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CHAPTER 1

Vascular complications in diabetes mellitus

M.S.P. Huijberts
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INTRODUCTION

Morbidity and mortality as well as quality of life of patients with diabetes
mellitus are to a large extent determined by the development of vascular
complications. Vascular dysfunction in diabetes has many features which vary
from mild signs such as microalbuminuria and background retinopathy to
severe conditions like end-stage renal failure, vision threatening proliferative
retinopathy and critical leg ischemia.
The development of diabetic complications was not recognized until the
introduction of insulin in the 1920's. At that time life expectation of the diabet-
ic patient improved drastically. However, the progress that has been made in
the field of diabetic angiopathy is still mainly limited to symptomatic interven-
tion like the development of hemodialysis and kidney transplantation for end-
stage renal failure and the use of laser coagulation for diabetic retinopathy.
Prevention and /or treatment of diabetic angiopathy can until now only be
achieved by attaining optimal metabolic regulation, and pharmacological inter-
vention is unfortunately so far still of limited value. Many physicians and
health care workers in the field of diabetes care are confronted with the
difficult task to anticipate the development of diabetic angiopathy and to treat
these disabling complications once they are present. In recent years, however,
a number of interesting new theories have been presented on the mechanisms
by which vascular dysfunction in diabetes develops. Our knowledge of the se-
quelae finally leading to diabetic angiopathy is rapidly augmenting.
In this introduction a review will be given of the different forms of clinical
diabetic angiopathy and specific features of diabetic vascular dysfunction in
relation to microvascular structure and function, vascular reactivity, vascular
permeability, arterial compliance, and etiologic mechanisms. In the final section
the therapeutic modalities that are available or yet under investigation will be
discussed.

CLINICAL CHARACTERISTICS OF CHRONIC COMPLICATIONS

DIABETIC RETINOPATHY

Diabetic retinopathy is usually subdivided into two types, the background or
non-proliferative form that may develop rather early in the course of diabetes,
and the proliferative form which evolves after longer duration of diabetes in
a subset of -mainly insulin-dependent- diabetic patients (1). The microvascular
alterations that emerge in the retina do have some characteristics that are
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specific for this organ and do not develop in other microvascular systems that
are affected by the diabetic state.
Early lesions in the retina include characteristic saccular microaneurysms
which are considered as the earliest visible sign of diabetic retinopathy. Other
lesions are blot hemorrhages, thickening of the capillary basement membrane,
increased vessel wall permeability and associated formation of hard exudates,
nonperfused and obliterated capillaries, as well as the degeneration of pericytes
leading to so-called pericyte ghosts, impressions of pericytes on the capillary
basement membrane (2,3,4). This pericyte loss does not develop in other ocular
tissues or areas in the central nervous system where pericytes are present such
as the optic nerve or the cerebral cortex, suggesting that factors restricted to
the retina play a role in this process (5).
In the phase of non-proliferative retinopathy, visual acuity may already be
threatened when retinal edema develops near the center of the macula as a
result of increased vascular permeability. In fact, macular edema is the com-
monest cause of visual loss in diabetes (6). Progression into proliferative
retinopathy takes place when neovascularization occurs. Ingrowth of vessels
into the vitreous body leads to an increased risk of hemorrhage and scar
formation (7,8).
Several factors have been postulated to be associated with an increased risk of
developing retinopathy. Among these are HLA types (9,10), hypertension (11),
smoking (12,13) and age (14), but most of them are still controversial. Serum
and vitreous IGF-I and prorenin levels seem to be increased in patients with
retinopathy (15,16) although the precise relevance of this finding is unclear.
Fortunately, with the development of laser photocoagulation an effective
method has been introduced to treat proliferative retinal lesions as well as
maculopathy (17,18,19). Early laser treatment may delay the progression of
diabetic retinopathy and can prevent the development of blindness in many
cases.

DIABETIC NEPHROPATHY

Diabetic nephropathy develops in a substantial percentage of the diabetic
population, although recent publications demonstrate a marked decline in the
incidence of nephropathy in insulin-dependent diabetes mellitus (20).
This condition leads in many cases to end-stage renal failure requiring inten-
sive therapy such as hemodialysis or transplantation. An important early
alteration is the increased size of the kidney (21,22). Kidney enlargement is
probably due to hyperperfusion and is only temporal. With advancing ne-
phropathy the kidney becomes small and scarred with pronounced alterations
in the intima and media of its larger vessels (23).

10
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Microscopic lesions that can be found at the onset of nephropathy include
increased glomerular size and filtration surface (24,25), mesangial expansion
(26), and glomerular basement membrane thickening (27,28). These early
changes may develop finally into nodular and diffuse glomerulosclerosis
leading to loss of glomerular filtration surface. With these anatomical lesions
normal renal function can not be preserved. Early functional changes are
characterized by an increased renal plasma flow and glomerular filtration rate
(29). Subsequently microalbuminuria and overt proteinuria develop as well as
hypertension, which may finally progress into end-stage renal failure (30).
Mogensen and co-workers have designed a five-stage scheme representing the
natural course of renal disease in IDDM (31, Table 1)

Tab/e 2: Stages in Me det>e/opmenf o/diabetic

1. Renal hypertrophy and hyperfunction.

2. Renal lesions without clinical signs.

3. Incipient nephropathy (microalbuminuria)

4. Clinical diabetic nephropathy.

5. End-stage renal failure.

The phase in which microalbuminuria is demonstrable deserves special atten-
tion, as it might be regarded as the first visible sign of susceptibility to diabe-
tes-induced renal damage. At the same time it indicates a phase in which
morbidity and mortality due to cardiovascular disease gradually increases
(32,33). In general, microalbuminuria is associated with higher levels of blood
pressure (34) and it has been shown that antihypertensive treatment can
postpone the development of proteinuria and the decline in renal function (35).

A number of risk factors have been identified concerning the development and
course of diabetic nephropathy. Hyperglycemia seems to be one of the major
factors. There is evidence that tight metabolic control can delay the progression
of nephropathy when at least the stage of overt proteinuria has not been
reached (36,37). Hypertension is another important factor in the development
of diabetic renal disease. Blood pressure level and albumin excretion seem to
be closely related (38,39), although it is not yet clear which one precedes the
other. A familial history of hypertension seems to predispose for the develop-
ment of nephropathy (40,41) and in groups of diabetic patients with renal

11
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complications increased activity of the sodium-lithium countertransport -a trait
that is determined genetically- has been found (42). Protein intake is another
factor that can influence the course of nephropathy. A reduction in dietary
protein content can reduce microalbuminuria and GFR (43,44). The role of
obesity and smoking seems to be of less importance. In general, measures to
prevent diabetic renal disease should comprise achievement of tight metabolic
control, treatment of hypertension, and restriction of protein intake to 0.8 g/kg
body weight (45,46).

ATHEROSCLEROSIS

From epidemiological studies it is known that patients with diabetes mellitus
have an increased risk of developing atherosclerosis. In non insulin-dependent
diabetes the risk of coronary heart disease is increased two- to fourfold (47).
Especially in women this relative risk is increased, thereby reducing the
differences in risks for coronary heart disease between males and females.
Some studies indicate that the largest increase in risk occurs in the younger age
groups of 40-55 years (48). Not only established diabetes but also impaired
glucose tolerance results in an increased risk of developing atherosclerosis
(49,50). Some authors have pointed to clustering of risk factors related with
atherosclerosis such as hypertension, insulin-resistance, dyslipidemia and
obesity (syndrome X) (51).

In parallel with the elevated risk of developing coronary heart disease there is
also a higher incidence of peripheral vascular disease in diabetic patients, and
ulcers and gangrene develop in about 10 percent of elderly diabetic patients
(52). The risk of stroke is to a similar extent increased in non-insulin dependent
diabetic patients (53). In insulin-dependent patients only few long-term studies
regarding the specific risks of developing atherosclerosis because of this
disease have been performed. It seems well established though, that once
proteinuria is present, cardiovascular morbidity and mortality rises dramatical-
ly (32,33), accounting for most of the excess mortality observed in insulin-
dependent diabetes. The precise mechanisms explaining these observations are
not known yet, but might be related to generalized vascular damage associated
with proteinuria (54).

The characteristics of atherosclerosis are not different in diabetic patients
compared to the non-diabetic population, sharing the same features like focal
distribution in areas of low shear stress, accumulation of lipoproteins, recruit-
ment of monocytes/macrophages, generation of foam-cells, neo-intima forma-
tion and finally mural thrombosis (55). Atherogenic factors present in diabetes
include dyslipidemia, increased levels of Lipoprotein (a) (56), endothelial
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dysfunction, defective phagocytosis (57), increased levels of von Willebrand-
factor (58), and protein glycosylation inducing free radical formation (59) and
altered platelet function (60).

DIABETIC NEUROPATHY

Neuropathies are frequently observed in diabetic patients. Its manifestations
range from delicate abnormalities only detectable by specific electrophysiologic
testing, to advanced neurologic dysfunction leading to marked disability. There
are only limited data on the exact prevalence of this complication but it has
been suggested that after a diabetes duration of 25 years about 50 % of patients
show objective signs of polyneuropathy (61-63). Although diabetic neuropathy
usually is not categorized as a vascular complication, there are indications that
vascular dysfunction plays an important role in its etiology (64). Vascular
alterations associated with diabetic neuropathy include an increased number
of closed capillaries in sural nerve biopsies (65), thrombosis in intraneural
arterioles (66) and reduced nerve oxygen tension (67). Other mechanisms
which have been suggested to play a role are alterations in nerve NaVK*-
ATPase activity, depletion of myo-inositol and sorbitol accumulation (see
paragraph below), as well as alterations in neurotrophic factors (68), alcohol
consumption (69), and autoimmune mechanisms (70).

THE DIABETIC FOOT

The diabetic foot poses a very complex clinical problem combining the conse-
quences of neuropathy, macroangiopathy, microangiopathy, and altered joint
mobility. Diabetic polyneuropathy leads to sensory, motor and autonomous
dysfunction resulting in diminished perception of pain, temperature and
pressure, as well as altered foot mechanics, together with increased shunt flow
and anhidrosis (71). Macroangiopathy mainly plays a role in the older age-
groups, with atherosclerotic lesions that are located in general more distally
and multisegmental compared to non-diabetic patients. Microangiopathy may
lead to impaired vasodilation and impaired autoregulation. Poorly controlled
patients are especially prone to infection, possibly by immunologie alterations
induced by hyperglycemia. Grossly, diabetic foot ulcers can be divided in
neuropathic ulcers and angiopathic ulcers, although in the majority of cases
etiologic factors are plurifold. Diabetic foot problems can be found in about
25% of diabetic patients (72). In a number of cases these lower extremity
problems make amputation necessary. The incidence of major amputation has
been estimated about 4000/million/year (73,74). The prognosis for patients
after lower extremity amputation is poor, with a 3-year survival of 50% (75).

