherosclerotic lesions accelerates atherosclerotic growth by converting methylamine 

to formaldehyde in-situ.  

 

 

SSAO, C - reactive protein and vascular structure 

Intima-media thickness (IMT) is a reliable indicator of progression of 

atherosclerosis. Serum SSAO activity correlates with carotid plaque score and 

intima-media thickness (325). SSAO/VAP-1 has also been shown to be upregulated 

in inflammatory processes in the vasculature. Additionally, it has also been found 

that VAP-1 also stimulates the expression of matrix metalloproteinases (MMPs) that 

contribute to the thinning of the fibrous cap (338). CRP protein has been shown to be 

produced by human coronary artery (HCA) SMC in response to inflammatory 

cytokines and lipopolysaccharide (278). CRP has also been shown to stimulate 
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intimal hyperplasia, implicated in intimal hypertrophy condition. Wang et al (269) 

showed that CRP, at concentrations known to predict CVD events, increased 

vascular SMC migration, proliferation, collagen and elastin content and neointimal 

formation in in-vivo balloon model in the rat. In in-vitro conditions, up-regulation of 

vascular SMC migration and the angiotensin type-1 receptor, which is implicated in 

atherosclerosis, and other similar effects have been shown, as in in-vivo models. 

These observations suggest that both CRP and SSAO are implicated in 

atherosclerotic-related vascular inflammation and modification. 

 

 

SSAO and hypertension 

Over-expression of SSAO in transgenic mice has been shown to be implicated in 

abnormal arrangement of the elastic tissue in the tunica media of a renal artery, 

intimately related to reduced arterial elasticity and a compromised ability to regulate 

blood pressure (339). Others demonstrated, by additions of SSAO substrate and 

inhibition of SSAO enzymatic activity, that the SSAO enzymatic product H2O2 

contributes to the regulation of vascular contractility (141, 340). Reports showed an 

increased endothelial function with metformin administration (341), an 

aminoguanidine derivative known to inhibit SSAO activity (342), and a recent 

review by Vidrio (343) suggested that the direct effect of the antihypertensive drug 

hydralazine (a carbonyl reactor and an SSAO inhibitor) as a vasodilator was due to 

the enzymatic inhibition of SSAO in the vasculature. 
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SSAO in diabetes 

SSAO has been shown to be increased in patients with congestive heart failure, 

multiple types of cerebral infarct, and type-1 and type-2 diabetes (307, 313). 

Elevated SSAO activity has also been shown to be increased in type-2 diabetes 

complicated by retinopathy (314). Increase in serum SSAO activity in diabetic 

patients may be a result of increased expression of SSAO. Alternatively, it could be a 

result of damage to tissues that are rich with SSAO molecules, where SSAO is 

released into the blood stream, e.g. vascular EC and SMC (307), adipocytes (318) or 

from the liver (138). In support of vascular origin, a recent experimental study 

demonstrated a positive correlation between vascular tissue-bound and soluble SSAO 

activity in diabetic rats (344). Increased deamination of methylamine and/ or 

aminoacetone by SSAO could increase levels of cytotoxic molecules and cause or 

exacerbate vascular injury, and eventually lead to angiopathy (307). 

 

 

SSAO activity and long term adverse effects, links with advanced glycation end 

products 

Advanced glycation end-products (AGEs) are the products of non-enzymatic 

modifications of proteins or lipids that accumulate in the plasma and tissues of 

patients with diabetes. AGEs are produced by a succession of chemical reactions, 

called the Maillard reaction. The first step occurs with the condensation of an amino 

group and a carboxyl group to form a Schiff base, followed by molecular 

rearrangement and formation of N-substituted glycosylamine, leading to Amadori 

products, and then to AGEs (345). Methylglyoxal is an intermediate reactive 

carbonyl compound in the formation of AGEs, and can be formed by glucose auto-



CHAPTER 5: SEMICARBAZIDE-SENSITIVE AMINE OXIDASE 

  212 

oxidation (345). However, methylglyoxal can also be formed from the endogenous 

substrate aminoacetone by the oxidative deaminating enzyme SSAO. Thus, increased 

activity of SSAO may contribute to the formation of AGEs in diabetes. Receptors for 

AGEs (RAGE), bearing homology with molecules of the immunoglobulin 

superfamily (CD20), are expressed by monocytes/ macrophages, EC and SMC 

among others, and are potentiated during hyperglycaemia (345), resulting in 

activation of nuclear factor kappa B (NF-κB) (346) that causes pathological changes 

in gene expression. However, RAGE is not exclusive to AGE and can bind to other 

ligands, e.g. β-amyloid substances, β-sheets and fibrils, with a preference to tertiary 

structures rather than primary structures (346). The AGE carboxyl-methyl lysine is 

an inducer of VCAM-1 once bound to RAGE, and has been shown to be central to 

VCAM-1 induction in human EC (347). It has been shown that expression of 

VCAM-1 in aorta is enhanced with treatment with soluble RAGE in APO-E null 

mice (348). Thus, formation and accumulation of AGEs play a role in the mechanism 

of hyperglycaemia-induced micro- and macrovascular damage.  

 

The formation of glucose-derived dicarbonyl precursors generated intracellularly 

outweighs the non-enzymatic AGEs formation between extra-cellular proteins and 

glucose (151). AGEs are implicated in cell damage by three mechanisms: modifying 

intracellular proteins and their function, modifying extracellular matrix components 

(integrins) on the cells, and modifying plasma proteins once AGEs are bound to 

RAGE on endothelial cells, mesangial cells and macrophages, inducing receptor-

mediated production of reactive oxygen species and activation of NF-κB, which in 

turn causes pathological changes in gene expression (151). 
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Glucose transportation properties of SSAO activity 

It has been proposed that SSAO activity, through the production of H2O2, may 

contribute to the in-vivo regulation of glucose transporter 4 (GLUT-4) trafficking in 

adipose tissue (306, 349). Marti et al (350) demonstrated that acute administration of 

the SSAO substrate benzylamine, in the presence of vanadate [thought to react with 

H2O2 to produce peroxovanadium that inhibits the termination of insulin signaling 

(351)], enhanced glucose tolerance in STZ-induced diabetic rats. SSAO is 

abundantly found on adipocytes, constitutes approximately 1% of total membrane 

proteins (317), and can produce H2O2 on the outer plasma membrane of cell. It has 

been demonstrated in isolated rat adipocytes that the introduction of benzylamine 

stimulated glucose uptake, which was completely inhibited by treatment with 

catalase (349). This observation suggests that SSAO enzymatic activity can play a 

regulatory role in glucose uptake in adipocytes. That in the presence of insulin SSAO 

activity did not seem to play a crucial role in glucose uptake (349) supports the 

proposed role of SSAO activity as having insulin mimicry properties, by activating 

the same signal transduction pathway for glucose uptake. Additionally, SSAO-

mediated deamination has been reported to mimic other insulin like actions, such as 

involvement in the signal transduction pathway, lipid metabolism and differentiation 

of adipocytes (307).  

 

 

SSAO as a marker of CVD 

Elevated circulating soluble VAP-1/SSAO has been reported in conditions other than 

diabetes. A report by Boomsma et al (315) on survival follow-up of 372 patients with 

varying degrees of chronic heart failure over a mean of 3.4 years (the PRIME-II 
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study) showed that SSAO activity levels above 550 mU/L had increased risk of death 

by 50% relative to the group below that mark. To my knowledge, this is the only 

published study on the prognostic value of SSAO activity at this stage. Table 2-5 

shows selected publications on SSAO activity in a range of metabolic conditions. 
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Table 2-5. SSAO activity levels in human studies 

Sample (reference) Source N SSAO levels Reported levels and Units 

Chronic heart failure (315) Plasma   177 survivors ;  
195 died 

540±242; 
653±258  

mean, SD; mU/L 

Chronic renal failure on hemodialysis (352) Plasma  152 patients; 
107 healthy controls 

300±157;  
370±112 

Mean±SD; mU/L 

Chronic heart failure (353) Plasma  271 patients;  
77 controls 

589±252;  
455±114 

Mean±SD; mU/L 

Healthy adults (101) Plasma  51 healthy controls 352±102 Mean±SD; mU/L 
Alcoholics adult male patients (354) Plasma  17 type I alcoholics;  

16 type II alcoholics;  
17 controls 

572±11;  
489±11;  
336±13 

mean±SD; mU/L 

Healthy subjects (325) 10 Healthy;  
14 obese; 
34 varicositis;  
15 asymptomatic carotid plaque 

74±21;  
91±25; 
100±31; 
100±29 

Serum 

10 IDDM; 
21 NIDDM;  
19 obese NIDDM;  
9 HPTN;  
16 retinopathy;  
8 macroangiopathy 

113±52;  
113±60;  
146±65;  
194±84;  
164±66;  
194±91 

Mean±SD; nmol/g protein/hr 

Carotid artery 10 IDDM; 
21 NIDDM 

1908;  
1090 

IDDM, NIDDM (325) 

Vein 34 Varicositis 1709 

Mean; nmol/g protein/hr 

Type-2 diabetes (355) Serum 29 diabetes;  
25 controls 

156±62;  
90±29 

Pmol/mg protein/h 

ischaemia-reperfusion injury model (356) Microsomal rat 
lung tissue 

10 controls;  
10 ischaemia-reperfusion injury;  
10 ischemic preconditioning 

1.71±0.61;  
5.23±1.05;  
3.05±0.27 

Mean±SD; nM/mg 

Chronic liver disease (138) Serum Healthy controls (n not reported); 
164 patients with liver diseases 

10.7 (6.5-12.7);  
18.8 (12.0-24.6) 

mean± SE; µM/hr 

From the Table it appears that there is a trend of higher SSAO activity levels relative to healthy and/ or control groups.
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SSAO enzymatic activity, a target for therapy and potential inhibitors 

Identification of SSAO as having adverse effects on the body has been published 

(313-315, 325, 339, 357). As noted earlier, administration of hydralazine derivatives 

showed that the drug accumulated in the SMC of the vasculature in-vivo and that its 

vasodilatory effect mechanism was at least in part due to the enzymatic inhibition of 

SSAO (343). A recent review by Beisewenger and Ruggiero (358) cited a number of 

studies that reported beneficial effects of administration of metformin, a compound 

derived from aminoguanidine, both of which belong to the family of SSAO activity 

inhibitors (342), on diabetes and associated vascular risk, while others reported an 

improved endothelial function with metformin administration (341). The 

accumulated knowledge on the effects of SSAO activity in the vasculature led to the 

suggestion that targeting and retardation of SSAO activity through drug therapy was 

desirable. A plethora of known potent SSAO inhibitors is available and include 

hydralazine, aminoguanidine, semicarbazide, carbidopa and  amphetamine (304) to 

name a few. However, only some have been investigated in detail. Table 3-5 

describes some potential drugs that are capable of attenuating SSAO enzymatic 

activity levels. 
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Table 3-5. IC50 of some inhibitors of SSAO enzymatic activity 

Drug (reference) IC50 (origin) 

Semicarbazide (325) 5000 µM (serum); 500 µM (human saphenous vein) 

Semicarbazide (306) 100 µM (human abdominal subcutaneous adipose tissue) 

Semicarbazide (141) 10 µM (human left internal mammary artery) 

Semicarbazide (359) 5.0 µM (pig plasma) 

Aminoguanidine (342) 0.1 µM (rat aorta); 0.2 µM (human umbilical artery) 

Aminoguanidine (306) 32 µM (human abdominal subcutaneous adipose tissue) 

Hydralazine (306) 1.0 µM (human abdominal subcutaneous adipose tissue) 

Hydralazine (359) 2.0 µM (pig plasma) 

Iproniazide (359) 50 µM (pig plasma) 

LJP-1207 (360) 0.035 µM (Rat lung) 

Cuprizone (359) 50 µM (pig plasma) 

MDL 72974A (325) 50 µM (human serum); 500 µM (human saphenous vein) 

MDL 72145 (304) 0.1 µM (rat aorta) 

MDL 72145 (304) 100 µM (human plasma and umbilical artery) 

 

The Table shows that SSAO activity is very sensitive to a number of inhibitors, with 

stronger sensitivity to inhibitors other that semicarbazide. IC50 of semicarbazide for 

RA SMC that was tested and reported in the Methods Chapter (page 91) was 10 µM 

and was similar to that reported by Conklin et al (141), but IC50 for the compound 

MDL 72145 was 100 more potent when tested on the same tissue (304). This 

suggests that a number of compounds may be considered for the purpose of SSAO 

activity inhibition, however without knowledge of effective dose and toxicity levels 

in-vivo it is impossible to determine the potential of any compound in therapy. 

