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INTRODUCTION 

Type 1 diabetes mellitus (DM) is, from a pathogenetic point of view, a fairly simple 

disease of failing insulin secretion due to pancreatic ß-cell destruction. It results in fatal 

ketoacidosis if treatment with insulin is not instituted soon after diagnosis. In contrast, 

type 2 DM, which occurs about ten times more frequently, comprises a heterogeneous 

group of initially milder forms of diabetes, occurring mostly in adults. It is defined mainly 

in negative terms: patients are not particularly prone to ketosis, the disease is not linked to 

HLA markers or anti-pancreatic islet cell auto-antibodies, and it does not typically require 

insulin treatment to sustain life, at least not until the later stages of the disease. Because of 

this last characteristic, type 2 DM is also referred to as 'non-insulin-dependent DM', which 

is a less appropriate term, because many patients do require insulin treatment for control 

of hyperglycaemia. Tissue insensitivity to the effects of insulin is a hallmark of type 2 DM, 

and is not (or only mildly) present in type 1 DM. 

Compared to type 1 DM, type 2 DM is a much more complex disorder. Hyperglycaemia 

is only one of the manifestations of type 2 DM, which is also characterised by (central) 

obesity, hypertension and dyslipidaemia. Both type 1 and type 2 DM share the classic 

'diabetic' complications of retinopathy, nephropathy, and neuropathy. Most notable 

however, especially in type 2 DM, is the sharply increased incidence of cardiovascular 

disease and mortality (1-3). Patients with type 2 DM have a risk of cardiovascular disease 

two to five times that of non-diabetic individuals. About 65% of patients with type 2 DM 

die from cardiovascular disease, mainly coronary heart disease, followed by cerebrovascular 

disorders (2). The risk of a first myocardial infarction in a type 2 diabetic patient equals the 

risk of a second event in a non-diabetic patient who suffered a previous myocardial infarction 

(4). Women are relatively more severely affected than men, with type 2 DM effectively 

erasing the protection conferred by female sex on cardiovascular risk (5,6). In contrast, the 

cardiovascular mortality rate in type 1 DM is substantially lower, at about 35% (7). Yet, 

many practitioners treating patients with type 2 DM tend to focus primarily on the 'diabetic' 

complications, seemingly less aware of the imminent danger of cardiovascular disease. 

The excretion of small amounts of albumin in urine, so-called 'microalbuminuria' (MA), 

has become a common tool in the assessment of patients with diabetes. Its relevance is not 

limited to the development of diabetic nephropathy, but extends to the risk of developing 

cardiovascular complications. In this introduction, the emphasis will be on MA in type 2 

DM, with special reference to its significance for the development of cardiovascular disease. 



Chapter 1 

GENERAL ASPECTS OF MICROALBUMINURIA IN TYPE 2 DM 

Definition of microalbuminuria 
MA is defined as a urinary albumin excretion of 20-200 Lig per minute, corresponding 

to 30-300 mg/24 hours, found in at least two out of three timed urine samples (8). This 

definition is based on the observation that albuminuria within this range predicts overt 

nephropathy in patients with type 1 DM (8-10). It is important to emphasize that the 

lower cut-off value for MA is not based on statistical abnormality in a control population, 

since the 95th percentile of albumin excretion rate in the population is approximately 7.5 

to 11.0 (ig per minute (11). The range of albuminuria between this level of statistical 

abnormality and the lower level of MA as defined above certainly appears to be 

prognostically relevant (see chapter 7; Critical Notes and General Discussion). 

Alternative criteria for the diagnosis of MA have been proposed, but the 20-200 |ig 

per minute criterion is used most often in clinical practice and research. 

Analytical methods 
In 1963, Keen and Chlouverakis developed the first radioimmunoassay that was suitable 

to detect small concentrations of albumin in urine (12). Nowadays, rate nephelometry is 

the most commonly used technique. The detection limit is 1 to 2 mg/1, and its diagnostic 

accuracy is reflected by an intra-assay variability of <2.5% and an inter-assay variability 

of 4% to 7%. Alternative methods include updated radioimmunoassays and agglutination 

inhibition assays (13). More recently, rapid diagnostic methods involving urine dipsticks 

that can measure albumin concentrations as low as 10 mg/1 have become commercially 

available (14,15), but they are not (yet) widely used in clinical practice. In comparison, 

the traditional Albustix method detects urinary albumin concentrations only >200 mg/1, 

and is thus unsuitable to detect MA. The choice of urine samples for assessing the 

presence of MA (24-hour samples, nighttime or daytime samples; single or multiple 

samples) will be discussed in this thesis (chapter 2). 

Apart from the pathological conditions that are associated with type 2 DM and MA, 

which will be discussed below, various reversible physiological and pathological conditions 

influence urinary albumin excretion. These include, amongst others, posture, exercise, 

congestive heart failure, febrile illness, ketosis, and urinary tract infection (16). These 

factors should always be kept in mind in the interpretation of urinary albumin 

measurements. In addition, MA is found in a variety of non-diabetic glomerular and 

tubulointerstitial kidney diseases, which are outside the scope of this introduction. 
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Occurrence 
In newly diagnosed type 2 DM, the reported prevalence of MA is around 20% to 

25% (17-19). It is important to emphasize that MA in recendy diagnosed diabetics may 

disappear after initial blood glucose control measures. This so-called 'functional MA' is 

responsible for roughly a quarter to one third of all cases of MA in newly diagnosed type 

2 DM (17,20,21). In the years following the diagnosis of type 2 DM, the prevalence of 

MA rises steadily. 