13
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SPECIFIC FEATURES OF DJABE77C ANGIOPATHY

The clinical entities that have been described in the previous section share a
number of characteristic alterations at the microvascular and/or macrovascular
level. In the following paragraphs these specific disturbances will be discussed
in more detail.

MICROVASCULAR STRUCTURE AND FUNCTION

The sequence of microvascular alterations in diabetic retinopathy and diabetic
nephropathy is relatively well documented. There are however also indications
that specific diabetes-related lesions may develop in other vascular beds. One
of the first signs of microangiopathy that was discovered is capillary basement
membrane thickening. Thickening of capillary basement membranes of nerve
(76), muscle (77) and skin (78) has been observed already many years ago.
Siperstein et al. measured a marked increase of vascular basement membrane
thickness in quadriceps muscle of about 98% of diabetic and 50% of -what they
called- genetically prediabetic patients (79). This indicates that genetic factors
play a role in the development of this vessel wall abnormality. Studies in
identical twins suggested, in contrast, that the diabetic milieu per se rather
then hereditary factors are of importance in the development of basement
membrane thickening (80). This is supported by the reduction of skeletal
muscle capillary basement membrane width induced by two years of improved
metabolic control (81). Expression of basement membrane components in en-
dothelial cells might be directly influenced by hyperglycemia (82).
The functional consequences of increased basement membrane width might
include impaired leucocyte migration across the vessel wall, decreased capil-
lary distensibility, and altered vascular permeability (83), an item that will be
discussed later. The formation of new vessels is one of the alarming signs in
advanced retinopathy. It is not well known whether neovascularization occurs
outside the eye as well. Studies on capillary densities in different tissues
obtained from diabetic subjects and diabetic animals yielded controversial
results (84,85).

A set of important studies on experimental diabetic microangiopathy comes
from the group of Bohlen, who investigated microvascular diameters and
microvascular structure after diabetes induction or induction of local hyper-
glycemia. Their experiments indicated that microvascular alterations are not
similar in all microcirculatory beds. Arteriolar constriction occurred in wings
from diabetic bats (86) and cremaster muscle arterioles from diabetic mice (87),
while vasodilation was shown in intestinal arterioles (88).

14
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Other authors also obtained evidence for vasodilation in diabetes, such as
increased forearm blood flow (89,90), capillary dilation in the nailfold of the
toe, the cheek mucosa and the facial skin (91,92). Also dilation of the retinal
arteries and veins and increased retinal flow has been observed (93-95). These
functional, hemodynamic alterations that occur early in the development of
diabetic microangiopathy are sometimes regarded as the initiating events that
finally lead to the anatomical lesions that become manifest in the course of the
disease (96). In this theory diabetic (micro)angiopathy is a process in which
hyperperfusion damage plays an important role (97).
However, many questions remain to be answered concerning this subject. The
diversity of experimental microcirculatory and diabetes models, the relative
inaccessibility of human microvascular beds, as well as probable differences
between insulin-dependent and non-insulin dependent diabetic patients make
this topic very complicated. As a consequence, both short-term and long-term
structural as well as functional effects of (experimental) diabetes on different
microvascular beds need further definition.

VASCULAR REACTIVITY

One of the first observations regarding vascular reactivity in diabetes mellitus
dates from a study of Brody et al. (98), who measured vascular responses to
vasoconstrictors in perfused hindquarters from diabetic and non-diabetic rats.
The results showed a vascular hyperresponsiveness to epinephrine, norepi-
nephrine and angiotensin II. Since then many studies have been performed
regarding vascular reactivity to vasoconstricting and vasodilating agents in
both clinical and experimental diabetes mellitus.

In experimental diabetes most of the studies regarding vasoreactivity to
vasopressor agents indicate -in concordance with Brody's studies- an increased
reactivity to oc-adrenoceptor-agonists as well as angiotensin II. Abebe et al.
performed a number of studies in which they showed that in aortae and
mesenteric arteries responses to norepinephrine and a-1 receptor agonist are
increased in diabetic rats, which might be related to increased release of
intracellular calcium (99), protein kinase C activation (100), and augmented
inositol phosphate production (101). Other studies (102,103) also suggest an
increased microvascular reactivity to norepinephrine in hindquarters and
cremaster muscle arterioles of diabetic rats, although after prolonged diabetes
duration (32 weeks) reactivity was restored towards normal (102). There are,
however, studies that report depressed reactivity to vasoconstricting agents
(104,105). In diabetic patients responsiveness of superficial hand veins (106)
and corpus cavernosum smooth muscle (107) to a-adrenoceptor agonists was
shown to be increased. Christlieb demonstrated already some years ago that

15
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in diabetic patients with vascular complications reactivity to angiotensin II and
norepinephrine is increased (108).

In general the experimental studies in which the effects of vasodilating agents
are studied in diabetic animals indicated an impairment of endothelium-
dependent relaxation, while endothelium-independent relaxation remained
unaltered. The studies have been performed in different species and different
vessel types (109-113), indicating that this phenomenon may be a general
feature of diabetic angiopathy. However, there are some methodological
difficulties related to ambient glucose concentrations in the in vitro studies as
well as the interpretation of some observations. In one human study, the
finding of impaired endothelium-dependent and normal endothelium-indepen-
dent vasodilation could be confirmed. Acetylcholine-induced relaxation but not
nitroprusside responses were depressed in corpus cavernosum tissue from
diabetic patients (114). Nevertheless, in two recent in vivo studies in diabetic
patients no differences were observed in forearm endothelium-dependent
relaxation (115), while endothelium-independent relaxation was impaired in
one study (116).
It remains to be clarified how vasoreactivity is precisely affected in diabetes.
Regional vascular differences may exist, and the duration of diabetes may have
distinct effects on vascular function. Another factor that may play a role is the
presence or absence of hyper- or dyslipidemia in the different experimental
and human types of diabetes mellitus. It has been shown that high-density
lipoprotein has beneficial effects on endothelium-dependent vasorelaxation
(117), while oxidized low-density lipoprotein might attenuate this process (118).

INCREASED VASCULAR PERMEABILITY

Alterations in vascular permeability in diabetic patients as well as in models
of experimental diabetes have been demonstrated in many studies. In the
clinical situation, fluorescein angiography is an important tool in the diagnosis
and classification of diabetic retinopathy. However, outside the retina vascular
permeability may also be increased in diabetes. Parving et al. demonstrated
that microvascular permeability, as assessed by determining the transcapillary
escape rate of albumin (TER^), was increased following a short period of poor
control in diabetic patients (119). Not only poor metabolic control but also the
presence of hypertension and/or microangiopathy was associated with in-
creased TER,,b in diabetes (120). By measuring extravasation of fluorescein
sodium through nailfold capillaries Bollinger et al. showed that permeability
of the diffusion barriers was markedly increased in patients with long duration
of diabetes (121). In addition, Feldt-Rasmussen showed that TER^ augments
with increasing levels of albuminuria (122).

16
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In experimental models of diabetes there are also indications that vascular
permeability is markedly increased. The group of Williamson performed many
studies regarding this subject. They showed that in many tissues of both strep-
tozotocin-induced and spontaneously diabetic BB/W rats regional albumin per-
meation is increased. The tissues include granulation tissue (123), different
ocular tissues, kidney, aorta, sciatic and brachial nerve, as well as cecum and
colon (124). They hypothesized that increased vascular leakage is at least
partially related to increased regional flow, since they observed parallel in-
creases in blood flow in the tissues in which albumin permeation was in-
creased (125). Recent studies from this group connect increased flow and
increased regional albumin permeation to increased nitric oxide production
(126,127). It has also been demonstrated that transcapillary escape of albumin
already increases very shortly (24 hr) after diabetes induction. This suggests
that functional alterations may play a role (128), although effects due to the
administration of streptozotocin can not be excluded.

There are two main theories explaining the development of increased protein
extravasation in diabetes. One line of evidence suggests that hemodynamic
alterations such as increased local flow and increased intracapillary pressure
promote transvascular passage of macromolecules as a result of increased
hydrostatic forces (129). Most of the data supporting this theory originates
from renal studies in which intraglomerular pressure was reported to be
increased, indicating a relation with the concomitant rise in urinary albumin
excretion. Only recently, direct in vivo intracapillary pressure measurements
were performed in human skin nail-fold capillaries, demonstrating that capil-
lary pressure was overall higher in diabetic patients compared to non-diabetic
controls (130).
The second explanation refers to specific alterations in the vascular wall
leading to enhanced vascular leakage in diabetes. Vessel wall alterations are
suggested to relate mainly to the extracellular matrix in which some compo-
nents such as collagen type IV are increased (131), while the content of the
proteoglycan heparan-sulphate is decreased (132). Loss of heparan-sulphate
proteoglycan results in loss of anionic sites leading to loss of size and charge
selectivity of the capillary/glomerular wall (133). The so-called Steno hypothe-
sis suggests that the development of albuminuria and the concomitant increase
in transvascular albumin passage as demonstrated by Feldt-Rasmussen are
exponents of the same process causing damage to both the glomerular and the
(large) vascular wall (134). In this view, albuminuria reflects generalized
vascular damage, which explains the increased mortality associated with
albuminuria in diabetes (33, 54). In addition to these theories, other mecha-
nisms such as increased number and size of pores through which plasma
proteins permeate capillaries may also play a role.