 

 To summarise, current hypotheses suggest that increased SSAO activity levels 

produce oxidative damage in the vasculature, promoting angiopathy (307). 

SSAO/VAP-1 has been shown to be elevated in a range of pathophysiological 
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conditions and it appears that soluble VAP-1 is cleaved off from the diseased organ. 

Conventional drug therapy for diabetes and hypertension reduce SSAO activity, and 

has been suggested to exert its effect via retardation of SSAO activity.  

 

Diabetes and associated vascular diseases are highly prevalent in Indigenous 

Australians (26, 27, 31) and contribute largely to premature CVD death (24, 25). 

Inflammation and oxidative stress form an integral part of vascular damage, and have 

been shown to be likely mediators of this excess risk in Aboriginal people (33). 

Inflammation and oxidative stress are also potential markers of early stages of 

vascular damage and may be useful for evaluating CVD risk in intervention 

programs aiming to alleviate the burden of CVD.  
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Hypotheses 

o SSAO enzymatic activity in serum is elevated in people with a range of 

abnormal metabolic conditions and inflammation, as are other inflammatory 

markers.  

o Given the insulin mimicry properties of the SSAO enzymatic products, 

elevated glucose levels in circulation directly affect SSAO activity. 

 

 

Study populations, methods  

Two sample sets were used for the purpose of this analysis: 

o The first sample set was obtained in a community-based risk factor screening 

in 2004 as part of re-evaluation of a community-directed intervention 

program in an isolated coastal community in the north-east of Arnhem Land 

in the Northern Territory. Screening was offered to all residents aged 15 

years and older. Age was determined by self-report and confirmed from 

clinical records. Anthropometric measurements included weight, height, 

waist and hip circumferences using standard techniques (85). Blood pressure 

measurements were taken with an automated Dinamap (Critikon, USA) after 

the participant had been sitting for five minutes, and pathology samples were 

obtained, processed and stored for future laboratory testing.  

o The second sample set was collected from patients who underwent coronary 

artery bypass  graft surgery (CABGS) at St Vincent’s Hospital in Melbourne, 

Vic. Briefly, excised trimmings of radial and mammary arteries were 

collected from CABGS patients who did not have any clinical signs of 

chronic inflammatory disease (e.g. diabetes), acute inflammation or other 
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malignancy six months prior to surgery. Fasting plasma and serum samples 

were collected and assessed for glucose and lipid profile in a NATA 

accredited laboratory. CRP was assessed in-house in serum samples via 

nephelometry (Dade-Behring, Marburg, Germany). SSAO activity for both 

sample sets was measured in-house (refer to the section on quantification of 

SSAO activity in Methods Chapter, page 43). 
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Results 

 

SSAO activity in a community-based risk-factor screening  

A sample of 109 participants (59% women) were included in this study, and age 

distribution of the total sample was not statistically different compared with house to 

house census of the adult population in 2002 [χ2=15, P=0.241; (42)]. Selected 

clinical characteristics of the study population are presented in Table 4-5.  
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 Table 4-5. Clinical characteristics of the total sample population 
a
 

Variable Women (n=64) Men (n=45) P value 

Age, years 41 (38, 44) 44 (40, 48) 0.237 

Glucose b, mmol/L 5.8 (5.2, 6.4) 6.2 (5.5, 7.0) 0.430 

HbA1c
 b, % 6.2 (5.9, 6.6) 5.9 (5.5, 6.4) 0.285 

Insulin resistance b 4.2 (3.2, 5.4) 3.6 (2.7, 4.9) 0.497 

SSAO b, mU/L 422 (389, 457) 444 (403, 490) 0.413 

CRP b, mg/L 4.4 (3.3, 5.8) 4.2 (3.0, 5.7) 0.803 

ACR b, mg/mmol 2.7 (1.7, 4.3) 2.3 (1.4, 3.9) 0.667 

Total cholesterol, mmol/L 4.7 (4.4, 4.9) 4.9 (4.6, 5.2) 0.145 

Triglycerides b, mmol/L 1.7 (1.3, 2.0) 2.0 (1.7, 2.3) 0.245 

HDL-C b, mmol/L 0.94 (0.87, 1.00) 0.98 (0.90, 1.06) 0.433 

LDL-C, mmol/L 2.8 (2.6, 3.0) 2.9 (2.6, 3.2) 0.487 

SBP b, mm Hg 115 (109, 120) 121 (114, 128) 0.158 

DBP, mm Hg 69 (66, 72) 74 (71, 78) 0.020 

Waist circumference, cm 90 (87, 94) 91 (87, 95) 0.711 

BMI, kg/m2 25 (24, 27) 24 (22, 26) 0.458 

WHR 0.93 (0.91, 0.95) 1.00 (0.97, 1.02) 0.001 

Smoking status, % 53 51 0.940 (χ2= 0.006) 

Diabetes, % 21 27 0.464 (χ2= 0.537) 

Metabolic syndrome c, % 47 35 0.218 (χ2= 1.52) 

a Data presented as mean (95% CI) except for categorical data; b Geometric mean (95% CI); c NCEP ATP 
III criteria. 
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WHR was the only anthropometric variable to differ significantly between men and 

women. Cholesterol levels were not elevated, however, dyslipidaemia (low HDL-C 

with relatively high triglyceride levels) was apparent in both men and women. Blood 

pressure was higher in men. Circulating CRP levels were very high in the screened 

population and more so in women. One in four had diabetes and one in two women 

had the metabolic syndrome. There were no gender differences for SSAO activity 

levels or smoking status.  

 

Further analysis showed that people with diabetes were significantly older and had 

more adverse risk factor profile: higher BMI, elevated CRP, triglycerides and lower 

HDL-C (data not shown). Mean (95% CI) SSAO activity levels were higher in both 

men and women with diabetes versus those without diabetes [503 (443, 571) mU/L 

versus 412 (384, 442); P=0.008]. 

 

Pearson correlations in the total sample were performed to assess the strength of the 

relationship between SSAO activity and biochemical and anthropometric variables. 

FPG was the strongest correlate of SSAO in the total sample (r=0.360, P<0.001), 

followed by HbA1c (r=0.259, P=0.010) and calculated insulin resistance (r=0.254, 

P=0.012). No correlation was found between SSAO activity and fasting insulin 

(0.143, P=0.159), BMI (r=-0.017, P=0.871), CRP (r=0.121, P=0.235), HDL-C (r=-

0.058, P=570) or triglycerides (r=0.169, P=0.096). Once controlled for glucose, no 

relationship was found between SSAO and other variables. 

  

In people without diabetes, FPG was the strongest correlate of SSAO activity 

(r=0.332, P=0.004) while LDL-C became borderline statistically significant 
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(r=0.215, P=0.064). There was no significant correlation between SSAO activity and 

all other parameters once controlled for FPG.  

 

The relationship between SSAO activity and the metabolic syndrome was further 

investigated: Significantly higher SSAO activity levels were detected in the presence 

of the metabolic syndrome and hyperglycaemia and was borderline significant with 

elevated triglycerides, shown in Figure 2-5. There were no statistically significant 

differences between men and women in the presence or absence of components of 

the metabolic syndrome (all P≥0.414), nor was an effect of gender on any of these 

relationships with individual components of the metabolic syndrome significant (all 

P≥0.098). When people with diabetes were excluded from the analysis, SSAO 

activity approached statistically significant levels in people with hyperglycaemia 

versus normoglycaemia [mean (95% CI) SSAO activity 510 (392, 664) versus 406 

(380, 434) mU/L, P=0.098]. 
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Figure 2-5. SSAO activity levels in the presence of the metabolic syndrome and its components 
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The analyses presented in Tables 5-5 & 6-5 present the most likely determinant(s) of 

SSAO activity in the survey sample. 

 

Table 5-5. Principal Component Analysis to identify groups of 

variables as potential determinants of SSAO activity 
a
 

Factor (variance explained, %)b Variables 

1 (28.1%) 2 (21.6%) 3 (15.8%) 

Loge HbA1c 0.727   

Loge IR 0.826   

Loge CRP 0.563   

Waist girth, cm 0.723   

Loge triglycerides, mmol/L   0.713 

Loge HDL-C, mmol/L -0.482   

Non-HDL-C, mmol/L   0.856 

Loge SBP  0.935  

DBP  0.931  
a Principal components extraction, Varimax rotation with Kaiser normalisation, 
Eigenvalue >1.0; b Accumulated variance explained in the population = 65.3%. Absolute 
values less than 0.45 were suppressed. 

 

Principal component analysis was performed to identify groups of related variables 

as potential predictors of SSAO activity. Three factors (Eigenvalues >1) were 

generated in the model (KMO = 0.657, Bartlett's Test of Sphericity P<0.001), 

accounting for 65.3% of the total variance in the population. The first Factor 

correlated best with insulin resistance and associated abnormalities (hyperglycaemia, 

abdominal adiposity, CRP, dyslipidemia). The second Factor correlated with blood 

pressure components. The third Factor correlated with the major lipid fractions. The 

newly generated Factors were then used in a multivariate regression analysis as 
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determinants of SSAO activity, along with age, gender, smoking status and renal 

function, as shown in Table 6-5: 

 

Table 6-5. Multivariate linear regression analysis for variables predicting 

the total variance in SSAO activity 

Predictor B coefficient (95% CI) P value 

Constant 5.9 (5.6, 6.2) <0.001 

Age 0.002 (-0.004, 0.008) 0.506 

Gender -0.001 (-0.143, 0.140) 0.985 

Smoking status 0.116 (-0.025, 0.257) 0.106 

Renal function * 0.0002 (-0.127, 0.128) 0.998 

Factor 1 0.093 (0.018, 0.167) 0.015 

Factor 2 0.015 (-0.073, 0.103) 0.734 

Factor 3 0.27 (-0.045, 0.100) 0.455 

* Categorised to normo-, micro- and macroalbuminuria. 