Histopathology 
The histopathological substrate for renal disease in type 2 DM appears to be highly 

heterogeneous in both patients with overt nephropathy (22,23) and in patients with MA 

(24,25). Typical diabetic nephropathy, characterised by glomerular basement membrane 

thickening, mesangial expansion, and glomerulosclerosis, is found in only a third of 

patients with type 2 DM and MA. Another third shows characteristics of hypertensive 

nephropathy or non-specific abnormalities, and the remainder have perfectly normal 

glomeruli on light microscopic examination (24,25). Even electron microscopy studies 

may fail to detect morphological differences between normoalbuminuric and micro-

albuminuric patients with type 2 DM (26). It is difficult to predict the histo-pathological 

substrate for MA in an individual patient. Obviously, hypertensive nephropathy is more 

likely to be found in a patient with a history of co-existent hypertension. Changes typical 

of diabetic nephropathy in patients with type 2 DM and MA appear to be correlated to 

the presence of retinopathy, to increased CXl -microglobulin excretion (an indicator of 

tubular dysfunction) and an increased Von Willebrand factor antigen concentration in 

plasma, which is a marker of generalised endothelial dysfunction (discussed below) (24,25). 

Mechanism of increased albumin excretion 
Albumin is a small, negatively charged protein. In healthy subjects, it is near totally 

prevented from crossing the glomerular capillary wall both by a 'size barrier' as well as a 

'charge barrier'. The size barrier is constituted of pores in between cords of type IV 

collagen of the glomerular basement membrane and openings in the slit membrane, 

situated at the level of the foot processes of the glomerular epithelial cells. The size 

barrier is virtually impermeable for molecules larger than a radius of around 42 A. The 

filtration of albumin, with a mean radius of 36 A, is thus only partially restricted by the 

size barrier. An additional contribution to the restriction of albumin filtration results 

from negative charges in the glomerular basement membrane ('charge barrier'). These 
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negative charges are predominantly caused by anionic heparan sulphate proteoglycans, 

which are produced by glomerular epithelial and endothelial cells. In spite of the glomerular 

barrier, an estimated 500 to 600 mg of albumin is filtered per day, most of which is 

reabsorbed by the tubulus (27,28). The tubular system has a high reserve capacity for 

increasing protein reabsorption in response to increased glomerular protein loss. As 

outlined below, both disturbances in glomerular and in tubular functions have been 

implicated in the pathogenesis of MA in type 2 DM. 

Both a defect in size selectivity and in charge selectivity may contribute to increased 

glomerular filtration of albumin in patients with DM (29). In type 1 DM, a decreased 

density of heparan sulphate proteoglycans in the glomerular basement membrane has 

been described (30). Also, glomerular hypertension, hyperfiltration, and probably also 

impaired size-selectivity, are features of (incipient) nephropathy in type 1 DM (29,31). 

Studies in type 2 DM addressing the mechanism of increased glomerular albumin leakage 

have been relatively scarce. However, some interesting observations have been made in 

recent years. 

Already in type 2 DM patients with normal levels of albumin excretion, there is evidence 

of glomerular hyperfiltration, impairment of barrier size selectivity, and increased albumin 

filtration (32,33). Changes in extracellular matrix composition (decrease in heparan 

sulphate proteoglycan) have also been described in type 2 DM (34), but to what extent 

these changes contribute to MA is less well defined than in type 1 DM. It is, however, 

evident that in patients with overt proteinuria, loss of size selectivity contributes more to 

albumin loss than does loss of charge selectivity (35). Unfortunately, similar studies 

addressing the relative contribution of size and charge selectivity to glomerular albumin 

filtration are not available for type 2 DM patients with MA. 

From a pathophysiological point of view, it is implausible that only increased glomerular 

albumin filtration leads to MA, since a compensatory increase in tubular protein 

reabsorption would be expected to counterbalance glomerular microproteinuria. 

Accordingly, in addition to changes in glomerular structure and function, tubular 

dysfunction has been demonstrated in the form of reduced albumin reabsorption 

(28,33,36). In patients with DM, the fraction of glycated serum albumin is increased 

(37). Glycated albumin is more anionic than unmodified albumin (38), which may lead to 

an impairment of tubular reabsorption, since molecular charge does not only influence 

filtration, but also tubular reabsorption (39,40). Additional mechanisms contributing to 

diminished tubular reabsorption of albumin may include increased urinary flow rate, 
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osmotic diuresis, and glucosuria (28). 

The relative contribution of enhanced glomerular filtration and impaired tubular 

reabsorption to MA was studied recently in humans with type 2 DM by Ishibashi (33). In 

this study, normoalbuminuric type 2 DM patients had increased glomerular albumin 

clearance compared to non-diabetic controls, but this phenomenon was counterbalanced 

by enhanced tubular reabsorption. MA was associated with further increases in glomerular 

albumin clearance, but, interestingly, with an absence of compensatory tubular 

reabsorption. These data thus suggest that only after tubular dysfunction has developed, 

MA becomes manifest. Further studies are required to elucidate the exact mechanism of 

albuminuria in type 2 DM. 