17
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ARTERIAL COMPLIANCE AND ELASTICITY

Arterial compliance describes a change in (large) arterial volume as a result of
a change in blood pressure. Compliance is dependent on intravascular pressure
(135), and is determined by the elastical properties of the vessel wall but also
by its dimensions. Arterial compliance is an important modulator of the
transmission and damping of the pulse wave along the arterial tree, and has
a marked impact on cardiac load (136,137). A decrease in arterial compliance
may be caused by an elevation of arterial pressure per se, vascular hypertrop-
hy, and changes related with aging such as atherosclerosis.
In diabetes, there is remarkably little known about alterations in arterial
compliance and arterial elasticity. One can imagine that, as a result of the
accelerated atherosclerosis that exists in many (elderly) diabetic patients
vascular elasticity will be decreased. However, glycation of proteins resulting
from prolonged hyperglycemia can induce structural modification of proteins
in the vascular wall; this might form another factor that influences arterial
compliance in diabetes. Indeed it has been demonstrated that aortic stiffness
in younger insulin-dependent diabetic men and women was markedly increa-
sed compared to control subjects with comparable levels of blood pressure
(138). In another study in IDDM patients, aortic samples obtained outside the
visible areas of atherosclerosis showed a marked increase in stiffness (139).
Very few studies have addressed this subject in experimental diabetes. Recent-
ly, Patel et al reported that streptozotocin-induced diabetic rats had clearly
stiffer right atria and venoatrial junctions than non-diabetic control rats (140).

EITOLOGIC MECHANISMS IN THE DEVELOPMENT OF DIABETIC
ANGIOPATHY

The specific disturbances in diabetic angiopathy both at a microvascular and
macrovascular level are considered to be caused by one or possibly several
mechanisms that interfere with cardiovascular processes at a basic level. These
mechanisms are probably all related directly or indirectly to hyperglycemia.
The important role of hyperglycemia as such in the genesis of diabetic com-
plications has only recently been fully established. Hyperglycemia in diabetes
may lead to the development of diabetic angiopathy through formation of
advanced glycosylation endproducts (AGEs), by an increased flux through the
polyol pathway or by alterations in hormonal and growth factor systems.

18
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THE ROLE OF HYPERGLYCEMIA IN THE DEVELOPMENT OF DIABETIC
ANGIOPATHY

The role of hyperglycemia per se in the development of diabetic complications
has been disputed for a long time. It has been uncertain whether improving
blood glucose control could prevent the development or slow the progression
of diabetic complications. Since, by the use of continuous subcutaneous insulin
infusions (CSII) and the multiple insulin injections regimen, it became possible
to attain near normoglycemia in insulin-dependent diabetic patients, several
studies have addressed this controversy and compared groups of well control-
led and less controlled patients to observe the development or progression of
long-term angiopathic complications.
Confusion regarding the subject of diabetic control and complications origina-
ted from studies concerning patients with diabetic retinopathy. In some of
these studies a worsening of the retinopathy after improvement of metabolic
control was seen (141-143). Follow-up of these studies showed however that
this worsening was only transient (144). Other studies reported that near
normoglycemia slowed the progression of retinopathy (145,146). Early stages
of diabetic nephropathy, when microalbuminuria is present, seem to benefit
from tight metabolic control (147-149), but when clinical proteinuria is reached,
correction of hyperglycemia does not improve or preserve renal function
(150,151). Also patients with neuropathy seemed to profit from improved
metabolic control (152,153). It has been shown that even short periods of
improved metabolic control can ameliorate motor nerve conduction velocity
(154).

Only recently, conclusive answers with respect to this topic came from the
Diabetes Control and Complications Trial (DCCT). This large multicenter
controlled randomized trial was started in 1983 in order to study the relation
between early metabolic control and the development of microangiopathy in
insulin-dependent diabetic patients (155,156). The results unequivocally showed
that good metabolic control reduces the risk of developing microvascular
complications and neuropathy. The risk reductions were very substantial,
especially when is taken into account that the difference in mean HbAlc was
only about 2% between the two study group (7.0% in the intensive treatment
group versus 8.9% in the conventional treatment group).

ADVANCED GLYCOSYLATION ENDPRODUCT FORMATION

High blood and tissue glucose levels chemically modify various extracellular
and intracellular macromolecules. The first modification step involves conden-
sation of the sugar with a free amino group, resulting in the rapid formation
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of a Schiff base. Lysine is one of the amino-acids especially involved in this
condensation reaction. The Schiff base subsequently undergoes a chemical
rearrangement to a more stable Amadori product. This product is degraded
into a number of highly reactive compounds, which react again with other free
amino groups thus forming various intermediate and advanced glycosylation
endproducts (AGEs). The exact chemical nature of reactions involved in the
development of these AGEs is until now only poorly understood.
AGE formation has been implicated in the pathogenesis of several of the
complications of aging and diabetes, including atherosclerosis and renal disease
(157,158). AGEs may accumulate on long-lived tissue proteins, for instance
collagen. Not only glucose, but also other sugars may play part in the forma-
tion of glycosylation products: the rate of Schiff base formation from D-fructose
(intracellularly) is 7 times faster than from glucose, and glyceraldehyde-3-
phosphate, an intermediate of glycolysis, is responsible for a 200 times more
rapid glycosylation of proteins.

The formation of AGEs on proteins may alter their tertiary structure, and has
several implications for their normal function. For instance, glycosylation of
collagen increases tissue stiffness (157), while glycosylation of apolipoprotein
Al reduces HDL-mediated efflux of cholesterol from the vessel wall (159). It
was shown that AGEs stimulate the secretion by macrophages of tumor
necrosis factor (TNF-a) and interleukin-1 upon reaction with a specific receptor
(160); this mechanism may be involved in the development of diabetic nephro-
pathy (161). Already early glycosylation products stimulate formation of free
radicals (59).
Formation of AGEs has several consequences for the extracellular matrix
components: AGE-formation on collagen and laminin inhibits the normal
network-like development of the matrix, and results in decreased binding of
heparan sulphate-proteoglycan (HS-PG), an important negatively-charged
basement membrane constituent (162,163). Lower concentrations of HS-PG in
the extracellular matrix have been implicated in the genesis of albuminuria,
mesangial proliferation and increased transcapillary albumin permeation on
one side, and enhancement of several processes related to atherosclerosis on
the other side (134). Plasma proteins may be 'trapped' in the matrix by the
reactive AGE-precursors situated on matrix proteins, which gives rise to a
further expansion of an already thickened basement membrane. Furthermore,
the biochemical alterations may give rise to changes in vascular tone and
function as well, and it was suggested that the advanced glycosylation process
impairs normal endothelium-dependent relaxative properties by quenching of
nitric oxide (164). The injection of AGE-modified albumin into normal rats and
rabbits induced vascular dysfunction that is very similar to the derangements
observed in experimental diabetes (165).
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Aminoguamdine. Recently, drugs modifying the formation of advanced glyco-
sylation end-products have been developed. Aminoguanidine is one of these
drugs. Its putative mechanism of action is the reaction with Amadori-derived
fragmentation products such as 3-deoxyglucosone in solution (166). One of the
first reports on aminoguanidine and diabetic vascular dysfunction dates from
1986 when Brownlee et al. demonstrated that aminoguanidine prevented
diabetes-induced arterial wall protein cross-linking (167). Many subsequent
studies have demonstrated beneficial effects of aminoguanidine treatment on
vascular dysfunction in experimental diabetes. In experimental diabetic reti-
nopathy, long-term treatment with aminoguanidine markedly retarded the
development of microaneurysms, acellular capillaries and pericyte loss (168).
In addition, aminoguanidine prevented mesangial expansion (169), albuminuria
(169,170) as well as glomerular basement membrane thickening (171). In
peripheral nerves from diabetic rats the drug was shown to restore nerve
blood flow (172), to improve motor nerve conduction velocity, and to norma-
lize partially axonal atrophy (173,174). In tail tendons from diabetic rats,
aminoguanidine reduced the increase in collagen stability (175).
Recently, attention has also been focused on effects of aminoguanidine that are
not related to inhibition of AGE-formation, such as its effects on nitric oxide
(NO) synthesis and its influence on aldose reductase. Tilton and colleagues
have shown in a number of experiments that aminoguanidine inhibits both the
inducible and the constitutive isoform of NO-synthase (126). In addition,
aminoguanidine might also be an inhibitor of aldose reductase, although
probably only in supraphysiologic concentrations (126,127).
Clinical studies with aminoguanidine are currently underway: The first results
showed that 1 month treatment with aminoguanidine resulted in significant
lower hemoglobin-AGE levels in diabetic patients. Important toxic effects have
not been reported so far. It is, however, conceivable that aminoguanidine
might raise arterial blood pressure by its NO-synthase inhibiting effects.

THE POLYOL PATHWAY

In recent years, attention has been focused on an alternative route of glucose
metabolism, the polyol pathway. In this pathway glucose is first reduced to
sorbitol by the action of aldose reductase. Then it is oxidized to fructose by the
enzyme polyol dehydrogenase. Aldose reductase has a rather low affinity for
glucose so that this pathway only becomes important when hyperglycemia is
present. Aldose reductase has been found in many tissues including nerves
(176), retina and retinal microvessels (177) and glomeruli (178). At higher
glucose levels the polyol pathway can account for as much as 30 % of glucose
metabolism (179).
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Activation of the polyol pathway leads to polyol accumulation, since these
sugar alcohols can not easily pass cell membranes. Associated with polyol
accumulation is the depletion of myo-inositol, a precursor of phosphoinositide
metabolism. These phospholipids are thought to play a major role in cell
signaling by activating protein kinase C (180). Protein kinase C has important
effects on cellular functioning by influencing contraction and cell growth.
Another mechanism by which an increased flux through the polyol pathway
might affect vascular function in diabetes is the subsequent generation of an
increased NADH/NAD* ratio. This alteration in redox state creates a situation
of so-called pseudohypoxia, which resembles circumstances in which ischemia
is present (181).

reductase zn/jibifors. In some animal studies the prevention of polyol
accumulation by aldose reductase inhibition seemed a promising new way to
prevent or revert microvascular complications. Aldose reductase inhibition has
been shown to prevent diabetes-induced increases in vascular permeability and
enhanced regional blood flow in granulation chamber tissue and other tissues
from streptozotocin-induced diabetic and spontaneously diabetic BB/W rats
(124,125,182,183). It was postulated that aldose reductase inhibitors have
advantageous effects in experimental diabetes by normalizing the increased
NADH/NAD* ratio resulting from increased sorbitol pathway metabolism
(184). Concerning experimental diabetic nephropathy, Cohen et al. showed that
sorbinil normalized the decreased glomerular NaVIC-ATPase activity (185).
There are also reports that the development of hyperfiltration (185) as well as
albuminuria (186) were prevented. In addition aldose reductase inhibitors had
positive effects on nerve NaVK*-ATPase activity and neurophysiologic param-
eters (187-189).
Some studies did not reveal beneficial effects of aldose reductase inhibitors; in
one study sorbinil was not effective in reducing the severity of diabetic reti-
nopathy occurring after 5 years duration of galactosemia or alloxan-induced
diabetes (190). In human studies the results were so far not very promising.
Sorbinil did not slow the progression of retinopathy or prevent its develop-
ment (191), while glomerular hyperfiltration was only reduced to a slight
although significant extent (192). Possible explanations for this lack of effect in
diabetic patients might be the interventional character of the performed studies
as well as potentially inadequate levels of aldose reductase inhibition. Further-
more, aldose reductase activity is much higher in rodents compared to hu-
mans.
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HORMONAL AND GROWTH FACTORS