 

The model accounted for 13.1% (P model= 0.115) of the total variance in SSAO 

activity levels, with Factor 1 (insulin resistance Factor being the only significant 

variables in the model. Although the model was not viable statistically, it allowed to 

tease out elements that may be determinants of SSAO. Once stepwise method was 

used, a single model was created, having only Factor 1 (r2=7.8%, P=0.008) 

accounting for the total variance in SSAO activity. Further explorative measures of 

Principal Components Analysis using both Varimax and Direct Oblimin rotations 

(the latter rotation assumes no independence between components) yielded similar 

results (data not shown).  
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The above analyses showed that there was no relationship between renal function or 

smoking status and SSAO activity. This outcome was unexpected as smoking is an 

established risk factor for CVD and renal dysfunction is associated with metabolic 

dysfunction, prompting further investigation into the relationship between SSAO 

activity and smoking status and SSAO activity and albuminuria. In a univariate 

model, SSAO activity was not elevated in smokers versus non-smokers [437 (401, 

477) versus 419 (383, 460) mU/L, P=0.523]. The relationship between SSAO 

activity and renal function was further investigated, shown in Figure 3-5. 

 

Figure 3-5. The relationship between SSAO activity and ACR in men (dashed 

line) and women (solid line) 
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612) mU/L; P linear trend =0.775, P model =0.720). Moreover, there was no statistical 

difference between any given renal categories in post-hoc comparisons (all P≥0.510).  

 

 

SSAO activity and circulating glucose levels  

The analyses presented above indicate that glucose levels, insulin resistance 

components and associated abnormal metabolic parameters were the strongest 

correlates of SSAO in the total sample. The following analysis includes 33 people 

that presented with FPG ≥5.5 mmol/L on a glucometer in the field and for whom 

OGTT was done. 

  

Figure 4-5. Scatter-plot* of the relationship between fasting SSAO enzymatic 

activity and 2hr post glucose challenge in men (♂; n=8, dashed line) and women 

(♀; n=25, solid line) 

 
 

 

* Scale used for the axes was a power-exponent. 
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Pearson product-moment correlation for men and women was 0.472 (P=0.237) and 

0.458 (P=0.021) respectively, and that for the total sample was 0.412 (P=0.017), 

shown in Figure 4-5 above. Linear regression model with sex and 2hr plasma glucose 

as determinants of SSAO activity showed that the model accounted for 21.6% of the 

total variance in SSAO activity (P=0.026). 

 

Using OGTT, two people with FPG ≥5.5 to 7.0 mmol/L in the field were newly 

diagnosed with diabetes, and SSAO activity levels were higher on average by 36% 

relative to people with FPG <7.0 mmol/L [559 (383, 735 versus 412 (366, 459) 

mU/L, P=NS) , shown in Table 7-5. 

 

 

Table 7-5. Glucose and SSAO activity levels of people with newly diagnosed diabetes  

Sex (age, years) Glucometer 

FPG, mmol/L 

Laboratory FPG, 

mmol/L 

Laboratory 2hr glucose, 

mmol/L 

SSAO activity, 

mU/L 

♂ (46) 6.4 5.9 12.2 697 

♀ (47) 6.8 6.1 13.2 421 
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Table 8-5 shows Pearson and Spearman correlations between SSAO activity and 

relevant parameters of insulin resistance in people with OGTT: 

 

Table 8-5. Bivariate correlations of SSAO activity with glucose metabolism 

components, with and without adjustment for FPG (n=33) * 

Variables r value P value 

Zero order correlations (Pearson correlations) 

2hr plasma glucose, mmol/L 0.424 0.014 

2hr plasma insulin, mU/L -0.051 0.778 

Calculated insulin resistance 0.181 0.313 

Fasting plasma insulin, mU/L -0.015 0.934 

FPG, mmol/L 0.578 <0.001 

   

Spearman partial correlations (adjusted for FPG) 

2hr Plasma glucose, mmol/L 0.002 0.991 

2hr plasma insulin, mU/L -0.104 0.572 

Calculated insulin resistance -0.162 0.376 

Fasting plasma insulin, mU/L -0.161 0.378 

* Continuous variables, not transformed. 

 

Pearson correlation for both FPG and 2hr plasma glucose levels with SSAO activity 

was statistically significant. There was no statistically significant relationship 

between SSAO activity and all variables once controlled for FPG. In a multiple 

linear regression model, insulin resistance parameters were tested as determinants of 

SSAO activity, shown in Table 9-5.   
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Table 9-5. Multivariate linear regression of the components of glucose 

metabolism as predictors of baseline SSAO activity in 33 people with 

available OGTT * 

Predictor B coefficient (95% CI) P value 

(Constant) 5.4 (5.0, 5.8) <0.001 

Age 0.08 (-0.0003, 0.017) 0.058 

Gender 0.115 (-0.112, 0.342) 0.348 

2hr Plasma glucose, mmol/L 0.037 (0.0003, 0.74) 0.048 

2hr plasma insulin, mU/L -0.001 (-0.002, 0.001) 0.361 

Calculated insulin resistance 0.013 (-0.057, 0.083) 0.701 

* R2=0.329, P model=0.045. 

 

2hr plasma glucose was the single significant determinant of SSAO activity and age 

was borderline significant, with the model accounting for 32.9% of the total variance 

in SSAO activity. The inclusion of waist circumference (P=0.021) but not BMI 

(P=0.059) in the model significantly changed the outcome of the model, with 

calculated insulin resistance becoming borderline significant (P=0.052) and with the 

model accounting for 47.4% of the SSAO total variance. Removal of calculated 

insulin resistance and inclusion of its two components FPG and fasting insulin in the 

model showed while both were not statistically significant, FPG somewhat 

approached statistically significant levels (P FPG=0.079) with the model accounting 

for 40.4% of the total variance in SSAO activity (P model=0.025). Using stepwise 

linear regression in the model, FPG was the single predictor of SSAO activity in the 

OGTT subset sample, accounting for 30.7% of the total variance in SSAO activity in 

the model (P model=0.001). Removal of FPG from the model showed that 2hr glucose 

was the single predictor of SSAO activity, accounting for 17.0% of the total variance 

in the model. 
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Oral glucose challenge and SSAO activity 

The relationship of SSAO activity with circulating glucose levels clearly showed that 

both FPG and 2hr post glucose challenge were very strong predictors of baseline 

SSAO activity. OGTT is a test that identifies glucose intolerance. Generally, people 

develop hyperinsulinaemia as a response to poor glucose uptake and at some point 

cannot cope with rising levels of glucose in the circulation, resulting in 

hyperglycaemia. From the available data, it is possible that the mechanism by which 

SSAO activity is elevated is related to the response of glucose uptake by cells. This 

is probably due in part to the co-localisation of SSAO/VAP-1 with GLUT-4 in 

cytoplasmic vesicles in cells and its reported insulin mimicry function of its 

enzymatic activity (307, 349, 361). Alternatively, this is so due to baseline 

circulating glucose levels, in which fasting and 2hr glucose levels are positive 

correlates. Further details relating to SSAO activity and glucose levels are provided 

in the Discussion section. 
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SSAO activity in clinical settings - SSAO activity and CRP as predictors of 

arterial thickness in coronary artery bypass graft surgery patients 

 

Origin of data, previous findings 

The following investigation builds on previous work by Dr. Andrew Wilson, Prof. 

James Best, Associate Prof. Alicia Jenkins and their students and technical staff on 

the relationship of CRP with measures of atherosclerosis in patients that underwent 

coronary artery bypass graft surgery (CABGS) at St Vincent’s Hospital Melbourne. 

Available information includes general clinical characteristics, drug therapy and 

intima media thickness (IMT) assessment. Previous findings showed that CRP 

correlated significantly with measures of vascular compliance and across the 

coronary bed in atherosclerotic patients. 

 

 

Rationale 

Increased mRNA CRP levels have been reported in SMC of atherosclerotic lesions 

and plaques (246, 247). CRP levels have been shown to increase linearly with, and 

predict the progression of, atherosclerosis in multiple sites in the arterial tree (362). 

Other studies have shown that IMT is a strong predictor of CHD (316). Additionally, 

studies on preoperative CRP and outcome after CABGS showed that elevated CRP 

levels were associated with increased risk of postoperative death [≥10.0 versus <10.0 

mg/L; (363)]. CRP has also been shown to increase vascular CAMs in-vitro (270, 

271). Serum SSAO activity has been reported to correlate with carotid plaque score 

and IMT (325) and other CAMs have been reported to correlate with carotid IMT 

(364). 
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Aim 

To examine the relationship between VAP-1/SSAO activity, CRP and arterial 

thickening in CABGS patients. 

 

 

Expected outcome and significance 

The expected outcome from the statistical analysis was that SSAO activity, CRP 

levels and arterial thickening are all significant correlates in an advanced 

pathophysiological state. The significance of such outcomes has implications for the 

use of SSAO activity (and CRP) in people with symptomatic CVD; they may assist 

in evaluating soluble components that are implicated in atherogenesis (whether 

released locally or not), and clinically, such findings may add prognostic value to 

assessments of patients with active atheromas. 

 

 

Patients and procedures 

Briefly, excised trimmings of radial and mammary arteries were collected from 

CABGS patients (n=15). Subjects were clear from having an inflammatory related 

disease, such as chronic inflammatory condition, infection or other types of 

malignancy six months prior to operation. Fasting plasma and serum samples were 

collected and assessed for glucose and lipid profile in a NATA accredited laboratory. 

CRP was assessed in-house in serum samples using nephelometry (Dade-Behring, 

Marburg, Germany) and SSAO activity was measured in-house (see section on 

determination of SSAO activity in Methods Chapter, page 43). Assessment of IMT 

was done as follows: Tissues obtained during surgery were divided, fixed and 
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embedded in paraffin. Three-micrometer sections were cut using a microtome and 

mounted onto slides. Assessment of intima to media ratio (IMR) included staining 

with Verhoeff’s elastic stain and Masson’s trichrome. Images were digitized on a HC 

2000 camera and analysed using an Analtrace imaging system (Ontario, Canada). 

Elastic laminae were identified after staining and three separate measurements taken 

of the intimal and medial thicknesses with callipers and the average IMR was 

reported. The technique is illustrated in Figure 5-5. 

 

Figure 5-5. Technique for measuring IMR * 

 

 

 

* Figure was taken from Dr. Wilson’s thesis. The letter ‘I’ denotes intima, ‘M’ denotes media and ‘A’ 
denotes tunica adventitia.  
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Table 10-5 summarises clinically relevant characteristics of CABGS patients. 