CLINICAL AND BIOCHEMICAL CORRELATES OF 
MICROALBUMINURIA 

Microalbuminuria in non-diabetic subjects 
MA occurs not only in patients with type 1 or type 2 DM. In the non-diabetic 

background population, MA is mainly related to increasing age and high blood pressure, 

but also to a high-triglyceride and low high-density-lipoprotein (HDL) cholesterol lipid 

profile, obesity and, although conflicting data exist, to the degree of insulin resistance 

(41-45). Thus, in non-diabetics, MA shows correlations with several components of the 

syndrome of insulin resistance (discussed below). It is noteworthy that in non-diabetic 

subjects, similar to patients with type 2 DM, MA is also a predictor of cardiovascular 

disease (46,47). Non-diabetics with MA are particularly at risk if hyperinsulinaemia is co

existent, suggesting that the pathophysiological explanation for the correlation between 

MA and vascular disease may not be fundamentally different for non-diabetics and 

diabetics (48). Finally, MA in non-diabetics may predict the onset of type 2 DM, although 

the latter correlation is weakened after adjustment for plasma glucose levels (49). 

Below, we will focus on the determinants and associated factors of MA in the population 

of patients with type 2 DM only. Extensive literature on the subject is available for type 

1 DM as well. 
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Age 

As is the case in the background population, the prevalence of MA in patients with 

newly diagnosed type 2 DM increases with age (17,50). When duration of diabetes and 

age are evaluated together in known diabetics, the correlation between age and MA 

appears to be independent of the duration of DM (51). 

Duration DM 

As outlined previously, MA in patients recently diagnosed with type 2 DM may be 

'functional' as a result of uncontrolled hyperglycaemia (17,21). Reversible effects of 

hyperglycaemia include both glomerular hyperfiltration and, possibly, tubular reabsorption 

defects, both of which may contribute to this phenomenon (28,52). Only after the initial 

phase of glycaemic control, does the impact of duration of disease on the prevalence of 

MA become evident (53,54). Naturally, there is substantial co-linearity between age and 

duration of DM, and in some studies, duration of disease is not a predictor of albuminuria 

after adjustment for the effect of age (51). 

Glycaemic control 

Many cross-sectional and several prospective (51,55,56) studies have shown that poor 

glycaemic control is a risk factor for MA. Apart from the previously mentioned (reversible) 

effects of hyperglycaemia on kidney function, there is evidence that sustained effects of 

hyperglycaemia on kidney function are at least partly caused by accumulation of advanced 

glycosylation end products in kidney tissue (57). In contrast to type 1 DM (58), there is 

no suggestion of a threshold effect in this relation, implicating that there is no absolute 

level of glycaemic control that is 'safe' in terms of the risk of developing MA. 

Blood pressure 
Hypertension is a risk factor for the development of MA in both non-diabetic (59,60) 

as well as in (newly diagnosed) type 2 DM patients (54,61). Once MA has developed, 

those with high blood pressure are more likely to progress towards overt proteinuria 

(62). Hypertension frequently accompanies type 2 DM. Up to 50% of patients with type 

2 DM are hypertensive or receive antihypertensive treatment at the time of diagnosis 

(63). Together with dyslipidaemia and obesity, hypertension is a key manifestation of the 

metabolic 'Syndrome-X', which characterises many patients with type 2 DM (64,65), but 

also pre-diabetics (66). The manifestations of this syndrome are believed to have a 

common basis in insulin resistance, which is why it is also referred to as the 'insulin 
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resistance syndrome'. Several theories exist regarding the mechanism of hypertension in 

this syndrome. These explanations relate to direct effects of hyperinsulinaemia, increased 

sympathetic nervous system activity, renal sodium retention, generalised vascular smooth 

muscle cell hypertrophy, and endothelial dysfunction (discussed below) (67,68). A detailed 

discussion of the pathophysiological aspects of Syndrome-Xis beyond the scope of this 

introduction. 

Dyslipidaemia 

Another feature of Syndrome-X is dyslipidaemia. The typical pattern of lipid 

disturbances in type 2 DM is combined hypertriglyceridaemia and low HDL cholesterol 

levels (69,70). The severity of this type of dyslipidaemia appears to be direcdy related to 

the degree of insulin resistance (71). A mildly elevated low-density-lipoprotein (LDL) 

cholesterol may be found in some cases, but is not a typical feature of type 2 DM related 

dyslipidaemia. Hypertriglyceridaemia is probably caused by both impaired insulin mediated 

suppression of very-low-density-lipoprotein (VLDL) synthesis in the liver (72) and by 

reduced lipoprotein lipase mediated peripheral metabolisation of triglyceride-rich particles 

(69,70). Low HDL cholesterol levels are caused by multiple abnormalities in lipoprotein 

metabolism (69,73). 

Dyslipidaemia has in several studies been shown to be correlated with the presence or 

risk of development of MA (21,51,61). The correlation between MA and dyslipidaemia 

in type 2 DM has been shown for triglycerides, HDL, and, although not universally, for 

LDL cholesterol. As for lipoprotein(a), a lipid particle that is probably an independent 

atherosclerotic risk factor (74), (cross-sectional) studies addressing its correlation with 

MA have shown conflicting results (75,76). 

Obesity / insulin resistance 

Both a high body mass index (77,78) as well as a high waist-to-hip ratio (45) have, 

although not consistently, been found to be correlated with MA. Since both these measures, 

in particular waist-to-hip ratio, are inversely related to insulin sensitivity, the explanation 

for these correlations may be in the severity of insulin resistance. The degree of insulin 

resistance is a determinant of the Syndrome-X related abnormalities like hypertension 

and dyslipidaemia, both correlates of MA. However, insulin resistance also leads to higher 

insulin levels, which may themselves be an independent predictor of MA (56), although 

not all studies have confirmed this (45). In matched patients, it is unclear whether insulin 

sensitivity is directly related to MA (79,80). The explanation for a possible independent 
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relation between (central) obesity and MA thus remains complex. 