The rewin-angiotensin system. The renin-angiotensin system (RAS) has been
regarded for a long time as an endocrine system only. Renin, secreted by the
kidney stimulates the conversion of the liver derived angiotensinogen to
angiotensin I, which is then cleaved by the angiotensin converting enzyme
(ACE), present in the blood and on endothelial cells, to the vasoactive peptide
angiotensin II (193,194). The release of angiotensin II has many effects inclu-
ding vasoconstriction, aldosterone production, and catecholamine release. In
this way, the RAS has an important function in maintaining cardiovascular
homeostasis.
Increasing evidence, however, suggests that in parallel with the circulating
RAS a locally active thus paracrine or autocrine renin-angiotensin system
exists. Components of the renin-angiotensin system have been found in many
different organs like the brain, kidney, as well as adrenal and vascular tissue
(195-200). The demonstration of renin and angiotensinogen gene expression in
these tissues (201-203) is an even stronger indication of local production of
these substances.
The local renin-angiotensin system is thought to be important in a number of
physiologic and pathophysiologic conditions. Observations of increased arterial
renin-angiotensin activities in spontaneously hypertensive rats that have
normal plasma renin and ACE activities, suggest that regulation of vascular
tone and thus regional blood flow are an important feature of the local RAS.
Angiotensin II has been demonstrated to have mitogenic and hypertrophic
effects in vivo and in vitro, mainly on smooth muscle cells (204-206), and to
produce vascular proliferation when implanted into rabbit cornea (207).
Vascular responses to inflammation and injury are considered to be mediated
by the RAS.

In diabetes mellitus, serum levels of components of the RAS seem to be
altered, although some controversy exists about this subject. Authors report
low (208,209), normal (210,211) or even elevated plasma renin activity (212,213)
in diabetic patients. Explanations for the controversial observations include
differences in metabolic control, the presence or absence of (autonomie) neu-
ropathy and differences between insulin-dependent and non insulin-dependent
diabetic patients. In general it is believed that diabetic patients without signs
of microangiopathy have a normal functioning renin-angiotensin system, while
in patients with angiopathy the renin-angiotensin system is suppressed. This
has also been observed in experimental models of diabetes (214,215). High
levels of inactive renin have been found in diabetic subjects with microvascular
disease and have been suggested to be potential markers of microangiopathic
complications (16). These high prorenin levels are thought to result from
increased extrarenal production or reduced clearance of prorenin from the
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circulation (216). In vitreous fluid of patients with proliferative retinopathy,
high levels of renin could be demonstrated. This has led to the hypothesis that
a local intraocular renin-angiotensin system might play a role in the develop-
ment of diabetic retinopathy (217).

rfmg enzyme m/nMion. Angiotensin converting enzyme (ACE)-
inhibitors are very effective in the prevention or postponement of diabetic
nephropathy. Besides lowering blood pressure (218), they appear to have a
beneficial effect on albumin excretion as well (219,220), without deleterious
effects on carbohydrate metabolism (212) or lipid profile (222). The improve-
ment in albuminuria is seen even in normotensive patients treated with ACE
inhibition (223). It remains a matter of debate whether ACE-inhibitors are
superior to other antihypertensive agents with respect to reduction of albu-
minuria and preservation of renal function. Anderson et al. demonstrated that
captopril treatment but not triple therapy with reserpine, hydralazine and
hydrochlorothiazide limited albuminuria and glomerular injury in experimental
diabetes (224). In parallel, there are a number of clinical studies showing
preferential effects of ACE-inhibitors when compared to fi-blockers (225) or
calcium-antagonists (226), whereas other studies could not detect differences
in anti-albuminuric or renal function-preserving effects (227,228).
The protective effect of ACE-inhibitors on the kidney may be due to advanta-
geous hemodynamic effects such as a reduction in intraglomerular pressure.
This reduction in intraglomerular pressure is probably exerted by the specific
dilating effects on the efferent arteriole. There are, however, observations that
have led some authors to the hypothesis that non-hemodynamic mechanisms
might also be of importance. The establishment of the anti-proteinuric effect
takes a relative long time compared to the development of the hemodynamic
effects (229). Furthermore, angiotensin II infusions fail to increase proteinuria
while the hemodynamic effects of ACE-inhibition are already abolished (230).
It has also been reported that ACE-inhibitors modulate intrinsic membrane
properties of the glomerular barrier (231). There is yet very little known on
exfrarena/ effects of ACE-inhibitors in diabetes. With the possible relation
between albuminuria and increased transvascular albumin passage in mind,
studies addressing this subject are of considerable interest.
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Chapter 1

THE PRESENT THESIS

In this thesis characteristics of vascular dysfunction were studied in an experi-
mental diabetes model, the streptozotocin diabetic rat. In this model we
studied the following questions, focusing on three features of diabetic angio-
pathy:

1. MicrowjscwZar sfrwcfwre and /iuncfion. What is the effect of diabetes induction
on microvascular diameters and microvascular density in the skeletal
muscle: Are there signs of vasodilation? How is vasoreactivity affected by
diabetes induction? Is there a specific endothelium-dependent defect in
vasoreactivity?

2. /«creased uascw/ar permeabi/ify. Is there an etiologic role for the renin-angioten-
sin system or AGE-formation in the development of increased albumin
leakage and albuminuria; Can treatment with ACE-inhibition or amino-
guanidine prevent or retard the development of increased vascular per-
meability?

3. j4rfenfl/ comp/wMce and e/osfirify. Does experimental diabetes lead to a de-
crease in arterial elasticity; Can AGE-formation negatively affect arterial wall
properties in diabetes?

THE STREPTOZOTOCIN-INDUCED DIABETIC RAT MODEL

The studies in this thesis were performed using an animal model of diabetes.
This approach allowed us to study (micro)vascular beds that are relatively
inaccessible in humans. Furthermore, it enabled us to assess the effects of
diabetes directly after induction of hyperglycemia, since marked vascular
changes can be observed already after a relatively short duration of diabetes.
In addition, it was possible to test specific agents which can not yet be studied
in humans. We chose the streptozotocin-induced diabetic rat since this is the
most commonly used model. Therefore, comparisons can be made with numer-
ous reports on different aspects of diabetes and diabetic angiopathy. In addi-
tion, not only cardiovascular alterations but also the characteristics of the
endocrine system, and different organs such as the liver, kidney and central
nervous system have been extensively studied (232).
Streptozotocin is a metabolite of Streptomyces Achromogenes that has antibi-
otic, antitumor and carcinogenic properties. The first reports regarding its
diabetogenic characteristics date from 1963 (233). Streptozotocin is directly toxic
for the pancreatic fi-cells through damage to the plasma membrane, a decrease
in NAD levels and possibly free radical production (234). It induces a form of
diabetes that resembles insulin-dependent diabetes in humans. Streptozotocin-
diabetic rats are hyperglycemic, lean and hypo-insulinemic. Dependent on the
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administered dose of streptozotocin they do or do not need insulin for surviv-
al. In our studies a moderate dose of 70 mg/kg streptozotocin intraperitoneally
was used, which induces hyperglycemia in the range of 16-25 mmol/1.

OUTLINE OF THE THESIS

The thesis can be divided into three sections. In the first part, diabetes-induced
alterations in microvascular diameters, microvascular density and microvascu-
lar reactivity are assessed in the dorsal microcirculatory chamber model. This
model allows chronic measurements of skeletal muscle microcirculation in
conscious rats. In this way microvascular characteristics could be observed
sequentially after diabetes induction without confounding effects of anesthesia.
We were interested in the direct effects of hyperglycemia on the microcircula-
tion in a situation in which no insulin was administered. Using this model, also
vascular reactivity changes could be studied in conscious animals. Attention
was paid to reactivity to both endothelium-dependent and endothelium-
independent vasoactive substances.
In part two increased vascular permeability and albuminuria, two established
features of diabetic angiopathy are studied. We were especially interested in
the effectiveness of the ACE-inhibitor perindoprilat as well as aminoguanidine
in reducing or preventing these vascular disturbances, which might give an
indication of the role of the renin-angiotensin system as well as AGE-formation
in the development of increased vascular permeability. By measuring effects
on both increased permeability and albuminuria we tried at the same time to
address the question whether these features of diabetic vascular dysfunction
share a common etiologic mechanism and can be influenced simultaneously.
In the third part the question is addressed whether diabetes can alter mecha-
nical properties of the arterial wall. The hypothesis that (experimental) diabetes
might influence arterial wall properties originated from the observations that
vessel wall matrix proteins can be modified markedly by hyperglycemia. The
last experimental chapter deals with the effects of aminoguanidine on mechani-
cal properties of the arterial wall in diabetes.
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SUMMARY

Diabetes mellitus is often complicated by the development of vascular lesions.
The microcirculation is particularly susceptible to diabetes-induced injury. We
used the dorsal microcirculatory chamber, a preparation in conscious rats
suited for long-term measurements of striated muscle microvessels, in order
to observe the direct effects of diabetes induction with streptozotocin on the
microcirculation. 14 Male Wistar Rp rats were used and implanted with a
dorsal microcirculatory chamber at the age of 6-7 weeks. After three weeks
recovery, rats were divided into a control group (n=7) and a diabetic group
(n=7), in which diabetes was induced by i.p. injection with 70 mg/kg strepto-
zotocin. Using intravital microscopy, recordings of selected arterioles and
venules were made before diabetes induction and then weekly for a period of
6 weeks. Vessel diameters were measured off-line with an image-shearing
device. In parallel, photographic pictures were taken of all the preparations;
vascular densities of different vessel classes were determined from these slides
using a standard grid-counting method. After diabetes induction no effects on
diameters of larger Al and A2 arterioles were observed. However, the smallest
A3/A4 arterioles showed a gradual constriction after streptozotocin-adminis-
tration. In addition, 4 and 6 weeks after diabetes induction an increased
density of venules was observed. These results indicate that also in microvas-
cular beds which are not specifically known for diabetes-related damage,
vascular alterations develop already shortly after diabetes induction.