 

Table 10-5. Characteristics of CABGS patients (n=15, male 11/15) 

 Variable Median (Inter-quartile range) Range 

Age, years 66 (60-76) 43-83 

FPG, mmol/L 5.1 (4.5-5.4) 4.3-7.0 

HbA1c, % 5.8 (5.3-5.9) 5.1-6.5 

Total cholesterol, mmol/L 4.1 (3.4-5.2) 3.1-6.6 

HDL-C, mmol/L 1.09 (0.92-1.29) 0.70-1.84 

LDL-C, mmol/L 2.25 (1.88-3.26) 1.40-4.10 

Triglycerides, mmol/L 1.30 (1.13-1.83) 0.70-1.84 

SBP, mm Hg 136 (107-150) 82-168 

DBP, mm Hg 74 (63-83) 48-89 

BMI, kg/m2 28 (25-30) 23-33 

SSAO, mU/L 377 (283-394) 116-543 

CRP, mg/L 1.5 (0.8-5.0) 0.2-19.9 

IMT, µm 569 (333-625) 140-946 

IMR 0.160 (0.070-0.236) 0.046-0.377 

 

The patients were aggressively controlled for cholesterol and blood pressure levels, 

therefore it was no surprise that their mean levels of clinically relevant characteristics 

were all within the normal range, except for BMI, which was indicative of 

overweight status. Both CRP and SSAO levels were relatively lower than expected in 

this subset, possibly due to the extensive use of antihyperlipidemic (88%) and 

antihypertensive (75%) drugs.  
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Table 11-5 presents P values of univariate linear regression analyses for selected 

variables as predictors of IMT and IMR. 

 

Table 11-5. P values generated from univariate linear regression 

analyses of IMT and IMR as functions of selected variables 

Variable IMT IMR 

SSAO, mU/L 0.993 0.042 

FPG, mmol/L 0.034 0.280 

HbA1c, % 0.461 0.528 

Total cholesterol, mmol/L 0.387 0.353 

Triglycerides, mmol/L 0.960 0.345 

HDL-C, mmol/L 0.227 0.050 

LDL-C, mmol/L 0.527 0.166 

BMI, kg/m
2
 0.347 0.042 

CRP, mg/L 0.020 0.246 

SBP, mm Hg 0.912 0.337 

DBP, mm Hg 0.632 0.724 

Pulse Pressure, mm Hg 0.857 0.282 

 

 

In univariate comparisons, CRP and FPG were significantly associated with IMT, 

while SSAO and BMI were significantly associated with IMR, and HDL-C was 

borderline significant. However, in multivariate models (Tables 12-5 & 13-5 below) 

CRP and SSAO were not independent significant predictors albeit both models were 

statistically significant (P≤0.027), with model with SSAO (Table 12-5; P=0.111) not 

significant once HDL-C was included. 
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Table 12-5. IMR as a function of SSAO and BMI * 

95% CI for B Variable B Coefficient 

Lower Bound Upper Bound 

P value 

(Constant) 0.737 0.299 1.176 0.003 

SSAO, mU/L -4.62 × 10-4 -0.001 4.43 × 10-5 0.070 

BMI, kg/m2 -0.015 -0.031 0.001 0.069 

* r2=0.490, Pmodel=0.025. Inclusion of HDL-C in the model resulted in Pmodel=0.111. 

 

Table 13-5. IMT as function of FPG and CRP * 

95% CI for B  Variable B Coefficient 

Lower Bound Upper Bound 

P value 

(Constant) 94.9 -720.0 909.8 0.802 

FPG, mmol/L 100.7 -47.5 249.0 0.163 

CRP, mg/L -27.7 -60.8 5.3 0.092 

* r2=0.482, Pmodel=0.027. 

 

Taken together and given the low sample size in each model, these outcomes indicate 

that both SSAO and CRP are predictors of measure of atherosclerosis. 

 

 

Interpretation 

SSAO activity and CRP levels in serum were significant independent predictors of 

IMR and IMT respectively in CABGS patients with or without the inclusion of other 

established CVD-risk markers. IMT and IMR are measures of atherosclerosis and 

have been shown to predict CHD (316). CRP, SSAO activity and other soluble 

CAMs have been shown to be associated with atherogenesis (325, 362, 364). 

Additionally, studies on preoperative CRP and outcome after CABG surgery showed 
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that patients with CRP ≥10.0 mg/L were at greater risk of postoperative death 

compared to patients with CRP <10.0 mg/L (363). A prognostic cut-off value for 

SSAO activity above 550 mU/L has also been proposed to predict increased risk of 

death by 50% (relative to values below the mark) in patients with chronic heart 

failure (315). These observations indicate that SSAO activity measurement and CRP 

levels may be important prognostically in patients with symptomatic CVD. Both 

SSAO and CRP may also be implicated in the biology of atherogenesis (whether 

released locally or not) in these patients. Further interpretation and relevance of 

SSAO activity in CABGS patients is provided in the Discussion section. 
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Discussion 

The following discussion details observational studies on SSAO activity in 

Indigenous people and in CABGS patients. This section discusses SSAO activity in 

the samples, providing a platform for further discussion of more speculative nature. 

 

SSAO activity in the survey sample of Aboriginal Australians increased with 

abnormal glucose metabolism (by approximately 20%) concurring with the current 

literature (138, 325, 352, 353), but overall enzymatic activity levels were not 

elevated relative to the literature (101, 305, 315, 353). Additionally, SSAO activity in 

the survey sample of Aboriginal people was higher than in patients that underwent 

CABGS and residing in Melbourne. Interestingly though, SSAO activity in 

Aboriginal Australians fell within the normal range in healthy people aged 16 to 60 

[150-550 mU/L, (352)]. Given that SSAO activity in serum samples has been shown 

to be derived from the soluble CAM VAP-1 (138, 139) and that other inflammatory 

markers, such as CRP and other CAMs, were greatly elevated in this sample and 

other Aboriginal populations (33, 263), SSAO activity was also expected to be high. 

Additionally, SSAO activity was not significantly different across categories of renal 

status, an established CVD risk factor and indicator of vascular damage (181), but 

was elevated in the presence of the metabolic syndrome; driven by hyperglycaemia. 

Also, SSAO activity in the circulation was not directly related to body fatness, 

despite comprising about 1% of the total membrane proteins on adipocytes (317). 

Moreover, observations in the subset sample of 33 people with available OGTT 

confirmed that glucose levels were the strongest predictors of SSAO activity. Taken 

together, these observations suggest that SSAO activity is driven by circulating 

glucose, often present in people with insulin resistance.  
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In these two studies reported in the Result section, SSAO activity was associated 

with risk factors for atherosclerosis, consistent with the current consensus that 

increased SSAO activity is positively associated with vascular damage (307, 355). 

SSAO activity in the Indigenous sample was elevated in the presence of a key CVD 

risk factor, hyperglycaemia, which is included in the criteria for the metabolic 

syndrome. This observation provides further evidence that the most powerful 

determinant of SSAO activity levels is circulating glucose levels, a common feature 

in people with the metabolic syndrome. Manifestations of elevated glucose levels 

have important impact on vascular function, with SSAO activity being implicated in 

hyperglycaemia-related atherosclerosis. 

 

Tobacco smoking, an established CVD risk factor, was hypothesised to increase 

SSAO activity (366). In this survey, cigarette smoking was assessed by self-report 

(yes/ no questionnaire). Although smoking was not a significant determinant of 

SSAO activity in this dataset, it is important to note that, inconsequent to SSAO 

activity, cigarette smoking is highly prevalent in both Aboriginal men and women in 

the sample and across Indigenous Australia (41, 45, 47-49). It has been estimated 

that people who smoke 20 cigarettes per day are exposed roughly to a range of 0.9-

2.0 mg per day of formaldehyde (367). Formaldehyde at this dose is known to have 

adverse effect on the vasculature, and tobacco smoke contains many other toxic 

chemicals. Further investigation is therefore warranted to elucidate whether cigarette 

smoking has relevant additive effect on the concentration of aldehydes that are also 

the product of SSAO activity, or whether its effect on SSAO activity is direct or 

indirect. However, whether SSAO activity is elevated in response to increased levels 
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of its substrates is doubtful. For example, a preferred SSAO enzymatic substrate, 

methylamine, is ubiquitous in the circulation and is elevated in diabetes. In uremic 

patients, methylamine clearance is impaired (307), leading to very high levels of this 

end-metabolite in the body. Despite this and given that SSAO activity is supposed to 

be elevated in this condition, SSAO activity in those with macroalbuminuria was not 

elevated relative to normoalbuminuria. This suggests that the enzymatic activity of 

SSAO may not be related to the levels of methylamine, its preferred substrate, 

possibly due to already available saturation levels of methylamine in the circulation 

relative to the enzymatic concentration in the body. Regardless of these findings, 

smoking cessation must continue to be a priority at any level of public health 

intervention.  

 

SSAO/VAP-1 has been shown to co-localise with GLUT-4 in GLUT-4-expressing 

tissues (e.g. adipocytes, vascular EC and SMC), and insulin has been shown to not 

modify the cellular distribution of the vesicles in which GLUT-4 and SSAO co-

localise (349). Also, the enzymatic activity of SSAO has been shown to mimic 

insulin function through phosphorylation of insulin-receptor substrates (307, 349, 

361). Coupled with the positive associations between SSAO activity and baseline 

glucose and 2hr post glucose challenge in the Indigenous sample, it is possible that 

SSAO activity may have an additive or complementary effect to that of insulin in the 

body and therefore may function as a balancer of glucose uptake, supporting the vital 

regulatory functions of cells. While this theory appears to contrast the hypothesis that 

increased SSAO activity exerts an adverse effect on the vasculature (307, 357), the 

two proposed functions may coexist or alternate in patho/ physiologic conditions. 
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SSAO/VAP-1 is widely distributed in the body and may thus have different functions 

in different tissues. While SMC SSAO/VAP-1 has been hypothesised to account for 

its enzymatic activity in the vasculature at least in part as a detoxifier of xenobiotics 

(305), SSAO/VAP-1 expressed on EC has been shown to assist in recruitment of 

leukocytes to areas of inflammation (74, 308). While serum SSAO activity can 

originate from a number of body tissues, including the liver (138), SMC (368), the 

endothelium or adipose tissue (318), there is still debate as to the most likely source 

of soluble circulating SSAO/VAP-1. Serum SSAO/VAP-1 has been shown to 

resemble that on EC as both are heavily decorated with sialic acid residues (74). 

Establishing the origin of SSAO/VAP-1 in the blood is important as it may become a 

useful indicator of a current inflammatory condition. Indeed, a number of 

experimental studies on inflammation have been shown to link SSAO/VAP-1 and the 

endothelium (74, 326, 328, 352). The implications of establishing a direct link 

between vascular EC, circulating SSAO/VAP-1 and inflammation are that 

quantification of SSAO enzymatic activity may be a tool to assess an inflammatory 

condition that directly involve the vascular endothelium. 

 

Whether inhibition of SSAO activity in the body has beneficial effects is in doubt. 

SSAO activity may increase intracellular oxidative stress (369), and contribute to cell 

damage by the formation of aldehydes, such as the dicarbonyl methylglyoxal, an 

intermediate form of AGEs (345), in itself implicated in cell damage and vessel 

stiffness (151). Additionally, it has been hypothesised that SSAO activity has a direct 

effect on vessel compliance (343). However, SSAO/VAP-1 is expressed in various 

tissues and organs and is constitutively expressed in vessel SMC, suggesting that 

SSAO activity may have an important physiologic role. Inhibition of SSAO activity 
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may therefore only have benefits in pathophysiologic conditions, where activity is 

elevated (307, 312-314) and possibly contributing to overload of H2O2 intracellularly 

that is usually neutralised efficiently in physiologic conditions by glutathione 

peroxidase and catalase. Indeed, antihypertensive and insulin sensitising drugs have 

been shown to retard SSAO activity (341-343). Whether amelioration of chronic 

conditions using drug therapy is via inhibition of SSAO activity is yet to be 

determined, though it has been suggested that their effect may be via inhibition of the 

enzyme (340, 343). It is therefore plausible that the low levels of SSAO activity in 

serum of CABGS patients were due to medication taken, thus possibly confounding 

additional relevant information about their tolerance to glucose levels. Nevertheless, 

SSAO activity in serum was a statistically significant predictor of arterial stiffness in 

CABGS patients, albeit these associations were weaker in the presence of other 

variables such as BMI. Therefore, the use of SSAO activity levels as an indicator of 

atherosclerosis in patients with known atheromas warrants further investigation to 

elucidate these relationships, including its value as an adjunct to indicators currently 

used to identify glucose intolerance, an established driver of vascular damage. 