Smoking 
In type 1 DM, there is good evidence that active smoking is associated with an increased 

risk of MA (81,82) and progression of nephropathy (83). In type 2 DM, the prevalence 

of MA in smokers appears to be approximately twice as high as in non-smokers (55). 

Also, former smoking is associated with MA (shown in males only) (50). Not all studies, 

however, have supported a correlation between smoking and MA in type 2 DM (51). 

Genetic factors / ethnicity 
Men with type 2 DM are more likely to develop MA than women (51,55). In addition, 

the literature contains conflicting data regarding the correlation between ethnicity and 

MA. There is, however, consensus that MA occurs more often in various non-Caucasian 

populations than in Caucasians (84). Studies have indicated that Pima Indians (85), Mexican 

Americans (86), Nauruans (77), Maoris and Pacific Islanders from New-Zealand (18), 

and Asians living in England (87,88) and The Netherlands (89) have a high risk of 

developing MA compared to white Europeans. 

Evidence for a genetic predisposition for the development of MA comes from a 

study of familial clustering of MA, which demonstrated that siblings of type 2 DM 

patients with MA have increased levels of albuminuria compared to siblings of 

normoalbuminuric type 2 diabetics (90). 

A number of genetic polymorphisms may be relevant in the context of MA. One of 

the most extensively studied polymorphisms is that of the angiotensin-converting enzyme 

(ACE). The activity of this enzyme is partly related to the insertion-deletion (ID) genotype. 

Several studies have addressed the possible relation between ACE polymorphism and 

nephropathy in type 1 and type 2 DM. Taken together, these studies suggest that the 

D-allele correlates at most weakly with diabetic nephropathy (91-93). 

Diet 
A high-protein intake is correlated with the occurrence of MA in type 2 DM (94). 

Whether the explanation for this is as simple as an increased protein load at the level of 

the glomerulus, or whether more complex mechanisms play a role, is undetermined. 

Postulated mechanisms include glomerular hyperfiltration, glomerular eicosanoid produc

tion, and disruption of glomerular capillary permeability (95). 

Animal protein intake may be especially relevant since cationic polyaminoacids, which 
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occur predominantly in animal proteins, may have a neutralising effect on anionic 

glomerular charge, thus affecting the charge barrier to albumin filtration (96). 

CLINICAL IMPLICATIONS OF MICROALBUMINURIA 

Nephropathy 
MA was originally described to predict overt nephropathy in type 1 diabetic patients 

(hence the term 'incipient nephropathy') (8-10). When MA was later studied in a broader 

context, it was found to be similarly relevant in type 2 DM (97,98). The natural course of 

nephropathy in type 2 DM is less well defined than in type 1 DM. This is pardy because 

type 2 DM may be present for several years prior to the clinical diagnosis. Failure to 

identify the onset of a disease by definition makes it more difficult to describe its natural 

course. In general, however, nephropathy in type 2 DM appears to be characterised by 

the following sequence. Glomerular hyperfiltration develops during the stage of impaired 

glucose tolerance, which precedes type 2 DM, and increases even further at or around 

the onset of manifest diabetes (99,100). MA may develop during the stage of impaired 

glucose tolerance, or during manifest diabetes and, once present, usually gradually 

increases. The increase in albumin excretion during severe hyperglycaemia surrounding 

the onset of clinically manifest diabetes may, as discussed previously, be (pardy) reversible 

(52). At or around the point where MA turns into manifest proteinuria (>300 mg per 

day), the glomerular filtration rate starts to decline at a highly variable rate of 0-24 ml/ 

min/year, depending on many co-factors (93,101). 

It must be emphasised that several fundamental uncertainties regarding the course of 

events in type 2 DM related nephropathy remain. The time course of changes in 

glomerular filtration rate has been described in detail only in Pima Indians, and, for 

example, early hyperfiltration has not been found consistently in other populations (102-

104). Also, the level of MA correlates poorly with the decline of renal function (105), 

and the glomerular filtration rate may fall in type 2 DM patients who have never shown 

MA (106). The fact that the course of nephropathy is much less predictable in type 2 

than in type 1 DM is probably also due to the variable presence of other risk factors 

affecting the progression of chronic renal disease, especially hypertension, and maybe 

also dyslipidaemia and hyperinsulinaemia. 

There are two - not mutually exclusive - theories as to why MA predicts overt 
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nephropathy. The first is that MA is simply a reflection of an early stage of an intrinsically 

progressive process, i.e. diabetic nephropathy. Alternatively, MA may itself contribute to 

progressive renal injury. A high protein content of the glomerular ultrafiltrate is believed 

to represent a noxe for further glomerular and tubulointerstitial damage (107,108). In 

other words, apart from being a symptom, albuminuria may also be a cause of nephropathy. 

It must be stressed, however, that it is not certain whether albuminuria in the MA range 

is nephrotoxic, since studies addressing this topic have used models of overt proteinuria 

only. 

End-stage renal failure develops in only a limited number of patients with type 2 DM. 

The majority of patients with type 2 DM and MA are simply not allowed the time to 

develop end stage renal disease because of the high toll of early cardiovascular disease in 

these patients. 