INTRODUCTION

The microcirculation is one of the systems that is very susceptible to diabetes-
induced damage. Since the discovery of insulin and the subsequent survival
of patients with diabetes it has become clear that this disease has deleterious
effects on the microvascularure of various organs. Most vulnerable are the
microvascular beds of the retina and the kidney, where severe vascular dam-
age leading to terminal organ dysfunction can develop. However, there are
also indications that the microcirculation in general is affected by diabetes.
Microcirculatory studies that have been performed in both humans and
animals, show evidence for vasodilation leading to increased flow (1-3),
increased permeability (4-6), and increased pressure (7). This has led to the
hypothesis of hyperperfusion damage induced by diabetes. On the other hand,
especially in more advanced stages where microangiopathy is already present,
signs of diminished flow have been observed (8-10). In human studies never-
theless, the necessity of giving some kind of anti-hyperglycemic treatment can
make it difficult to answer questions concerning the effects of hyperglycemia
per se on the microcirculation. The streptozotocin-induced diabetic rat is an
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animal model which does not require insulin for prolonged survival. Mor-
phometric studies regarding the effects of diabetes on the microcirculation in
this model are scarce, however.
In this study we wanted to investigate the effects of diabetes induction with
streptozotocin on microvascular diameters and microvascular density in zwo,
using the dorsal microcirculatory preparation. This model allows us to observe
sequentially striated muscle arteriolar and venular diameters and vascular
density following diabetes induction with streptozotocin in conscious unrestrai-
ned diabetic rats.

MATERIALS AND METHODS

Anima/s
Male Wistar Rp rats (TNO-REPGO, Rijswijk, the Netherlands) were used. Rats
were obtained shortly after weaning (60-100 g) and were immediately trained
in order to habituate them to sit unstressed in a rodent restrainer minimizing
motion without hampering normal respiration, for at least two hours. As soon
as rats attained a body weight of 130-140 g they were implanted with a dorsal
microcirculatory chamber. After a period of three weeks allowed for recovery,
the quality of microcirculatory preparations was evaluated according to criteria
described below. After admission to the study rats were randomized into a
control group (n=7) and a diabetic group (n=7). Diabetes was induced by i.p.
injection of 70 mg/kg streptozotocin (Sigma, St. Louis, MO, USA) in citrate
buffer (pH 4.5). Rats in the control group received an injection with the vehicle.
Development of diabetes was assessed by blood glucose measurements using
a hexokinase method.

o/ f/ie dorsa/ microci'rcu/afory
This model is described in detail elsewhere (11,12). The dorsal microcirculatory
chamber consists of two halves of polycarbonate with a tissue culture cover
slip (Thermanox, Nunc Inc., Naperville, IL, USA) in the central area where the
muscle is exposed. Rats undergo surgery when their body weights are in the
range of 130-140 g. Surgery is performed under sterile conditions and antibiotic
prophylaxis with amfipenicilline (Gist-Brocades, Delft, The Netherlands) is
given perioperatively. Anesthesia was induced with a mixture of ketamine (5
mg/kg) and xylazine (1 mg/kg), and subsequently the back of the rat was
shaven and depilated with a standard chemical depilating agent.
The dorsal skin was then disinfected with povidone-iodine (Betadine, Dagra,
Diemen, The Netherlands). To maintain anesthesia 30 mg/kg of pentobarbital
was injected, and the dorsal skin of the rat was attached to a D-shaped stain-
less steel frame by means of sutures placed through the skin along the verte-
bral column. In this way a dorsal skinfold was formed. On the right side of the
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rat a circular area of 11 mm was excised, and subsequently connective tissue
covering the inside of the contralateral cutaneous maximus muscle was re-
moved. Eventual microbleedings were stopped by application of thrombin
(Sigma, St. Louis, MO, USA) which was carefully removed afterwards. The
right chamber half was then positioned and securing screws were placed
through small dermal incisions. The rat, still attached to the D-shaped frame,
was then turned on its right side, exposing the left side of the skinfold. Anoth-
er circular area (015 mm), exactly opposing the excised part on the right side
was demarcated, and in this area the skin was very precisely separated from
the cutaneous maximus muscle underlying it. The exposed muscle was im-
mersed in sterile saline and the other chamber half was put in place. Stainless
steel nuts were fitted to the securing screws penetrating both sides of the
skinfold, excess length of the screws was cut off and finally a drop of glue was
applied on top of the nuts. The animal was detached from the frame and
provided with an aluminum cap to protect the chamber.
After surgery, the animals were housed in separate cages in rooms with
controlled light and temperature, to which they had previously been acclimati-
zed. Each week the preparation was gently cleaned using povidone-iodine and
sterile saline under anesthesia. Three weeks were allowed for recovery and
evaluation of the preparation. The preparation was included in the study when
1) no bleeding occurred, 2) no signs of inflammation were present, and 3)
vasomotion was visible.

Measurement o/ microuascu/ar diameters
Following admission to the study, baseline microvascular measurements were
made (week 0). To this end, rats were placed in the rodent restrainer and
positioned in a horizontally mounted Leitz Orthoplan microscope, allowing the
rats to sit in their natural position. First, the entire preparation was observed
at low magnification (Zeiss Plan objective 2.5x; numeric aperture (NA) 0.08) to
document the microvascularure and its angioarchitecture. Individual segments
of the arteriolar and venular tree were inspected using a Zeiss Plan lOx; NA
0.25. Small arterioles and venules were grouped according to functional
branching order and were classified alphanumerically. Corresponding to this
classification, Al arterioles (80-140 urn), are the primary perfusing arterioles,
and their branches are designated second order arterioles (A2; resting diame-
ters 40-80 urn). The precapillary arterioles (A3 and A4; resting diameters 10-40
um) primarily serve blood distribution within the microvascular segment.
Venules are classified similarly but have slightly larger diameters compared to
arterioles of the same order.
Combining all this information, a detailed map of the muscle microcirculation
was made and arterioles and venules of different orders were selected for
weekly measurements. Individual video recordings of the vessels were made
subsequently. Diameters were recorded for at least 1 minute per vessel. Video
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recordings of the selected vessels were repeated every week for a period of 6
weeks. Arteriolar and venular diameters were analyzed off-line with an image
shearing device (13).

Defermmaf/on o/ m/crouascuZar density
In parallel with the weekly video recordings of selected vessels, photographic
pictures were made of each preparation enrolled in the study. Slides (Kodak
Ektachrome 64) were taken with a Nikon F-301 camera with a 50 mm f/1.8
Nikkor lens, a polarizing filter and a Novoflex automatic extension bellow,
mounted on a small stage. Rats were placed on the stage and gently restrained
by hand. A flash light (Metz Mecablitz 32CT3) was used to transilluminate the
microcirculatory preparation. The extension of the bellow resulted in a 2x
magnification. A resolution of 10 |im was calculated for these slides.
The slides made in week 0, week 4, and week 6 were used to determine
microvascular diameters according to standard stereological techniques.
Microvascular density index (VDI) values were determined by counting the
number of intersections with a line grid placed on a projection of the slide. For
A1/A2 arterioles and VI/V2 venules a grid with a depth of 800 |im and a total
grid length of 314 mm was used. For smaller vessels >10 urn no discrimination
could be made between arterioles and venules. For these vessels a grid with
a depth of 110 |im and a length of 97 mm was used.

ana/ysis
Data are expressed as mean ± SEM. Differences between groups were analyzed
with an unpaired Student's f test or repeated measures analysis of variance, p-
values <0.05 were considered statistically significant.

RESULTS

Genera/ characteristics
Baseline body weights were comparable in both groups (173 ± 3 g in control
rats and 178 ± 5 g in diabetic rats). Following induction of diabetes, body
weight in the diabetic group decreased slightly and then steadily increased but
at a much slower rate in comparison with the control group. After 6 weeks
body weights were markedly lower in the diabetic group compared to the
control group (196 ± 7 g vs. 270 ± 4 g, p<0.0001, Fig. la). Blood glucose levels
were in the 6-8 mmol/1 range before induction of diabetes. After streptozoto-
cin-administration, blood glucose levels in the diabetic group rose to 21.9 ±1.2
mmol/1. Blood glucose levels in the diabetic group remained in the range of
20-25 mmol/1, while the control group kept levels of 6-8 mmol/1 (Fig. lb,
p<0.0001).
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Figure 1: Body weight (panel A) and blood glucose levels (panel B) in control rats (circles)
and diabetic rats (triangles) before and after diabetes induction. * p<0.001

MicrowscuZar diameters
j4rteno/es (Fig. 2a). Baseline diameters for Al arterioles were comparable in
both groups (114 ± 12 um in the control group (n=7), vs. 116 ± 16 um in the
diabetic group (n=7)). Diameters of A2 arterioles were equally comparable (53
± 5 in the control group (n=ll), vs. 51 ± 6 in the diabetic group n=ll). Neither
in Al arterioles nor in A2 arterioles, induction of diabetes had significant
effects on vascular diameters (Fig. 2a). In the smaller A3/A4 arterioles howe-
ver, induction of diabetes gradually decreased vascular diameters (week 0; 29
± 2 um in the control group (n=10) vs. 26 ± 3 um in the diabetic group (n=10).
(week 6; 26 ± 3 um in the control group vs. 17 ± 2 um in the diabetic group,
p<0.05, Fig. 2a).
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Figure 2: Arteriolar (panel A) and venular (panel B) diameters following diabetes induction
with streptozotocin (diabetic rats, triangles) or vehicle injection (control rats, circles). * p<0.05

Venw/es (Fig. 2b) Baseline diameters in VI venules were also comparable
between the two groups (175 ± 18 |im in controls (n=7) vs. 172 ± 20 urn in
diabetic rats (n=7). Diameters in V2 venules were 84 ± 10 p.m in control rats
(n=ll) and 86 ± 12 ^m in diabetic rats (n=9) while V3/V4 venules had a mean
diameter of 36 ± 6 nm (n=8) vs. 44 ± 7 (im (n=ll). Induction of diabetes had
no significant effects on venular diameters in both groups.
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Mzcropascu/ar densify
Microvascular density index was expressed as the number of intersections with
the counting grid. It was determined for larger arterioles (A1/A2, Fig. 3a),
larger venules (VI/V2, Fig. 3b) and smaller vessels (A3/A4-V3/V4, Fig. 3c),
since arterioles and venules of this size could not be discriminated from each
other. All microvascular density indexes were comparable when determined
at week 0. After diabetes induction microvascular density of larger venules
(Fig. 3b) increased with 21 % in week 4 (p<0.05), while in week 6 an increase
of 28 % compared to week 0 was found (p<0.05). In the other vessel classes no
differences in vascular density compared to week 0 could be found.