 

In conclusion, SSAO activity was strongly related to circulating glucose levels in the 

Indigenous sample and potentially a predictor of vessel stiffness in CABGS patients. 

Whether or not SSAO activity directly exert adverse effects on the vasculature is yet 

to be elucidated in both physiological and pathophysiological conditions, but its use 

as a marker of glucose-related abnormal metabolic condition and arterial stiffening 

appears promising.  
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CHAPTER 6: INFLAMMATION, OXIDANT STRESS, ABNORMAL 

METABOLISM AND DIET IN A CONTROLLED ENVIRONMENT 

  

Introduction 

Previous observations reported in this thesis and other published material were 

discussed in detail in Chapters 3, 4 and 5. Of these, SSAO activity was shown to 

correlate strongly with glucose levels per se but there did not appear to be a 

relationship between CRP and glucose. Other findings showed that CRP levels 

correlated with body fatness in women but not in men. Also, diabetes and the 

metabolic syndrome and each of its components were prevalent in Aboriginal people 

in the survey sample, with low HDL-C featuring prominently. 

 

CRP has been shown to correlate with some EC CAMs expression (207, 370), and 

both were reported to be elevated in Aboriginal populations (33, 263), concomitant 

with high prevalence of abnormal glucose metabolism and atherogenic lipid profile. 

Despite this, SSAO/VAP-1 activity in serum, a CAM-derived enzymatic activity, 

was not elevated relative to non-Aboriginal Australians using the same analytical 

system, but was shown to be elevated in people with abnormal metabolism, such as 

diabetes and the metabolic syndrome, concurring with the literature (140, 313, 314, 

371). That SSAO activity was strongly associated with both fasting and OGTT 

glucose levels raises questions about the role of circulating glucose levels in 

regulating CAMs expression and the effect of CRP and lipids on SSAO/VAP-1 

expression and activity. 

 

As for the atherogenic lipid profile observed in the survey samples, low HDL-C was 

prevalent in both men and women. Additionally, poor nutritional status has been 
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reported for Aboriginal Australians (21-23) and a positive relationship between 

HDL-C enzymatic activity and diet-derived antioxidants was reported (211), both 

implicated in vascular health. Low levels of atheroprotective HDL-C and diet-

derived antioxidants may predispose to increased oxidation of circulating or trapped 

lipids. Lysophosphatidylcholine is a phospholipid that is derived from modified 

LDL-C (331) and that has been shown to be the atherogenic component of the 

trapped lipoprotein (333). Lysophosphatidylcholine has also been shown to be a 

chemo-attractant to monocytes (252), induce EC CAMs expression (333) and to 

resemble the endogenous activator of SSAO (336). Additionally, CRP binds avidly 

to lysophosphatidylcholine (229). On the other hand, lycopene, the most abundant 

carotenoid in the body, and other dietary carotenoids, have been demonstrated to 

attenuate adhesion to monocytes and expression of EC CAMs (372). Thus, a 

potential local reaction involving CRP, CAMs and modified lipids is possible: 

modified LDL-C may induce local VAP-1 expression and binding of monocytes/ 

macrophages, which can be enhanced when coupled with opsonisation by CRP, and 

all are implicated in a local atheroma. In this context, lysophosphatidylcholine has 

been shown to induce coronary SMC migration in culture (373), implying a potential 

role in arterial thickening. This relationship may be enhanced in the presence of 

hyperglycaemia, an established proatherogenic state. In support, SSAO activity and 

CRP have been shown to be positively related in experimental diabetes [r=0.631, 

P=0.0018; (344)].  

 

EC VAP-1 supports the binding of lymphocytes to EC (74, 308), and its expression 

is limited to areas of inflammation (328). Unlike EC VAP-1, SMC VAP-1 doesn’t 

support binding of blood-borne lymphocytes (328), and has been hypothesised to 
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serve as the major source of the tissue-bound enzymatic activity (325). This suggests 

that SMC VAP-1 expression is constitutive and that on EC VAP-1 is inducible and 

otherwise not expressed. As noted above, CRP upregulates EC CAMs expression 

(207, 370). Also, CRP recognises modified LDL-C as it is its autologous ligand and 

lysophosphatidylcholine has been shown to induce various CAMs (333) including 

VAP-1 (336). Given that the CAM EC VAP-1 supports the binding of lymphocytes 

to EC (74, 308) and bound CRP is recognised by leukocytes [via receptor FcγR (229, 

230)] to mediate immune phagocytosis, both suggest that CRP and VAP-1 may 

colocalise in an affected area and enhance phagocyte binding to the affected area. 

 

At this stage, the presence of both molecules and the nature of their relationship 

(direct or indirect) in physiologic conditions is unknown. However, it is clear that 

both are elevated in response to, but may be differentially related to, similar 

proatherogenic conditions and related diseases. The aim of the proposed experiments 

was therefore to elucidate the relationship between inflammation (CRP), oxidative 

stress (SSAO) and proatherogenic conditions (dyslipidaemia, hyperglycaemia and 

diet) in cultured vascular EC and SMC. The following experiments that were 

conducted during the candidature, and the Discussion section expanded on future 

proposed experiments that were considered but did not materialise. 
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Aims 

• To establish a validated method for the measurement of immunochemistry 

and activity of SSAO in vitro cell culture. 

• To examine factors that upregulate SSAO activity in vitro. 

 

 

Methods 

• Cell types, rationale: SMC from rat aorta (RA) was chosen as the primary cells 

to establish the methodology. This was so because RA SMC has been widely 

used as a highly proliferative, resilient and cost effective model. 

Immunocytochemistry for VAP-1 expression on cells followed in human 

coronary artery (HCA) SMC to establish constitutive expression. Quantification 

of SSAO enzymatic activity in HCA SMC was not possible in the conditions that 

were optimal for RA SMC proliferation, possibly due to the production of TGF-β 

by human vascular SMC, exerting an autocrine inhibitory effect on cell 

proliferation (133-135). 

 

• Media for growth and differentiation, rationale: SMC proliferation and 

passaging was performed according to standard protocols (132). Cells were made 

quiescent with low serum levels in standard medium (DMEM + 0.1% FBS) or 

differentiating medium (DMEM/F12) to validate a differentiation-dependent 

expression of SSAO in culture (374). Additional information can be found in the 

Methods Chapter, pages 85-90. 

Cell passaging and density in culture can affect protein expression. This has been 

noted for SSAO expression in cultured SMC where experiments were performed 
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between 4th and 10th passages (374). A number of experiments were carried out to 

rule out differences in SSAO/VAP-1 expression due to cell passaging between 

2nd and 7th passages. Potential bias due to cell density was managed by 

maintaining cells in a confluent state. 

 

• Measurement of SSAO enzymatic activity: Harvesting of SMC and 

quantification of SSAO enzymatic activity is detailed in the Methods Chapter 

(page 90). Briefly, cells were harvested from confluent 100 mm diameter cell 

culture dishes that were incubated in a constant 37°C and 5% CO2. The dish was 

washed twice with PBS, then 0.5 ml PBS was added to the dish and cells were 

suspended with a dedicated mechanical cell scraper. PBS was added to the dish 

and collected into a polypropylene vial. The total content was adjusted to 1.0 ml. 

The content was then homogenised and stored at -80°C until analysis. 

 

Two separate repetitions were made for each sample dish, unless otherwise 

stated, and the average was reported. Determination of SSAO enzymatic activity 

was detailed in the Methods Chapter in page 43. 

  

• Origin and expression of SSAO activity: SSAO/VAP-1 activity was measured 

in cell homogenates from confluent dishes. In order to determine constitutive 

expression of VAP-1, SMC was tested for surface VAP-1 using standard 

immunostaining techniques as detailed in the Methods Chapter (page 92).  
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• Glucose conditions: In order to establish the effect of glucose on SSAO activity, 

confluent SMC in culture were treated with varying concentrations of glucose 

levels (5.5, 17.5 and 25 mM dextrose) in a differentiating medium (DMEM/F12). 
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Results 

 

SSAO activity in RA SMC homogenates at 2
nd

 and 7
th

 cell passages 

Figures 1-6 & 2-6 show SSAO activity levels in RA SMC (P7) following incubation 

in differentiating and quiescent medium across time and cell passage tested, on a 

single run on an HPLC. 

 

Figure 1-6. SSAO activity in RA SMC across time performed on a single run on 

an HPLC 

 

 

Low levels of SSAO activity were detected in homogenised cells at Time 0 

(proliferative conditions; DMEM + 10% FBS). SSAO activity levels were highest in 

culture treated for 9 days in differentiating medium (DMEM/F12), and 

approximately double that in cells treated with quiescent medium (DMEM + 0.1% 

FBS). 

0

100

200

300

400

500

600

700

Time 0 6 days, 0.1% FBS 6 days, DMEM/F12 9 days, 0.1% FBS 9 days, DMEM/F12

SS
A

O
 a

ct
iv

ity
, m

U
/L



CHAPTER 6: EXPERIMENTAL STUDY 

  253 

Figure 2-6. Effect of cell passaging (P2 versus P7) on SSAO activity over 9 days 

on a single run on an HPLC 

 

 

 

SSAO activity levels were similar for homogenised RA SMC at P2 and P7 over a 

period of 9 days suspended in differentiating medium. SSAO activity levels from 

homogenised RA SMC at fourth passage produced similar results, as shown in 

Figure 3-6. 
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Figure 3-6. Effect of incubation period in differentiating medium on SSAO 

activity in RA SMC homogenates (P4, n=3) 

 

 
 
 
SSAO activity levels in cell homogenates were similar in both 6 and 9 days exposed 

to differentiating medium and both were 33 and 27 times higher respectively 

compared with the proliferative state (Time 0). SSAO activity levels were lower than 

in previous runs, however the differences noted were not attributable to cell 

passaging.  

 

 

 VAP-1 distribution on cell surface – immunostaining for VAP-1 

For the purpose of determining the distribution of VAP-1, HCA SMC were stained 

against VAP-1 antibody (TK8-14 clone, Chemicon Int. Inc, USA), which has been 

validated for human VAP-1 but not for rat cells. 
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Figure 4-6 shows a representative image of HCA SMC in culture and the following 

pictures in Figure 5-6 show the expression of VAP-1 on the cell surface of HCA 

SMC determined by immunocytochemistry. 