Cardiovascular disease 

The first reports of an association between MA and cardiovascular disease in type 2 

DM were by Mogensen from Denmark (97) and by Jarrett from Britain (109). Since 

then, many studies have confirmed that MA predicts early mortality in type 2 DM (98,110-

116). A recent review of studies addressing the increased risk of mortality in type 2 DM 

found an overall MA-associated odds ratio for all-cause mortality of 3.1. The annual 

mortality rates were 5.9±2.0% (mean ± standard deviation) and 2.7±1.8% for type 2 

diabetic patients with and without MA, respectively (117). It is mosdy all-cause mortality 

or ischaemic heart disease that has been studied, but peripheral vascular disease and 

stroke are probably also associated with MA in patients with type 2 DM (17,116). 

MICROALBUMINURIA AND CARDIOVASCULAR DISEASE 

As discussed in the beginning of this introduction, type 2 diabetic patients have a 

sharply increased risk of dying from cardiovascular disease compared to non-diabetics, 

and also compared to patients with type 1 DM. The diabetic state per se independendy 

explains an estimated half of this increased risk (5,118), partly depending on the level of 

glycaemic control (114,119) and the degree of insulin resistance (120). The remainder 

of the excess risk is presumably explained by risk factors for atherosclerosis and 

thrombosis associated with type 2 DM (5,7). Established cardiovascular risk factors in 
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type 2 DM include hypertension, high LDL cholesterol, hypertriglyceridaemia, low HDL 

cholesterol, and obesity (7,121,122), all of which (except high LDL cholesterol) are 

intrinsically related to type 2 DM in the syndrome of insulin resistance (Syndrome-X, 

discussed previously). An important cardiovascular risk factor unrelated to the type 2 

diabetic state is smoking (3,122). 

As discussed, MA identifies a subgroup of type 2 diabetic patients with a particularly 

high risk of developing cardiovascular complications compared to patients with normal 

urinary albumin excretion. A correlation between two biological phenomena may suggest 

a causal relation, but in this case it is implausible that MA actually causes cardiovascular 

disease. No existing theory regarding the pathogenesis of cardiovascular disease 

accommodates a direct causal relation with MA. There are two - not mutually exclusive -

explanations for the correlation between MA and cardiovascular disease. One is that MA 

is an expression marker for the presence of one or several risk factors for atherosclerosis 

and thrombosis. The alternative explanation is that MA reflects an early stage of 

generalised vascular disease. 

Many of the correlates of MA discussed previously are independent risk factors for 

atherosclerosis. Certainly this is the case for age, duration of DM, hyperglycaemia, 

hypertension, smoking, and hypercholesterolaemia. Hypertriglyceridaemia, the key lipid 

abnormality in type 2 DM patients with MA, is probably also an independent 

cardiovascular risk factor (123,124). It may be directly toxic to the vessel wall, but it may 

also act as a risk factor by adversely affecting LDL particle size distribution (125). 

Hyperinsulinaemia, present in most patients with type 2 DM, and possibly more outspoken 

in patients with MA, is a controversial risk factor for atherosclerosis (126,127). Thus, 

cardiovascular disease and MA may reflect common determinants, without MA itself 

being directly related to vascular complications (128). A second possible explanation for 

the correlation between MA and cardiovascular disease is that MA represents an early 

stage of generalised vasculopathy 

The notion that MA reflects generalised vascular disease is certainly within the grasp 

of comprehension when one thinks of the glomerulus as simply a (specialised) vascular 

structure. If the glomerular vascular system is involved in whichever disease process, 

then why should the same condition not affect the entire vascular system? The 'Steno 

hypothesis' states that MA reflects generalised vascular damage caused by alterations in 

the extracellular matrix, leading to atherogenic diathesis (30). This hypothesis originated 

in studies in type 1 diabetes mellitus, and to what extent it applies to type 2 DM is 

19 



Chapter 1 

uncertain. However, a decreased density of heparan sulphate proteoglycan, which is one 

of the key features of altered extracellular matrix in glomeruli and blood vessels of type 

1 diabetics, has also been demonstrated in glomeruli (34) and in coronary arteries (129) 

of patients with type 2 DM. This biochemical abnormality in the vascular wall may lead 

to functional disorders, such as increased permeability to macromolecules, impaired 

lipoprotein lipase activity, proliferation of vascular smooth muscle cells, and procoagulant 

and antifibrinolytic disorders, and thereby contribute to premature atherothrombotic 

disease (30,130). 

Another model of generalised vascular disease associated with MA relates to the 

concept of 'endothelial dysfunction'. The vascular endothelium was originally thought 

of as serving mainly to smoothen the inside of vascular structures, and to limit exposure 

of blood cells to subendothelial structures. This concept has turned out to be an 

underestimation of the array of functions of the endothelium, which actively regulates 

vascular tone, balances coagulation and fibrinolysis, modulates vascular permeability to 

leukocytes and macromolecules, and influences proliferation of vascular smooth muscle 

cells and, in the glomerulus, mesangial cells (131,132). The number of functions it has, 

together with its sheer size (surface area equals 6 tennis courts) should leave little doubt 

about the importance of the vascular endothelium. 

In order to carry out all of its functions, the endothelium produces extracellular matrix 

components, as well as a number of regulatory mediators, including nitric oxide (for 

vasodilation), endothelin (for vasoconstriction), Von Willebrand factor, thrombomodulin, 

tissue-type plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1) (all 

for coagulation and fibrinolysis), and adhesion molecules and cytokines (131,132). The 

term 'endothelial dysfunction' is used to indicate the presence of disturbances in one or 

more of these functions. Endothelial function can be assessed in several ways. 