Figure 3: Vascular density of A1/A2 arteri-
oles, VI /V2 venules and A3/A4 arterioles
and V3/V4 venules in control rats (C) and
diabetic rats (D) at baseline (blank bars)
and week 4 (hatched bars) and week 6
(crosshatched bars) following diabetes
induction. * /?<0.05
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DISCUSSION

In this study we investigated the effects of streptozotocin-induced diabetes on
microvascular diameters and microvascular density of the striated cutaneous
maximus muscle. We showed that in the smallest A3/A4 arterioles induction
of diabetes with streptozotocin resulted in a gradual decrease in vessel diame-
ter. In addition, an increased density of larger (VI/V2) venules was observed
after 4 and 6 weeks of diabetes.
The observed vasoconstriction of striated muscle arterioles is in concordance
with reports from experimental studies in cremaster muscle (14), arterioles
from bat wings (15) and intrarenal arterioles (16), but in disagreement with
studies on intestinal arterioles (17) which showed a marked dilatation follo-
wing diabetes induction. In cerebral arterioles (17) no effects were observed in
larger arterioles. Speculating on the causes and/or consequences of the ob-
served vasoconstriction of this small striated muscle arterioles one can wonder
whether this phenomenon is related to specific disturbances at the organ level
or a part of a systemic process in which blood flow is redistributed from
striated muscle and skin in favor of the kidney, intestine and diaphragm. Such
a redistribution of cardiac output has been shown 4 weeks after diabetes
induction in rats (18). One would expect however, that larger arterioles would
be involved also in this vasoconstrictory response. Larger arterioles are usually
considered to be important in the regulation of vascular resistance, and thus
flow.

The observed vasoconstriction might be a consequence of altered vascular
reactivity in the microvascular bed. Alterations in vascular reactivity have been
observed in microvessels from diabetic rats. Most studies direct at impaired
responses to vasodilators (19) in parallel with enhanced responses to
vasoconstrictors (20). This might alter the balance between contracting and
relaxing factors in these vessels in favor of contracting factors. Whether the
vasoconstriction of precapillary arterioles affects muscle flow to such an extent
that tissue oxygenation is diminished, can be questioned. Nevertheless, the
observed vasoconstriction of smaller arterioles could have various adverse
effects. A diminished flow to skeletal muscle has been implicated in the genesis
of insulin resistance in diabetes (21). Moreover, one can speculate that in
situations in which the metabolic demand of the striated muscle is increased,
muscle flow might not rise sufficiently, as has been demonstrated in diabetic
patients doing exercise tests (22). Adequate adaptation might also become a
problem when the local circulation is compromised by the development of
occlusive atherosclerotic lesions, as happens very often in diabetic patients (23).
The inability to dilate microvessels sufficiently might extend tissue damage in
these situations.

50



C/wpfer 2

Yet, it should be noted that the observed vasoconstriction of smaller arterioles
in diabetic rats is in contrast with various studies in humans in which signs of
increased blood flow were found (1,2). It is possible however, that this increa-
sed flow is related to the administration of exogenous insulin that has been
shown to increase skeletal muscle blood flow (24). In addition, it is our opinion
that measurements in rats with marked hyperglycemia and already signs of
microangiopathy, such as microalbuminuria and increased vascular permea-
bility should not be compared with data from diabetic patients with fairly
regulated diabetes and no signs of microangiopathy.

A second observation in this study was the increased density of VI / V2 venules
after 4 and 6 weeks of diabetes. Density of Al /A2 arterioles was not affected
by diabetes induction. Combined vascular density of the smallest arterioles and
venules, which could not be distinguished from each other was not altered,
although it is possible that a reduction of arterioles together with an increase
in venular density or vice versa exists. Neovascularization in diabetes is a well-
known phenomenon in advanced stages of diabetic retinopathy where vessel
formation is also located on the venular side of the capillary bed. Outside the
retina there is little knowledge about vessel growth related to diabetes but the
studies that have been performed report increased (25) as well as decreased
vessel numbers (26).
Increases in venular density have also been associated with increased fluid
filtration across the microvasculature as a consequence of increased microvas-
cular pressure. Increased intracapillary pressure has been demonstrated
recently in skin capillaries from insulin-dependent diabetic patients (7). Also
a number of angiogenic factors are suggested to be present in the diabetic
milieu. Macrophages for example, possess a receptor for Advanced Glyco-
sylation Endproducts (AGEs), which form under hyperglycemic circumstances
from the reaction of circulating sugars with long-lived proteins. Upon reaction
of AGEs with this receptor, macrophages secrete TNF-oc, PDGF and IGF-1 in
quantities large enough to stimulate vascular growth (27). In addition, the
renin-angiotensin system (RAS) which has also been implicated in vascular
growth (28,29), might be (locally) activated in diabetes. High levels of the renin
precursor prorenin are found in the plasma of diabetic patients with retinopa-
thy and/or microalbuminuria (30), as well as in vitreous fluid of diabetic
patients with proliferative retinopathy (31). Finally, alterations in intracellular
sodium concentration, as a result of decreased Na VK*-ATPase activity that has
been demonstrated under hyperglycemic conditions (32), might also have
growth-promoting effects (33).

In conclusion, we observed a gradual decrease in diameter of smaller striated
muscle arterioles following diabetes induction with streptozotocin in rats, as
well as an increased vascular density of venules. This indicates that also in
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tissues that are not predisposed to diabetes-induced damage, vascular altera-
tions develop that might have adverse consequences on cardiovascular homeo-
stasis in diabetes.
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SUMMARY

The effects of the endothelium-dependent vasodilator acetylcholine (Ach), and
the potassium-channel opener BRL 38227 (BRL), and the vasoconstricting
effects of the ocl-adrenoceptor agonist phenylephrine (PHE) and angiotensin II
(ANG-II) on blood pressure and striated muscle arteriolar diameter were
studied six weeks after diabetes induction (70 mg/kg streptozotocin i.p.), in
conscious diabetic (n=18) and non-diabetic control rats (n=20). Animals were
infused i.v. with Ach (3, 10 and 30 ug.kg'\min^), and thereafter received an
injection of 30 ug/kg BRL. In a separate set of experiments, rats were infused
i.v. with PHE (1,3,and 10 ug.kg'.min') and ANG-II (0.1 and 0.3ug.kg'.min'').
Changes in arteriolar diameters were measured in the cutaneous maximus
muscle, using the dorsal microcirculatory chamber model. Body weights were
lower in the diabetic group compared to the control group (200 ± 6 g vs. 277
± 6 g, p<0.001), while blood glucose levels were markedly elevated (24.5 ± 0.7
mM vs. 7.4 ± 0.4 mM, p<0.001). Baseline MAP was slightly lower in diabetic
compared to control rats (112 ± 4 mmHg vs. 120 ± 4 mmHg, p=0.06). The
decrease in MAP following Ach infusion was approximately 30% lower in
diabetic rats (p<0.02). Arteriolar responses to Ach were also markedly lower
in diabetic rats; the effect was most pronounced in A2 arterioles (p<0.001).
Systemic and arteriolar responses to BRL were also both decreased in diabetic
rats. The increase in blood pressure after PHE was greater in control rats than
in diabetic rats (p<0.02), but PHE caused a stronger arteriolar constriction in
diabetic animals compared to control animals. ANG-II had no effect on vessel
diameters in control animals, whereas the highest dose induced a marked vaso-
constriction in diabetic rats. Thus, vascular relaxation is impaired in skeletal
muscle arterioles from conscious diabetic rats, while constriction to both
angiotensin II and PHE is increased. Systemic responses to these vasopressor
agents, however, are unchanged or even decreased. These findings point to
significant functional disturbances of endothelium-dependent and endothelium-
independent vasoregulatory mechanisms in experimental diabetes.

INTRODUCTION

Alterations in vascular reactivity may play a role in the development of
diabetic angiopathy. Several studies describe a decreased endothelium-depen-
dent vasodilation but an unaffected response to endothelium-independent
vasodilators (1-4). Other authors did not find any difference in endothelium-
dependent nor endothelium-independent relaxation (5-8). In these in vitro
studies, several factors such as differences in animals, gender, vessel type stu-
died, method of induction of diabetes, use of precontracting agent and additi-
ves to the bathing medium (9) may explain the inconsistent findings. In a
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comprehensive review, Tomlinson et al. (10) have focused on the unphysiologic
glucose-concentration (10 mM) of the bathing medium that was used in most
of these studies, to assess vessel properties in both diabetic and non-diabetic
animals. Recently, Heesen et al. (11) confirmed the importance of glucose
concentration of the bathing medium in assessing the vasodilatory responses
of aortic rings. A few studies on vascular reactivity in diabetic humans have
reported impairment of vasodilation (12).
Alterations in responsiveness to vasopressor substances have been described
in various pathological conditions, such as hypertension (13,14) and acute and
chronic ischemia (15). The results of studies in diabetes regarding this subject
are controversial; increased (16,17), as well as decreased (18) and unchanged
(19) reactivity to various vasopressor agents has been reported in studies
performed in humans (19), in anesthetized and conscious rats (17,18), isolated
rat hindquarters (20), and microcirculatory preparations in anesthetized ani-
mals (21). In the few microcirculatory studies performed so far mainly open
cremaster muscle preparations were used. However, the surgical procedure in
this model may significantly alter normal hemodynamics within the vascular
bed (22).
We studied the reactivity to vasodilating and vasoconstricting agents of
skeletal muscle arterioles in vivo, using the so-called dorsal microcirculatory
chamber model. In this model, the vascular supply of the skeletal muscle used
is left entirely intact, and no anesthesia is required during measurements.
Simultaneous recordings of blood pressure and heart rate can be made to
evaluate systemic effects. To study endothelium-independent relaxation
acetylcholine was used. Endothelium-independent relaxation was induced by
administration of the potassium-channel opener BRL 38227, since it has been
suggested that sensitivity to the often used nitrovasodilators might be influ-
enced by alterations in endothelium-dependent vasodilation (23), and because
BRL 38227 is one of the most potent vasodilators. The al-adrenoceptor agonist
phenylephrine and angiotensin II were used as vasoconstricting agents.