 

Figure 4-6. Typical micrograph showing HCA SMC in culture 
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Figure 5-6. Immunostaining for VAP-1 in HCA SMC across increasing concentration of primary antibody * 

 

* Fixed Exposure for VAP-1 antibody. α-actin antibody is a positive control for actin filaments in muscle cells. IgG2a is an isotype-matched negative control 
antibody.
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VAP-1 was present on the surface of cells that were treated with proliferating 

medium (DMEM + 10% FBS). The staining pattern for VAP-1 expressed on the cell 

surface differed from the negative control: while staining for IgG2a negative control 

shows a granulated staining pattern, that for VAP-1 shows staining across the cells. 

 

 

Effect of glucose concentrations in medium on SSAO/VAP-1 activity in culture 

Figure 6-6 shows SSAO activity levels in response to glucose levels in the medium. 

SSAO activity was performed on RA SMC P4 and the assay was optimised at 96 hrs 

(data not shown). 
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Figure 6-6. Effect of glucose concentration on SSAO activity in RA SMC (P4; 

n=4) 
 

 

 

SSAO activity increased linearly with increase in glucose concentration in the 

differentiating medium (PANOVA=0.012, PLINEAR TREND=0.007 for dose response groups). 

SSAO activity levels in medium with 17.5 mM and 25 mM dextrose were 8% and 

28% higher respectively, relative to baseline (Time 0). Enzymatic activity in 

quiescent medium or 5.5 mM dextrose were 14% and 18% lower respectively, 

relative to baseline. 
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Discussion 

The present experiments showed that VAP-1 was constitutively expressed on cell 

surface of HCA SMC. Additionally, SSAO activity in RA SMC increased with 

increase in glucose concentration in differentiating medium, consistent with clinical 

and epidemiological studies showing an increase in SSAO activity in the presence of 

hyperglycaemia in humans. 

 

SSAO/VAP-1 may be cell-bound or in a soluble form (324, 325) and it can be 

localised on the cell surface (325) where its SSAO enzymatic activity occurs (139). It 

has been hypothesised that tissue-bound vascular SMC VAP-1 serves as the major 

source of SSAO enzymatic activity (325), possibly to serve as a detoxifier of 

xenobiotics (305) and/ or to deaminate other exogenous and endogenous primary 

amines. This suggests that VAP-1 expression on vascular SMC is constitutive rather 

than inducible during inflammation. In support, Jaakkola et al (324) showed that 

SMC VAP-1 was not inflammation-inducible like EC VAP-1 (326). Jaakkola (328) 

later showed that VAP-1 expression on the luminal surface of the endothelium was 

found to be limited to areas of inflammation. In this study, immunostaining for VAP-

1 on HCA SMC showed the presence of this protein without inflammatory stimuli 

and in a proliferation-enabling medium, supporting the assumption of its constant 

enzymatic function. 

 

That SSAO/VAP-1 expression on vascular SMC has been shown to be 

differentiation-dependent (374) concurs with findings reported here for enzymatic 

assay in cells of similar origin (RA SMC). These outcomes support the notion of 

differential expression of SSAO/VAP-1 in cells of different origin. Alternatively, 
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differences may be related to handling and overall optimal proliferating conditions. 

Indeed, difficulties in successful proliferation of HCA SMC in culture were apparent, 

hence cultured RA SMC were used for SSAO activity assays. It is possible that low 

level of proliferation of HCA SMC was due to production of TGF-β that exerts an 

autocrine inhibitory effect on vascular SMC proliferation (133-135), however this 

was not tested on the HCA SMC used in this study. 

 

The following section discusses the potential effect pro-inflammatory conditions 

have on SSAO activity. Experiments were designed to test for dietary and 

inflammatory effects on SSAO expression and activity in culture but did not 

materialise. Nevertheless, this section is relevant to the overall discussion about pro-

inflammatory pro-oxidant conditions. SSAO activity in human serum is chiefly 

mediated by soluble SSAO/VAP-1 (138-140), however definitive identification of its 

source has not been established.  SSAO/VAP-1 is found abundantly on adipocytes, 

constituting approximately 1% of total membrane proteins (317), where it has been 

shown to have insulin-like actions (307). The adipokine TNF-α is implicated in 

obesity-related insulin resistance and upregulates the production of CRP in the liver. 

Obesity is a recognised chronic inflammatory condition in which CRP is elevated. 

TNF-α has been shown to down-regulate SSAO/VAP-1 expression and activity in 

adipose tissue and to inhibit its insulin-mimetic activity (375). Abella et al (376) 

showed an increase in release of SSAO/VAP-1 to the medium concomitant with a 

decrease in its content in adipocyte extracts. Meszaros et al (377) reported a 

moderate linear increase in serum SSAO activity with increase in BMI in people with 

diabetes. Somfai et al (344) showed an inverse relationship between CRP and 

vascular SSAO/VAP-1 and a positive relationship with soluble SSAO/VAP-1 in 
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experimental diabetes. Lastly, findings by Visentin et al (378) concurs with the 

findings above, where a lower tissue-bound monoamine oxidase and SSAO activity 

was found in subcutaneous adipose tissues in experimental diabetes relative to 

normoglycaemic control subjects. These reports indicate that soluble SSAO/VAP-1 

activity in circulation is elevated in diabetes and also related to obesity, which may 

be related to an inflammatory process, but is decreased in the vasculature in these 

conditions. Also implied was that adipocytes serve as a considerable source of 

circulating VAP-1. Findings from the survey samples reported in previous thesis 

Chapters are not fully consistent with these observations, as there were high levels of 

the inflammatory marker CRP but not high soluble SSAO activity in circulation. 

Additionally, circulating SSAO/VAP-1 have been reported to originate from various 

organs including the liver (138), SMC (368) and EC (318), and all indicate that there 

is no single source in humans. Together, these data support the assumption that 

serum SSAO/VAP-1 can originate from various sources in the body, possibly by the 

diseased organ(s) (352), with a greater leaning towards the liver as a likely 

predominant source (138, 312, 354).  

 

Unfortunately, time did not allow to test for the effect of CRP on VAP-1 expression 

and its enzymatic activity in cultured coronary EC and SMC, however it has been 

demonstrated by others that CRP upregulates other EC CAMs expression (207, 370). 

It is therefore possible that increase in circulating CRP levels directly upregulates EC 

CAMs including VAP-1, thus contributing to pro-inflammatory and pro-oxidant 

conditions. Additionally, CRP and EC VAP-1 may colocalise in an affected area, as 

both are related to lipids: CRP recognises modified LDL-C as it is its autologuos 

ligand and lysophosphatidylcholine has been shown to induce various CAMs (333) 
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including VAP-1 (336). Thus it is possible that the relationship been CRP and 

SSAO/VAP-1 is both direct and indirect. Regardless, in either case the result is 

promoting pro-inflammatory and pro-oxidant conditions. 

 

This study showed that SSAO activity in SMC increased linearly with glucose 

concentration in medium. These results concur with published reports on increased 

SSAO activity levels in the presence of diabetes (140, 313, 314, 371). A number of 

studies have shown that SSAO activity regulates trafficking of GLUT-4 onto the cell 

surface and that the action is enabled via the production of H2O2 and subsequent 

phosphorylation of insulin-receptor substrates (307, 349, 361, 379). Salmi et al  (140) 

demonstrated that soluble SSAO/VAP-1 activity was inversely related to circulating 

insulin levels but unrelated to glucose levels per se in type-1 diabetics that underwent 

intravenous glucose tolerance test and hyperinsulinaemic clamp test. This suggests 

that insulin is a regulator of release of cell-bound VAP-1 to the circulation. 

Conversely, others have shown that glycaemic control improved once SSAO activity 

was stimulated by using SSAO substrates in experimental diabetes (350, 378), a 

process independent of insulin. Coupled with the knowledge that biogenic amines 

stimulate GLUT-4 translocation to the cell surface via increase in SSAO enzymatic 

activity (349, 350, 361, 380) suggests that SSAO activity adds to glucose uptake 

independent of insulin, concurring with the findings of this study.  

 

That increase in biogenic amines in circulation promotes glucose clearance via 

SSAO activity has not been properly addressed. Conklin et al (141) demonstrated 

that the primary amine methylamine is preferentially metabolised by SSAO with 

vasoactive effects in isolated blood vessels, and Yu (337) showed that inhibition of 
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SSAO activity prevented methylamine toxicity in-vitro, both indicating possible 

deleterious effects for SSAO enzymatic function. Methylamine is ubiquitous in the 

circulation and is derived from a multitude of sources. Elevated methylamine levels 

exist in diabetes mellitus and uraemia, and have been linked to early onset of 

atherosclerosis (325). Together, these findings suggest an antitoxic role for SSAO by 

clearance of amines from circulation but with a potential deleterious effects due to its 

enzymatic products. However, since methylamine is already ubiquitous in circulation 

it is therefore less likely to serve as a promoter of SSAO enzymatic activity, 

prompting the search of alternative explanations.  

 

A research team led by Reaven found a strong relationship between modified LDL-C 

and soluble ICAM-1 and measures of glucose disposal in healthy adults, and that 

these relationships remained independent of age, gender, BMI and lipoprotein 

concentrations (381, 382). Reaven also showed that levels of modified LDL-C 

increase with degrees of insulin resistance. These outcomes provide a link between 

defects in glucose disposal, rise in modified LDL-C and increase in pro-

inflammatory conditions. Given that VAP-1 is a CAM and coupled with the 

knowledge that lysophosphatidylcholine induces VAP-1 expression (336) and that 

SSAO/VAP-1 is also elevated in circulation in response to abnormal glucose 

metabolism, all point out that SSAO/VAP-1 expression may be upregulated by more 

than a single promoter, and may include induction by modified lipids, consistent with 

its pro-inflammatory function (328). In this context, HDL-C and diet-derived 

antioxidants levels may have important antiinflammatory properties: carotenoids 

have been shown to retard adhesion of monocytes to EC (372) and HDL-C has both 

antioxidant and antiinflammatory effects in the vascular wall that contribute to its 
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anti-atherogenic potential (383), including neutralising the pro-atherogenic oxidative 

modification of LDL (208). These effects have the potential to prevent or at least 

dampen the induction of VAP-1 by modified lipids. 

 

The mechanism proposed for CRP induction of inflammation is by binding to FcγR 

(229, 230), known to mediate immune phagocytosis. Increased expression of CAMs 

directly by CRP may enhance monocyte/ macrophage binding to affected area. HDL-

C has antiinflammatory properties, one that is able to neutralise CRP. These 

protective effects may be related to the oxidised level of HDL-C: Wadham et al 

(384) reported that unlike cytokine-induced expression of CAMs, the presence of 

HDL-C was crucial for dampening the pro-inflammatory effect of CRP on EC, which 

increased with oxidised HDL-C. It is therefore possible that the protective effect of 

HDL-C on CRP-induced CAMs is by increased affinity of CRP to oxidised lipids 

components, thus binding and subsequent neutralisation of CRP. 

 

The inhibition of SSAO activity pharmacologically was considered and prepared to 

be tested in-vitro but was not conducted during the candidature. Nevertheless, this 

may have importance to the discussion on SSAO activity and glucose levels, as some 

drugs that are in current use in diabetes are also known potent inhibitors of SSAO 

enzymatic activity. Hydrazines are one class of pharmacological compounds that 

have potent SSAO enzymatic activity inhibition properties. Inhibition of SSAO 

activity by hydrazines is possible by reaction with the 3-keto group of the phenyl 

ring 6-hydroxydopa, forming a covalent hydrazone adduct (342), as shown in Figure 

7-6. 
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Figure 7-6. Reaction between a hydrazine (aminoguanidine) and the SSAO 

cofactor hydroxydopa 

 

 

Figure was taken from Yu and Zuo (342). 