Endothelium-dependent vasodilation can be tested by measuring flow-mediated or 

acetylcholine induced vasodilation. In addition, endothelium-derived regulatory proteins 

can be measured in serum or plasma. Von Willebrand factor antigen concentrations have 

been most extensively studied in this context, but additional options include measurement 

of t-PA, PAI-1, endothelin, fibonectin, soluble E-selectin, soluble vascular cell adhesion 

molecule-1 (sVCAM-1), and others (131,132). The trans capillary escape rate of 

intravenously administered radiolabeled albumin can be used as a test for endothelial 

permeability to macomolecules, but can also be regarded as supporting the 'Steno model' 

for vascular damage (loss of subendothelial negative charge). 
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The importance of endothelial dysfunction is in the fact that it appears to represent 

the first phase in a process eventually leading to atherosclerosis (133,134). Not only 

cross-sectional, but also prospective studies have linked various indicators of endothelial 

dysfunction to the occurrence of cardiovascular events. 

In type 2 DM, patients with MA show evidence of endothelial dysfunction more 

often than do those with normal albumin excretion rates. This is manifested mainly by 

increased Von Willebrand factor levels (135-137). Other abnormalities in plasma 

concentrations of endothelium-derived proteins have also been found (132). A pro-

thrombotic milieu is linked to MA in type 2 diabetes and also results, at least partly, from 

disturbances in endothelial function (138). The evidence regarding the transcapillary 

escape rate of albumin in microalbuminuric patients with type 2 DM remains inconclusive, 

with some studies (139) showing a positive correlation, and others (137) not. The same 

controversy exists for impaired endothelium-dependent vasodilation (132). Hyper-

triglyceridaemia may represent both a cause as well as a manifestation of endothelial 

dysfunction (140). Taken together, several lines of evidence indicate that MA in type 2 

DM is associated with disturbances of various functions of the vascular endothelium. 

Additional evidence to the same extent is available for type 1 diabetes, but is outside the 

scope of this introduction. In addition, the relation between MA and endothelial 

dysfunction is not exclusive for diabetes, but is also found in, for example, hypertensive 

patients (141). Endothelial dysfunction and albuminuria may be causally related through 

increased glomerular permeability to macromolecules, impaired vasomotor function of 

afferent and efferent arterioles, and non-vasomotor effects of nitric oxide (142). A direct 

causal relation between endothelial dysfunction and tubular dysfunction, which, as 

discussed previously, may be a prerequisite for the development of MA, is more difficult 

to envision. 

Endothelial dysfunction in type 2 DM can be caused by various mechanisms. There 

may be an important role for (chronic) hyperglycaemia and hyperinsulinaemia (132). In 

addition, Syndrome-X related phenomena as hypertension (143,144) and hyperlipidaemia 

(145), including hypertriglyceridaemia (146,147), have been described to cause endothelial 

dysfunction, although their specific role in type 2 DM related endothelial dysfunction is 

unclear. It is evident, however, that several factors that we know as risk factors for the 

development of MA, are also (or should we say 'in fact') risk factors for the development 

of endothelial dysfunction. 

How exactly do we fit in endothelial dysfunction in the correlation between MA and 
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cardiovascular disease? Figure 1 provides a possible explanatory model. 

microalbuminuria 

y"' 
cardiovascular ^ . endothelial ' 
risk factors dysfunction 

atherosclerosis 
time 

Can this model explain why MA is an independent predictor of cardiovascular disease 

after multivariate adjustment for known risk factors, such as hypertension, smoking, 

dyslipidaemia, and glycaemic control? The answer is that it may, for the following reasons. 

Firstly, if MA is present, then this may indicate that the joint effect of cardiovascular risk 

factors has already caused damage to the vascular endothelium, initiating the first step 

towards manifest atherosclerosis. Certainly, patients who have made this first step are 

closer (both in time and in magnitude of risk) to their cardiovascular event than those 

who do not show evidence of early vascular damage. A non-causal factor that is a measure 

of proximity to an event will qualify as an independent predictor of such an event, even 

after adjustment for all causative factors for this event in a multivariate statistical prediction 

model. If we, for example, compare this situation to that of ischaemic chest pain as a 

predictor for myocardial infarction, then few people will contest that chest pain is an 

independent predictor, even after adjustment for blood pressure, smoking, hyper-

cholesterolaemia, et cetera. However, it is equally incontestable that ischaemic chest pain 

does not cause myocardial infarction. 

A second explanation for the fact that MA independently predicts cardiovascular disease 

after adjustment for known cardiovascular risk factors is comprised in the word 'known'. 

Certainly, we have yet to discover the full spectrum of risk factors for atherosclerosis. 

Some of the 'newer' risk factors, such as homocysteine, lipoprotein (a), small dense LDL 

subclasses, genetic polymorphisms, et cetera have not yet been given an opportunity to 

take away some of the 'independent' predictive effect of MA. These and other, yet 

unknown, risk factors may also lead to cardiovascular disease, causing MA on their way. 