MATERIALS AND METHODS

Male Wistar Rp rats (TNO-REPGO, Rijswijk, The Netherlands) were used. Rats
were housed in controlled rooms and had free access to food and water. Three
weeks after implantation of the dorsal microcirculatory chamber, they were
randomized in a control group (n=20), and a diabetic group (n=18). Diabetes
was induced by i.p. injection of 70 mg/kg streptozotocin (Upjohn, Kalamazoo,
USA) in citrate buffer (pH 4.5). Rats in the control group received citrate buffer
only. Development of diabetes was assessed by blood glucose measurements
(hexokinase-method).
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Dorsfl/ microcfrcw/flfon/ chamber
This model is described in detail elsewhere (24,25). In 6-7 weeks old rats under
ketamine-xylazine/pentobarbital anesthesia, the cutaneous maximus muscle on
the back was separated from the covering skin and placed in a thermoneutral
polycarbonate chamber. After surgery, the animals were housed in separate
cages in rooms with controlled light and temperature, to which they had
previously been acclimatized. Three weeks were allowed for recovery and
evaluation of the preparation. The preparation was included in the study when
1) no bleeding occurred, 2) no signs of inflammation were present, and 3)
vasomotion was visible. After admission to the study, the rats were rando-
mized in a control and a diabetes group as described above. Rats were studied
6 weeks after randomization. In the meantime the animals were trained 3 times
a week to sit unstressed in a rodent restrainer, which minimizes motion but
does not impede normal respiration.

Assessment of arfen'o/ar
One day prior to the start of the experiments, a venous and an arterial catheter
for drug-injection and recording of mean arterial pressure (MAP) were im-
planted under ether anesthesia. On the experimental day, the rats were placed
in a rodent restrainer for in vivo microscopy. Video recordings were made of
the entire preparation at low magnification (Zeiss Plan objective 2.5x; NA 0.08)
to document the microvasculature and its angioarchitecture. Recordings were
subsequently made of individual segments of the arteriolar tree using a Zeiss
Plan lOx; NA 0.25. Small arterioles were grouped according to functional
branching order and were classified alphanumerically. According to this
classification, Al arterioles (80-140 urn) are the primary perfusing arterioles,
and their branches are designated second order arterioles (A2; resting diame-
ters 40-80 p.m). The precapillary arterioles (A3 and A4; resting diameters 10-40
um) primarily serve blood distribution within the microvascular segment.

Video recordings were made from arterioles of each functional class. First,
baseline recordings were made of each selected arteriole. The first group of rats
was then infused with increasing doses of acetylcholine (Ach) (3, 10 and 30
Hg.kg"\min', Dispersa AG, Winterthur, Switzerland). After establishing a
steady state, diameter recordings were made for each dose. Following a wash-
out period of 30 min, new baseline recordings were made of each selected
arteriole. Subsequently, the potassium channel opener BRL 38227 was adminis-
tered in a bolus injection of 30 |ig.kg'̂  dissolved in 0.9% saline. Video recor-
dings were made after 5-10 min. In the second series of animals, rats were
infused intravenously with increasing doses of phenylephrine (PHE) (1, 3 and
10 ug.kg'.min', Sigma, St. Louis, MO, USA). After establishing a steady state,
diameter recordings were made for each dose. Following a wash-out period of
30 min, new baseline recordings were made of each selected arteriole. Subse-
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quently, angiotensin II (ANG-II) (Sigma) was administered in doses of 0.1 and
0.3 (ig.kg'.min'. Video recordings were made after 5-10 min. Arteriolar diame-
ters were analyzed off-line with an image shearing device (21). The effects
were calculated as the difference from the baseline value. In additional experi-
ments it was verified that infusion of saline did not have any significant effects
on neither mean arterial pressure nor arteriolar diameters.

Mean arteria/ Wood pressure
Mean arterial blood pressure (MAP) was monitored continuously during the
experiment. To this end the arterial catheter was connected to a low volume
displacement pressure transducer (CP-01, Century Technology Company,
Inglewood, CA, USA). The signal was recorded on a Grass 7D polygraph
(Grass Instruments, Quincy, Mass., USA). Low-pass filtering of the signal
yielded MAP.

Sfafi'sfz'ca/ ana/ysis
Data are expressed as mean ± SEM. Differences between groups were analyzed
with an unpaired Student's t test or analysis of variance (ANOVA). p-values
<0.05 were considered statistically significant.

RESULTS

Genera/
Body weights were lower in the diabetic animals compared to the control
animals (200 ± 6 g vs. 277 ± 6 g, p<0.001). Blood glucose levels were markedly
elevated in diabetic rats compared to control rats (24.5 ± 0.7 mM vs. 7.4 ± 0.4
mM, p<0.001). Baseline MAP was slightly but non-significantly lower in
diabetic rats compared to control rats (112 ± 4 mmHg vs. 120 ± 4 mmHg,
p=0.06).
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F/gure 2: Decrease in mean arterial pres-
sure (AMAP) in control (C) and diabetic
(D) rats following infusion of increasing
doses of acetylcholine.

10 30 pg.kg-1-min-l * p<0.02 VS controls
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e/jfecfs
Infusion of increasing doses of Ach resulted in a gradual decrease in mean
arterial pressure, reaching a maximum of 14 ± 1 mmHg decrease in MAP in
the control group vs. 9 ± 1 mmHg in the diabetic group for the highest dose
of Ach (Fig. 1). The decrease in MAP induced by the different doses of Ach
was significantly lower in diabetic rats compared to control rats for all doses
(p<0.02, Fig. 1). Baseline arteriolar diameters were not significantly different
in diabetic rats compared to control rats, although A3/A4 arterioles tended to
be smaller in the diabetic group (Table 1).

Tab/e 2. Base/me arterio/ar diameters be/ore fte sfarf o/ f/ie uasodi/ator experiments

Al

A2

A3/A4

C
D

C
D

C
D

n

11

22
22

30
28

Diameter
before Ach

119 ± 8 n.m
111 ± 6 |im

69 ± 3 ^m
63 ± 3 jim

28 ± 2 (xm
24 ±1 ^m

Diameter
before BRL 38227

117 ± 6 nm
113 ± 5 nm

68 ± 3 n.m
64 ± 3 jim

32 ± 2 urn
25 ± 2 urn *

Baseline diameters of Al, A2, and A3/A4 arterioles from control (C) and diabetic (D) rats
before administration of acetylcholine (Ach) and BRL 38227.
* Significantly different from control rats, p<0.05.

Infusion of Ach resulted in a marked increase in arteriolar diameters in the
control group which was most prominent in the A2 arterioles (+28 ± 4% for the
highest dose of Ach, Fig. 2). In the arterioles from diabetic rats, however, Ach
infusion had only minor effects on vessel diameters, especially in A2 and
A3/A4 arterioles.
Injection of the potassium-channel opener BRL 38227 resulted in a decrease in
MAP in both groups, which was again smaller in diabetic rats (-11 ±2 mmHg
vs. -20 ± 3 mmHg, p<0.05). Baseline values were comparable to values before
infusion of Ach, only in the A3/A4 vessels diameters were now significantly
smaller in diabetic rats (Table 1). BRL caused a marked dilation of especially
the smaller arterioles (Fig. 2). The responses in diabetic rats were significantly
lower than in control rats in A2 and A3/A4 arterioles (Fig. 2).
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Figure 2: Effects of infusion of 3 (blank bars), 10 (diagonally-hatched bars) and 30 (cross-hat-
ched bars) ng.kg'.min' acetylcholine and of the potassium channel opener BRL 38227 (30
ug.kg') on the diameters of Al, A2, and A3/A4 arterioles from diabetic (D) and non-diabetic
control rats (C). * p<0.05 vs controls

Tab/e 2. Base/ine arfeno/ar diamefers before r/ie start o/ f/ze rasoconsfricfor studies

Al

A2

A3/A4

C
D

C
D

C
D

n

10
10

18
15

24
19

Diameter
before Phe

108 ± 6 Jim
113 ± 6 urn

64 ± 3 urn
58 ± 4 |im

25 ± 2 urn
21 ± 2 urn

Diameter
before All

109 ± 6 nm
113 ± 7 urn

62 ± 3 urn
58±4|i.m

25 ± 2 ^m
21 ± 2 (im

Baseline diameters of Al, A2, and A3/A4 arterioles from control (C) and diabetic (D)
rats before administration of phenylephrine (Phe) and angiotensin II (All).
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Effects of phenylephrine and angiotensin II on MAP are shown in Figure 3.
PHE infusion had a dose-dependent effect on MAP in both groups. The blood
pressure increase in diabetic rats was significantly less than in control rats
(p<0.05). ANG-II also raised blood pressure dose-dependently. The increase in
MAP induced by ANG-II infusion tended to be lower in diabetic rats, but this
difference was not statistically significant.
Resting diameters before phenylephrine and angiotensin II infusion were
comparable in control and in diabetic animals (Table 2).

Figure 3: Increase in mean arterial pressure
(AMAP) in control (C) and diabetic (D) rats
following increasing doses of phenyleph-
rine and angiotensin II. * p<0.05 vs con-
trols
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Phenylephrine infusion resulted in a very slight vasoconstriction in the control
animals, mainly in Al and A2 arterioles, whereas no significant effect was
observed in A3/A4 arterioles. Vasoconstrictor responses were much stronger
in the diabetic animals (Al: -21 ± 4, A2: -18 ± 3, A3/A4: -19 ± 3%, Fig. 4).
Angiotensin II infusion, especially in the dose of 0.3 ng.kg'.min'', also evoked
minor vasoconstrictive response in the vessels of the control group, compared
to a marked vasoconstriction induced in all vessels of diabetic animals.
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Figure 4: Effects of infusion of 1 (blank bars), 3 (diagonally-hatched bars) and 10 (cross-
hatched bars) ng.kg'.min' of phenylephrine, and of 0.1 (blank bars) and 0.3 (cross-hatched
bars) ng.kg'.min' of angiotensin II on diameters of Al, A2, and A3/A4 arterioles from
diabetic (D) and non-diabetic control rats (C). * p<0.05 vs controls

DISCUSSION

In this study we demonstrated a marked defect in both endothelium-depen-
dent and endothelium-independent vasodilation in streptozotocin-induced
diabetic rats. Acetylcholine infusion in diabetic rats had only very small effects
on arteriolar diameters in this striated muscle preparation, while in the control
group a 15-30% increase in vascular diameter was observed. Mean arterial
blood pressure dropped to a lesser extent in diabetic rats compared to control
rats, which indicates that the defective vasodilation is probably not restricted
to this microvascular bed alone. The potassium-channel opener BRL 38227 had
very strong vasodilatory effects on the smaller striated muscle arterioles in
control rats, which is in concordance with a previous study from our group
showing that BRL 38227 preferentially dilated small arterioles in conscious
spontaneously hypertensive rats (26). In diabetic rats, responses to BRL were
much weaker than in control rats, although increases in arteriolar diameter up
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to 25 % were observed, implying that probably no major structural alterations
which impede vascular relaxation are present.
The impairment of acetylcholine-induced vasodilation is in agreement with a
report from Lash et al. (27), who described a defective endothelium-dependent
dilation of intestinal arterioles. Mayhan (28) reported comparable findings with
respect to cerebral arterioles. However, both studies conclude on the basis of
unaffected responses to nitrovasodilators that specific endothelium-related
alterations are present in diabetic rats. A diminished nitric oxide production
by endothelial cells would nevertheless lead to a supersensitivity to organic
nitrates (23), suggesting that comparable responses to nitrovasodilators in
control and diabetic rats in fact indicate a defective response in the diabetic
group. Our study shows that arteriolar responses of striated muscle arterioles
to an endothelium-independent vasodilator are indeed disturbed as well. Very
recently, similar alterations in endothelium-independent relaxation have been
demonstrated in both insulin-dependent (29) and non insulin-dependent (12)
diabetic patients.