 

The beneficial effects of administration of the hydrazine metformin in diabetes and 

associated vascular risk has been reported (341, 358). Metformin has been proposed 

to react with methylglyoxal, a reactive dicarbonyl that is formed in the body in part 

by deamination of aminoacetone by SSAO, to form triazepinone (358), as shown in 

Figure 8-6. 
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Figure 8-6. Formation of triazepinone by reaction between metformin and 

methylglyoxal 

 

 

Figure was taken from Beisswenger and Ruggiero-Lopez (358). 

 

Hydrazines may therefore affect SSAO enzymatic activity either by inhibition of the 

enzyme function itself or by scavenging and reacting with its enzymatic products, or 

both. Thus, experimental studies involving enzymatic reaction and drug 

administration should measure the available substrate (e.g. aminoacetone) as well as 

its products (e.g. methylglyoxal, triazepinone in the presence of metformin) in order 

to determine these effects in-vitro and in-vivo, where formation of AGEs from its 

intermediate methylglyoxal has been reported to be reduced. Unfortunately, the 

proposed experiments that were in place to test for the pharmacological effects of 

hydrazines on SSAO activity did not eventuate within time boundaries of this thesis. 

Therefore it remains to be elucidated whether the beneficial effects of metformin in 

man is by direct inhibition of SSAO enzyme or by interacting with, and eliminating, 

its products, or both. In this context it still remains to be elucidated whether direct 

inhibition of this enzyme has consequences to normal biological processes, whether 
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there are any benefits in either physiologic or pathophysiologic conditions and 

whether benefits do occur only by neutralising its products downstream of its 

activity. 

 

To conclude, there is evidence that glucose directly increases SSAO activity in SMC, 

suggesting a possible involvement of SSAO activity in uptake of glucose by cells, 

independently of insulin levels. That SSAO activity increased linearly across glucose 

concentrations in-vitro also suggests another mechanism for circulating glucose as a 

pro-inflammatory/ atherogenic condition. Additionally, SMC was shown to 

constitutively express SSAO/VAP-1, supporting previous hypotheses regarding its 

enzymatic function as a detoxifier of xenobiotics or other primary amines. These 

outcomes may have relevance for the use of measuring SSAO activity in blood, as it 

may add additional knowledge on health and well-being. Therefore, its use as a 

marker of chronic abnormal metabolism is promising, especially in a population at 

high CVD risk for which use of traditional markers of health (e.g. total cholesterol, 

BMI) and recommendations of their cut-off values appeared to underestimate the true 

level of risk of CVD. 
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CHAPTER 7: THESIS SUMMARY AND CONCLUSIONS 

 

The focus of this thesis was on inflammation and oxidative stress and their 

relationship with abnormal metabolism and CVD risk in an Indigenous community 

setting. The thesis encompassed, firstly, epidemiologic data relating to abnormal 

metabolism in Aboriginal people across four regions in the central and northern 

Australia, and secondly, inflammation and oxidant stress in a single Aboriginal 

community in northern Australia. An attempt was made to elucidate the associations 

that were previously observed in a controlled environment using cell culture. Major 

findings in the thesis relate to the appropriateness of use of conventional criteria for 

the metabolic syndrome in identifying people at risk of CVD, the usefulness and 

interchangeability of POC with laboratory results for identifying people at high CVD 

risk in a community setting, the high and consistent CRP levels in men and women 

and the differential gender relationship between CRP and adiposity, and the strong 

relationship between SSAO enzymatic activity and circulating glucose levels. Some 

of the findings in this thesis may have direct implications on the conduct and use of 

biomarkers in risk factor screening studies. 

 

Among other topics, this thesis discussed the aspects pertaining to lifestyle changes 

in a manner that allowed assessment of current health status and quantification of 

change in peoples’ health. One of the larger aims of this thesis builds on the 

acknowledgement for the need in the identification of tools to assess health status 

and change in health of individuals and communities living in areas that are remote 

from urban centres. Indeed, the larger project aims to provide essential tools that 

would enable Aboriginal Australians to gain back control over their life, an 

empowerment process that can lead to self-determination, an acknowledged factor 
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which determines the quality and longevity of one’s life, as has been shown in other 

populations (51, 385).  

 

 

Community-based intervention studies 

The work related to this thesis formed a part of a large community-intervention 

programme. Diabetes and related conditions, including CVD and heart failure, are 

recognised by Aboriginal people as major problems in their communities and the 

cause of premature but probably preventable deaths (48). Actions to curb these 

theoretically preventable diseases are recognised as being urgently needed, but are 

very challenging to implement. Nevertheless, community-based interventions have 

been shown to have a positive impact on the health of people (23). Intervention 

strategies that aim to reduce the burden of non-communicable diseases are possible 

through diet and lifestyle modification and include measures, such as cutting the fat 

from meat, increasing the fruit and vegetable intake, increasing physical activity and 

implementing smoking cessation programs.  

 

Pivotal to successful interventions is the build-up and trust and the development of a 

substantial relationship between any external body and a community (the local 

Council as well as its constituents). In Galiwin’ku, the community from which data 

has been extensively used in this thesis, change in health outcomes is a process that 

demands persistence and time. While measures to improve health seem simple, they 

are not easy to implement and to sustain over long periods. It is probably for this 

reason that there was no biological evidence of change in health in the community as 

measured in the interim re-evaluation program. Nevertheless, some changes have 
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taken place, such as the initiation of garden projects, promoting various forms of 

physical exercise that are acceptable by the community members (dancing, family 

walking and hunting) and involvement in monitoring of the quality and quantity of 

foods that are sold in the community store (store turnover). It is envisaged that 

increase in knowledge of factors promoting health in the community may be 

translated into reduction in the burden of diabetes and associated conditions, 

including CVD. 

 

An integral part of intervention studies is quantifying change in health using 

biochemical and anthropometric markers. While measuring anthropometric variables 

is simple and provides immediate results, the need to draw venous blood to quantify 

biochemical markers can be contentious, and may well be a factor in influencing 

whether people participate in a health study. For example, 747 questionnaires were 

completed and collected from participants in the baseline survey in Galiwin’ku 

(2001-2003), but the proportion of obtained blood samples was close to 60%. Given 

that feedback of results to participants and to the health clinic in certain cases was a 

standard practice during the screening, POC would have allowed for additional 

information to be communicated to the participants. In support, a research group on 

rural and remote health based in Flinders medical centre in South Australia 

demonstrated that onsite testing for ACR was acceptable for early detection of renal 

disease and supported diabetes management in an Aboriginal community (130, 131) 

including onsite testing for HbA1c (122). Although not evaluated in Galiwink’u 

community, it is possible that by making biochemical results available onsite, this 

could have promoted or enhanced positive interactions and trust between individuals, 

the research group and the community health clinic. This could have also allowed for 
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informed clinical interventions to be performed in certain cases. POC instruments 

that were evaluated in the screening were shown to be a reliable alternative to 

laboratory measurements, and interchangeable with laboratory results for identifying 

people with conditions using conventional criteria, such as the NCEP metabolic 

syndrome. This outcome has the potential to impact positively on the conduct of 

intervention studies in the future. 

 

 

Metabolic syndrome and obesity, criteria and usefulness in Aboriginal people 

Aboriginal people suffer from very high incidence and prevalence of metabolic 

disorders compared with all other Australians (24-32, 40, 42). These include 

hyperglycaemia and/ or diabetes, abdominal obesity, low HDL-C, proteinuria and 

hypertension to a lesser extent. In concert, these conditions are termed the metabolic 

syndrome, recognised as a disease by the Centres for Disease Control under the name 

‘dysmetabolic syndrome X’. Criteria for the presence of the metabolic syndrome in 

people have been proposed by a number of international consultation groups. 

Comparison between criteria for the metabolic syndrome clearly showed a lack of 

agreement at identifying the condition in Aboriginal people. A clear preference to 

any criteria will rely on its predictive power that can only be validated in a 

longitudinal study, where knowledge of CVD events becomes available. Therefore, 

at this stage it is impossible to determine which of the criteria is actually better at 

predicting CVD events (and CVD mortality) in Aboriginal people. Moreover, it is 

envisaged that the criteria for the metabolic syndrome in Indigenous people will be 

modified, as differences among Aboriginal people and populations on which criteria 

were calculated were apparent, such as differential gender-specific fat deposition and 



CHAPTER 7: THESIS SUMMARY AND CONCLUSIONS 

  272 

body type relative to other populations (96). This is further complicated by the use of 

gender-specific cut-off values for certain parameters, such as low HDL-C. Using a 

common cut-off value of 1.0 mmol/L in the study, both Aboriginal men and women 

had similar proportions of those with the condition, unlike the general Australian 

population. It appeared that the application of gender-specific cut-offs that were 

derived from other populations was inappropriate, raising questions as to the 

relevance and generalisability of the current criteria for the metabolic syndrome. It is 

clear, however, that the NCEP criteria for the metabolic syndrome are more sensitive 

than the WHO criteria, identifying larger proportions of Aboriginal people at high 

CVD risk, though it may be that the WHO criteria are more specific. At this stage, 

given the high levels of CVD-related diseases in Indigenous populations (26, 31), the 

use of a more sensitive, more inclusive criteria is justified.  

 

Obesity is a strong driver of the increase in the prevalence of the metabolic syndrome 

and is part of, and associated with, its various components (147, 180). That NCEP 

criteria identify obesity as an important feature of the metabolic syndrome is 

supported by low risk for hypertension and hyperglycaemia in the very lean men and 

women. Conversely, low HDL-C, and to a lesser extent elevated triglycerides, were 

surprisingly common in the survey sample across regions. In this context it must be 

noted that while BMI is a widely used index of obesity, using the WHO 

classifications (178), it still is insensitive to differences in body composition, body 

fat distribution, gender, ethnic background and age (92-94, 196-198, 212, 213). In 

support, the high incidence and prevalence of metabolic disorders have been shown 

to occur in those fulfilling the criteria for the “healthy” BMI range (20-25 kg/m2) in 

Aboriginal people (26), as well as in other populations (94, 196-198). This is further 
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supported by differences in the prevalence of obesity across regions in Australia, 

where genetic admixture that may have occurred in regions such as the Cape York 

peninsula (with Indigenous peoples of Melanesian origin), is not inconceivable and 

therefore should be considered in such cases. 

 

Use of criteria for lipids as part of the metabolic syndrome may also contribute to 

agreement between one criterion to another. NCEP criteria have two lipid-associated 

factors while the WHO criteria combined the two into a single category. Given that 

dyslipidaemia is highly prevalent in Aboriginal people, it is plausible that this factor 

contributed considerably to the differences noted. Low HDL-C may be of particular 

importance in the survey samples, as its prevalence in men and women using the 

same cut-off value was not only similar between men and women, but also very high 

relative to other Australians regardless of criteria and cut-off values, giving rise to 

the relevance and generalisability of the current criteria for the metabolic syndrome. 