The model illustrated in the figure leaves some phenomena unexplained. A high LDL 

cholesterol level, for example, is a clear risk factor for endothelial dysfunction (145,148) 

and for the development of cardiovascular disease in type 2 DM (121,122), but does not 

correlate equally clearly with MA. MA may thus reflect susceptibility to most, but not to all 

atherosclerotic risk factors. Also, not all patients show MA prior to their cardiovascular 

event. There is a hypothetical concept of 'benign' and 'malignant' diabetic MA, the latter 
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being characterised by the co-existence of proliferative retinopathy and increased Von 

Willebrand factor concentrations (149). Only 'malignant' MA could confer an increased 

risk of cardiovascular disease, reflecting its correlation with endothelial dysfunction (135,149). 

A final remark on the subject of endothelial dysfunction is that it may not only result 

from the influence of cardiovascular risk factors, it could theoretically also play a role in 

the etiogenesis of Syndrome-X, by playing a contributory role in the etiology of insulin 

resistance, hypertension, and dyslipidaemia (150). 

The complex of possible causal relations between type 2 DM, cardiovascular risk 

factors, endothelial dysfunction, and MA requires further studying in order to be fully 

elucidated. It seems justified, however, to conclude that the onset of MA in type 2 DM 

signals the presence of a highly atherothrombotic milieu, with the presence of multiple 

risk factors, and with evidence of generalised vascular / endothelial disease. 

INTERVENTIONS TO REDUCE / STABILISE 
MICROALBUMINURIA IN TYPE 2 DM 

Improving glycaemic control / insulin sensitivity 
In the Diabetes Control and Complications Trial (DCCT), normoalbuminuric type 1 

diabetic patients who received intensified insulin treatment were less likely to develop 

MA or proteinuria than those receiving standard treatment (151). A previous smaller 

study showed a similar result (152). On the other hand, it has never been shown that 

improving glycaemic control can prevent the transition of MA into proteinuria, at least 

not in type 1 DM (153). 

Before 1998, studies addressing the potentially beneficial effects of improvement of 

glycaemic control on MA in type 2 DM were scarce, and showed conflicting results 

(154). The United Kingdom Prospective Diabetes Study (UKPDS), larger than any 

previous study of its kind, showed that intensive glycaemic control had a small effect on 

the risk of developing MA, which was significant only after a follow-up duration of 9 

years, and had only a transient impact on the risk of developing overt proteinuria (155). 

An important drawback of the UKPDS study is that only newly diagnosed diabetics were 

studied, and that the difference in HbAlc between the intensive treatment group and the 

conventional treatment group was only 0.9% (7.0% versus 7.9%). Clearer beneficial effects 
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of larger reductions in HbAlc are likely, but can not be proven using the UKPDS data. 

Troglitazone, a thiazolidinedione derivative, is an insulin sensitiser. Improvement of 

insulin sensitivity by the use of troglitazone has been reported to reduce urinary albumin 

excretion in patients with type 2 DM and MA (156). Metformin, which also causes a 

(modest) improvement in peripheral insulin sensitivity (157), did not show the same 

effect, despite a similar improvement of glycaemic control (156). Weight reduction is the 

most physiological way of improving insulin sensitivity, and has been suggested to reduce 

albuminuria in type 2 DM (158). The isolated effect of weight loss on MA is, however, 

difficult to assess, since several factors, including hyperglycaemia, hypertension and 

dyslipidaemia, tend to improve with weight reduction. 

Treating hypertension 

Treatment of hypertension reduces the albumin excretion rate both in non-diabetics 

(159) and in patients with type 2 DM (160). The UKPDS also involved a study addressing 

the importance of blood pressure control. The results suggested that a more strict level 

of blood pressure control is associated with a reduction in the risk of developing MA 

and proteinuria, but that this beneficial effect is diminished to non-significant levels after 

9 years of follow-up (161). With regard to the choice of antihypertensive drugs, several 

classes of agents have been shown to reduce albumin excretion rates in type 2 DM. 

Drugs studied include ß-blockers, calcium-antagonists, diuretics, and angiotensin 

converting enzyme (ACE) inhibitors. It is generally acknowledged that the effectiveness 

of blood pressure reduction is of primary importance in terms of an effect on albuminuria. 

However, there is evidence that ACE inhibitors (and probably also angiotensin-II receptor 

antagonists) may have an additional antiproteinuric effect in both type 1 (162-164) and 

type 2 (165-167) DM (168). This property presumably originates predominantly in a 

favourable effect of these agents on glomerular haemodynamics. The vasodilatory effect 

on the efferent glomerular arteriole is stronger than on the afferent arteriole, reducing 

intraglomerular capillary pressure and hyperfiltration (169). In addition, there is evidence 

indicating that other than direct glomerular haemodynamic effects of ACE inhibitors 

contribute to their antiproteinuric effect (170,171). Other possible effects include 

enhancement of the expression of heparan sulphate proteoglycans in the glomerular 

basement membrane, restoring the natural charge barrier against the leakage of albumin 

(172). In addition, signs of structural changes in the filtration barrier in response to ACE 

inhibitors have been found (173,174). In keeping with the hypothesis that albuminuria 
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may be a reflection of generalised endothelial dysfunction, ACE inhibitors have also 

been suggested to improve endothelial function (175,176). However, this effect remains 

to be demonstrated in patients with type 2 DM (177). Also, improvement of endothelial 

function as such may be insufficient to explain effects on albuminuria. Metformin, for 

example, may improve endothelial function (178), but appears to have no effect on 

albuminuria (156). 