 

Given the very low HDL-C levels, HDL-C may have the strongest impact on health 

and longevity of Indigenous Australians, compared with other components of the 

metabolic syndrome. HDL-C has a recognised role of reverse cholesterol transport as 

well as features that are anti-atherogenic in nature (207, 208). The antioxidant 

enzymatic activity of HDL-C has been linked to CHD (209), and has been shown to 

be associated with improved dietary quality (211) and diet-derived antioxidants (33, 

211). Given the well documented poor nutritional status in remote Aboriginal 

communities (21-23), the very low HDL-C levels in these populations, the 

alarmingly high CRP levels (263) with its inverse association with plasma diet-

derived antioxidants in Aboriginal people (33, 211), and the very high CVD 
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mortality in Aboriginal people (24), HDL-C may have the strongest impact on health 

and longevity of Indigenous Australians, compared with other components of the 

metabolic syndrome. 

 

 

CRP as a potential marker for CVD in Aboriginal people 

The pentraxin CRP is an acute phase reactant protein that is mainly produced in the 

liver and is up-regulated by pro-inflammatory cytokines (235), shown to identify 

people at high risk of coronary events with or without the metabolic syndrome (170, 

239). Using the AHA recommendations for CRP measurement for evaluation of 

CVD risk (241), a staggering prevalence of approximately 60% of the surveyed 

Aboriginal population were identified at high risk of future CVD. Circulating CRP 

levels were elevated in both men and women and remained consistent over time in 

the community. Not surprisingly, elevated CRP levels were intimately related to 

abnormal metabolism. Importantly though, adiposity was a strong driver of high CRP 

levels in women but not in men, leaving much to speculate on the determinants of 

elevated circulating CRP levels in the population, such as the role of recurrent 

infectious diseases, ectoparasites and sores and the presence of rheumatoid fever as 

potential propellers of CRP levels. 

 

A candidate for evaluating change in health, such a marker must have substantial 

evidence of being easily quantifiable and stable and at the same time sensitive to 

changes in health status but is unaffected by masking parameters, such as diurnal 

changes. CRP has been shown to identify future CVD events in people, from the 

most enthusiastic supporters (170, 239) to the most critical ones (280). Indeed, the 
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accumulated knowledge on CRP from early encounters by Lancefield (222) and 

Tillet and Francis (223) to this day is vast. CRP has all the qualities necessary to 

become a promising candidate for measuring health in remote communities. That 

there is a lack of long-term longitudinal data to fully support this view (also true for 

all other CVD markers to date) and that differences in populations exist (measuring 

health and relevant cut-off values of an analyte) is indeed a perennial issue. 

However, CVD markers in current use in intervention studies have been validated in 

other populations, and change in CVD-risk profile was demonstrated in Australia, 

such as in Looma community (23), and are consistent with CVD outcomes. 

 

High risk of developing diabetes and related abnormal metabolism in Indigenous 

Australians is well documented (26, 27, 29, 30, 32, 33, 190). It is still unknown 

whether knowledge of CRP levels will add prognostic value for CVD risk beyond 

that already known to date. However, monitoring and usefulness of CRP in the 

population is promising, given that its levels were high and consistent with 

prevalence of CVD risk, that its major determinant was the easily quantifiable body 

fat (in women) and that it categorically remained constant over a considerable period 

in time – all are modifiable and can be easily quantified. Future re-evaluation of 

health status in the community, particularly with the knowledge of CVD events, will 

determine its usefulness in Aboriginal people. 
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SSAO enzymatic activity, a marker related to abnormal glucose metabolism and 

insulin resistance in Aboriginal people 

SSAOs are a group of enzymes that deaminate primary amines to produce harmful 

products in the vasculature (304, 307). SSAO/VAP-1 also possesses vascular 

adhesion properties (74, 139, 308, 309). Members of the inflammatory CAM family 

have been shown to predict cardiovascular events (310, 311). Elevated circulating 

levels of SSAO/VAP-1 have been reported in abnormal chronic metabolism or acute 

conditions and include diabetes, heart failure, cerebral infarct and chronic liver 

disease (307, 312-314). Furthermore, it has been reported that SSAO activity has 

prognostic power of identifying people at increased risk of death (315). SSAO 

activity in Aboriginal people in the survey sample was higher in the presence of 

abnormal metabolism and intimately related to glucose metabolism. Diabetes and 

associated vascular diseases are highly prevalent in Indigenous Australians (26, 27, 

31) and are the leading cause of premature death (24, 25). Given the dual-function 

properties of this protein, SSAO/VAP-1 may be implicated concomitantly with both 

inflammation and oxidant stress, hypothesised to mediate CVD-risk in Indigenous 

Australians (33).  

 

The proposed mechanism for these observations suggests that SSAO is directly 

related to glucose uptake by the cells. Indeed, it has been shown that SSAO/VAP-1 is 

co-localised with GLUT-4 in cytoplasmic vesicles in cells and translocate to the cell 

surface in response to the SSAO enzymatic product H2O2 (307, 349, 361). That 

SSAO did not correlate with measures of body habitus or other traditional CVD risk 

factors suggests that its measured activity in circulation may add additional 
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knowledge about the degree of abnormal glucose metabolism beyond that of 

traditional risk factors. 

 

Antihypertensive and insulin sensitising drugs are regularly administered to people 

with diabetes or other abnormal metabolic conditions. These drugs have been shown 

to retard SSAO enzymatic activity (341-343). However, the beneficial effect of 

inhibition of SSAO is not uniform and it remains to be elucidated whether the 

benefits of inhibition of this enzyme outweigh its activity and associated angiotoxic 

products. That there was no firm knowledge of drugs taken by the participants in the 

study, still, observations of the strong relationship between SSAO activity and 

glucose in the population-based study and the in-vitro study suggest that SSAO 

activity may have complimentary effect to, but independent of, insulin action in 

glucose clearance from circulation or that its enzymatic activity is intimately 

involved in glucose uptake by cells. 

 

To conclude, despite extensive knowledge of the biology of SSAOs, the physiologic 

importance of the enzymatic activity in humans is yet to be fully elucidated and may 

differ across tissues and according to the presence and degree of abnormal 

metabolism. Nevertheless, findings of elevated SSAO activity in people with 

abnormal metabolic conditions were consistent with other traditional CVD risk 

factors that are in current use in evaluation programs, suggesting that SSAO may be 

useful in identifying people at increased risk of abnormal glucose metabolism and as 

such may serve as an adjunct to other biomarkers of health in intervention studies. 
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Possible common mechanisms - CRP, SSAO, abnormal metabolism 

Positive associations between abnormal metabolism, elevated CRP and elevated 

soluble SSAO/VAP-1 have recently been demonstrated in experimental diabetes 

(344). Also, increase in CAMs expression in the presence of CRP has been 

demonstrated in-vitro (207, 370). It is yet to be determined whether a causal 

relationship between the two molecules exists, however, it is clear that both are 

elevated in response to similar pro-inflammatory and pro-oxidant related conditions. 

While the major metabolic mechanism by which SSAO activity appears to be 

regulated is glucose metabolism, that of CRP appears to be body fat, at least in 

women. In the survey sample, however, no significant relationship was found 

between SSAO activity and body fatness nor was CRP and glucose per se; both are 

important features of the metabolic syndrome.  

 

A number of mechanisms may account for the relationship between SSAO/VAP-1 

and CRP. One such mechanism may be related to the adipokine TNF-α, known to 

upregulate CRP production in the liver and to be implicated in obesity-related insulin 

resistance. Reports showed a decrease in tissue-bound SSAO activity in abnormal 

metabolism in aorta or adipose tissues (344, 376, 378). This has been attributed to 

TNF-α, for it strongly down-regulated SSAO/VAP-1 expression and activity in 

adipose tissue (375). It is therefore plausible to suggest that over-expression of TNF-

α in obesity-related condition down-regulate SSAO activity and its known insulin-

mimetic activity. On the other hand, others reported a moderate linear increase in 

serum SSAO activity with increase in BMI in people with diabetes (377), and in the 

survey sample of Aboriginal people SSAO activity was elevated in people with 

diabetes, independent of measures of body fatness. It appears that in-vivo and in-
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vitro settings may lead to different interpretation and consequent conclusions. Taken 

together, body fatness may not affect SSAO/VAP-1 expression and activity directly, 

however the production of TNF-α by adipocytes may affect CRP production in the 

liver, while the source of soluble SSAO/VAP-1 remains to be determined. 

 

Another potential link between CRP and SSAO may be oxidised lipids. An oxidised 

component of lipids, lysophosphatidylcholine serves as an autologous ligand for 

CRP. Lysophosphatidylcholine has also been shown to induce various CAMs (333) 

including VAP-1 (336). Modified LDL-C has been shown to increase the levels of an 

inflammatory CAM with measures of glucose disposal and degree of insulin 

resistance in healthy adults, and that these relationships remained independent of age, 

gender, BMI and lipoprotein concentrations (381, 382). That the presence of HDL-C 

was crucial for dampening the pro-inflammatory effect of CRP on EC that increased 

with oxidised HDL-C (384), and given that HDL-C neutralises the pro-atherogenic 

oxidative modification of LDL (208) suggest that knowledge of oxidised lipids in-

vivo may be important for meaningful interpretation of both CRP and CAMs levels 

to assess a pro-inflammatory condition. Taken together, these observations indicate 

that SSAO/VAP-1 expression may be regulated by more than a single pathway, and 

may include induction by modified lipids, cytokines and glucose levels per se, 

consistent with its pro-inflammatory function (328). 

 

In conclusions, the high prevalence of chronic non-communicable diseases among 

Aboriginal people demand actions. Intervention studies are hoped to facilitate the 

very much needed tools that would allow for change in health in Indigenous 

communities. Novel inflammatory and oxidant stress markers may add knowledge 
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about the level of health and change in Aboriginal communities. Further studies are 

needed to elucidate the relationship between inflammation, oxidative stress and 

abnormal metabolism in the hope to curb the burden of CVD in Indigenous 

populations. Identification of relevant criteria and cut-off values of CVD-risk 

markers should also be validated for Indigenous populations. 

  

 

Future directions 

Further knowledge about the pro-inflammatory and pro-oxidant conditions should be 

sought. The strong relationship of the systemic inflammatory marker CRP with body 

fatness, in Aboriginal women in particular, and the elevated CRP levels being 

consistent with abnormal metabolism and CVD risk in both men and women is 

indicative of the role of obesity as a driver of CVD in Aboriginal people. That no 

such associations were found in Aboriginal men should provide the impetus for more 

research into the determinants of elevated CRP and CVD risk in Aboriginal 

Australians. The dual-function SSAO/VAP-1 was strongly associated with glucose 

levels in Aboriginal people and its role has implications on vascular health, but this 

has not been systematically studied to date. Further work in required to elucidate the 

benefits and disadvantages of SSAO/VAP-1 activity and relevance to CVD in in-

vivo systems. Given the rise in the incidence and prevalence of CVD and associated 

risk factors among people in both developing and developed countries, including 

Australia, a wider interpretation should also be considered. While more and more 

people become obese and develop diabetes and associated disorders at a younger age, 

Aboriginal Australians that are considered a high CVD risk group may suffer the 

most from such conditions. It is hoped that more emphasis will be given to 
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Indigenous health in Australia and that implementations of recommendations that 

were obtained from successful intervention programs become apparent in Indigenous 

communities. 
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