The extra beneficial effect of ACE inhibitors on albuminuria may extend to a beneficial 

effect on the deterioration of glomerular filtration in both non-diabetics (179), as well as 

in patients with type 1 (163,164) and type 2 (165,180,181) DM (168). Surprisingly, the 

UKPDS, with an exceptionally long follow-up period (9 years), demonstrated no obvious 

benefit of an ACE inhibitor (Captopril) versus a ß-blocker (atenolol) regarding the risk 

of developing MA or renal failure (182). Thus, the long-term (10 or more years) benefit 

of ACE inhibitors over other antihypertensives with regard to the risk of (incipient) 

nephropathy is still debatable. 

Calcium channel blockers of the dihydropyridine class promote afferent more than 

efferent vasodilation in the glomerulus, which enhances glomerular hypertension (183). 

The drop in systemic blood pressure usually attenuates this effect on glomerular pressure. 

Nevertheless, an increase in MA, presumably caused by increased intraglomerular capillary 

pressure, has been observed in diabetic patients taking this type of calcium channel 

blocker, in particular nifedipine, in some (184,185), but not all (186-188) studies. Studies 

addressing the longitudinal effect of dihydropyridine calcium channel blockers on the 

glomerular filtration rate in diabetics are scarce and show conflicting results (188,189). 

Treating hyperlipidaemia 
Aggressive treatment of hypercholesterolaemia reduces cardiovascular risk in patients 

with type 2 DM (190,191). A recent meta-analysis of lipid reduction in mixed studies of 

both diabetic and non-diabetic renal disease pointed towards a significant beneficial effect 

of lipid reduction on both albuminuria and glomerular filtration rate (192). Some relatively 

small studies in type 2 diabetics have found a reduction of albuminuria following treatment 

with a statin (193-196) or with diet (197), others (198) have not. The typical dyslipidaemia 

associated with type 2 DM (high triglycerides and low HDL cholesterol) was usually not 

the target of treatment in such studies. 
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Diet modification 
Lowering protein intake may reduce albuminuria in non-diabetic renal disease and in 

type 1 DM (199,200). Studies in type 2 DM regarding the effects of lowering protein 

intake on MA are scarce, but appear to show a similar effect (201). In one study, a 

hypocaloric diet (500 kcal/day) resulted in significant weight loss and improvement of 

glycaemic control, and led to a reduction in albuminuria in a small study in 24 type 2 

diabetics (158). 

In summary, intensive treatment of several underlying metabolic abnormalities has 

been shown to reduce the risk of developing (progressive) MA in type 2 DM. A recent 

study in type 2 diabetic patients with MA convincingly demonstrated the effectiveness 

of intensified multifactorial intervention (202). This combined approach not only reduced 

the risk of developing nephropathy in these patients, it also reduced the proportion of 

patients showing progressive retinopathy and autonomic neuropathy (202). It may well 

be that a multifactorial intervention will show beneficial effects on microvascular or 

macrovascular end points that are larger than the additive effects of singular interventions. 

OUTLINE OF THESIS 

The focus of this thesis is on the correlations between several cardiovascular risk 

factors and MA in type 2 DM. Further exploration of these correlations may help unravel 

the mechanism(s) behind the association between MA and cardiovascular disease. 

Although many previous studies have addressed these issues, several questions have 

remained. These questions relate, amongst others, to kinetic aspects of MA, to possible 

beneficial effects of treating hypertriglyceridaemia on albumin excretion, to the role of 

'new' vascular risk factors like hyperhomocysteinaemia and, finally, to the correlation 

between MA and autonomic cardiovascular nerve function. 

In our hospital, we started measuring MA in patients with both type 1 and type 2 DM 

in the late 1980s. One of the first observations we made was that day-to-day variability 

of MA in individual patients appeared to be substantial. In the early period, MA was 

assessed using (triplicate) 24-hour urine samples only. We decided to look for other, 

possibly less variable methods of quantitating MA, both by using urinary creatinine 
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concentrations as a reference variable, and by taking (multiple) early morning urine samples. 

Chapter two describes a study addressing issues of variability, sampling distribution, and 

choice of sampling methods for quantifying MA in type 2 DM. 

Another observation we made was that there were striking inter-individual differences 

in the rate at which MA progresses in time. Some patients were diagnosed with MA and 

remained roughly stable for many years, whereas others showed rapid progression towards 

overt proteinuria. The study reported in chapter 3 explores these differences in progression 

of MA, and was specifically designed to identify predictors of progression of MA in 

patients with well-controlled blood pressure. 

Chapter four describes a small study in which progression of MA is attemptedly 

manipulated by treatment of hypertriglyceridaemia. 

Hyperhomocysteinaemia is a relatively recently discovered risk factor for cardiovascular 

disease (203). Its role in the aetiology of 'microvascular' complications is not well 

established. Given the uncertainty as to whether 'new' risk factors may help explain the 

excess cardiovascular risk in patients with type 2 DM, specifically those with MA, we set 

out to explore the possible role of hyperhomocysteinaemia in type 2 DM. This was done 

in a study which is reported in chapter five. 

Autonomic cardiovascular dysfunction is the subject of the final study of this thesis. 

This abnormality is independently related to cardiovascular mortality in type 2 DM 

(204,205), probably mainly because of arrhythmogenic effects of autonomic dysfunction, 

but possibly also because of an atherogenic effect (206,207). The study in chapter six 

explores the possibility of an association between MA and autonomic function in a 

population study which includes subjects with normal glucose tolerance, impaired glucose 

tolerance, and type 2 DM. 
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