Several mechanisms have been proposed to be involved in the defective
vascular relaxation in diabetes. Tesfamariam et al. (30) have shown that the
endothelium of aortic rings from diabetic rabbits exposed to high glucose
concentrations produces increased levels of vasoconstrictor prostanoids.
Accumulation of oxygen-derived free radicals, such as superoxide anion, which
can rapidly inactivate nitric oxide (NO), has also been suggested to play a role
(31). Recently, Bucala et al. (32) have shown that Advanced Glycosylation
Endproducts (AGEs) in the vascular wall, which are formed under conditions
of hyperglycemia, can react with NO and thereby abolish its vasorelaxant
effects.
The diminished response to acetylcholine and the endothelium-independent
potassium channel opener BRL 38227 suggests, however, that vascular relaxa-
tion in (experimental) diabetes is not impaired uniquely as the result of a
specific endothelial defect or a disturbance related to nitric oxide inactivation.
Kamata et al. (33) also observed a diminished response to the potassium
channel opener cromakalim in aortic strips from diabetic rats. Functional
changes in potassium channels could explain the diminished arteriolar respon-
se to acetylcholine, since it has been shown that potassium channel blockers
attenuate the vasodilator effect of acetylcholine in isolated perfused mesenteric
arteries of the rat (34). Still, defects in potassium channels alone cannot explain
the diminished reactivity to nitrovasodilators that has been observed in various
studies (29, 32). Therefore, we suggest that vasorelaxation in diabetes is im-
paired as the result of disturbances at a more basal level, such as alterations
in cellular calcium homeostasis. This remains however to be elucidated in
suitable in vivo models or in vitro studies in which attention is paid to the
modulation of vasorelaxation by ambient glucose levels.
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In addition to the observed disturbance in vasorelaxation, reactivity to the al-
adrenoceptor agonist phenylephrine and angiotensin II was increased in
diabetic rats. While responses of arterioles from diabetic rats to phenylephrine
were merely enhanced compared to control rats, strong vasoconstrictory
responses to angiotensin II were observed in arterioles from diabetic rats, while
control vessels did not show any reaction upon angiotensin II infusion. These
findings are in concordance with in vitro studies (35) and studies in anestheti-
zed rats (16,17), showing also an enhanced reactivity of microvessels from
diabetic rats to vasoconstrictor substances. Hyperreactivity to vasoconstrictors
such as noradrenaline and angiotensin II has also been demonstrated in
diabetic patients (18,36,37).
Phenylephrine as well as angiotensin II induce vascular smooth muscle con-
traction by stimulation of the same second messenger systems. Both the al-
adrenoceptor and the ATI-receptor are coupled to phospholipase C through
a pertussis toxin-sensitive G-protein. Phospholipase C hydrolyzes phosphati-
dylinositol 4,5-bisphosphate resulting in the generation of inositol 1,4,5-
trisphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 is involved in the release
of Ca** from intracellular stores while DAG activates protein kinase C. Increa-
sed PKC activation in diabetes has been shown recently (38,39) and is thought
to be related to elevated glucose concentrations, since PKC activity in cultured
rat vascular smooth muscle cells responded rapidly to variations in extracellu-
lar glucose concentration (40). It has also been shown that an inhibitor of PKC,
staurosporin, could correct the hyperresponsiveness of diabetic vessels (41). In
addition, augmented inositol phosphate production induced by stimulation
with noradrenaline has been demonstrated in mesenteric arteries from diabetic
rats (42). Both increased PKC activation and augmented inositol phosphate
production might lead to enhanced responses of arterioles from diabetic rats
to phenylephrine and angiotensin II.

Alterations in transcellular cation exchange might also play a role in the
observed hyperreactivity to vasoconstrictors in arterioles from diabetic rats, as
has been suggested by Simmons and Winegrad (43). They showed that in
aortic intima-media preparations elevation of the glucose concentration of the
medium resulted in a decreased NaVK*-ATPase activity (44), independent of
insulin concentration (45). Moreover, elevated activity of the NaVLi* exchan-
ger, which has been suggested to represent a mode of operation of the NaVH*
antiporter (46,47), has been shown in erythrocytes and platelets from diabetic
patients (48,49). A decrease of the activity of the enzyme NaVK'-ATPase may
lead to an elevation of intracellular Na* (50). Elevation of NaVH* exchange has
been shown in platelets derived from patients with diabetes mellitus (48). The
resulting increase of intracellular Na* causes depolarization of vascular smooth
muscle cells, resulting in an activation of Ca** conductance or voltage-depen-
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dent Na VCa** exchange and an increase in cytosolic free Ca** (50) as biochemi-
cal basis for the hyperresponsiveness to vasoconstrictor agents.

Surprisingly, the stronger peripheral vasoconstrictive effect in diabetic animals
is not paralleled by an equal rise in mean arterial blood pressure. A depression
of systemic responses to phenylephrine and angiotensin II has also been
described by Jackson and Carrier who studied conscious diabetic rats (18).
Their suggestion that diabetic rats might show a decreased peripheral vasop-
ressor response is in contradiction with our findings. One explanation for this
observed difference in systemic and microcirculatory reactions to vasopressor
agents might be that larger-sized arterioles, in which reactivity was not found
to be significantly altered, are more important in regulating resistance than the
smaller arterioles. Many studies though emphasize the importance of smaller
arterioles in regulating peripheral resistance (51). The blunted systemic re-
sponse to the vasopressor agents in spite of increased peripheral vasocon-
striction might also be caused by hypersensitivity of mechanisms for short-term
regulation of blood pressure, such as the baroreceptor reflex. However, region-
al variations in arteriolar responsiveness might also exist, as suggested recently
in a study in pig arteries (52). A diminished renal arteriolar reactivity to angio-
tensin II has been shown in diabetic rats (53). In diabetic patients who showed
an increased hypertensive response to angiotensin II, a simultaneous decreased
reactivity of retinal blood vessels to this agent was demonstrated (54).

In conclusion, we observed in this study a diminished response of striated
muscle arterioles from streptozotocin-induced diabetic rats to the endothelium-
dependent vasodilator acetylcholine and the endothelium-independent potassi-
um channel opener BRL 38227, and enhanced reactivity to phenylephrine and
angiotensin II. In contrast, a blunted systemic response to phenylephrine and
an apparently unchanged systemic response to angiotensin II were observed,
indicating regional variations in vasopressor responsiveness. This indicates
diabetes-induced defects in basal processes involved in vasoreactivity. Regional
differences in vascular reactivity could result in a redistribution of blood flow
to regions susceptible to hyperperfusion damage, such as the retina and the
kidney), and in this way extend diabetes-induced vascular damage.
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SUMMARY

Albuminuria and increased regional albumin clearance are known to develop
concomitantly in diabetes. The anti-proteinuric effect of angiotensin converting
enzyme-inhibitor therapy is well established. We studied whether angiotensin
converting enzyme-inhibitor therapy with perindoprilat in comparison with
conventional antihypertensive treatment could influence the development of
increased regional albumin clearance as well as albuminuria in experimental
diabetes. Rats with streptozotocin-induced diabetes were randomized into a
saline group (n=7), a perindoprilat (1 mg/kg/day) group (n=8), and a hydral-
azine (3 mg/kg/day) group (n=6); 6 rats served as non-diabetic controls. After
6-8 weeks, blood pressures were equally reduced in the perindoprilat and
hydralazine treated groups (p<0.01). 24 h Urinary protein and albumin excre-
tion were increased in diabetic rats compared to control rats (p<0.001). Hydral-
azine did not reduce 24 h protein nor albumin excretion, whereas perindoprilat
treatment reduced both (p<0.001) to levels comparable to those of control rats.
Regional albumin clearances, assessed in the eye, ileum, lung, skeletal muscle
and skin, were clearly elevated in diabetic rats compared to control rats;
However, neither drug therapy had any effect on albumin clearances.

INTRODUCTION

Increased vascular permeability is an established feature of diabetic angiopa-
thy. Both experimental and clinical studies have shown that in addition to the
increased urinary albumin or protein loss associated with diabetic nephropa-
thy, a generalized increase in transvascular albumin passage exists.
In experimental diabetes, regional albumin clearance in many organs including
the eye, sciatic nerve, aorta, diaphragm, skin, skeletal muscle, and intestine, is
increased (1,2). In addition, transcapillary escape rate of albumin is increased
very shortly after diabetes induction (3). At that time increased glomerular
albumin filtration can be shown which is compensated for by an increased
tubular albumin reabsorption, but in the course of weeks albuminuria will
develop (4). In clinical diabetes, increases in capillary permeability have been
observed in both insulin-dependent and non insulin-dependent diabetic
patients by measuring transcapillary escape rate of albumin or local clearance
of various tracers (5,6,7). It appears that increased vascular permeability occurs
only in diabetic patients with increased urinary albumin excretion (8), sugges-
ting a common mechanism (9). Albuminuria may be regarded as a reflection
of generalized vascular damage, and it has been suggested that increased
vascular permeability is related to alterations in the composition of the vessel
wall extracellular matrix, although other authors favor hemodynamic mecha-
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nisms such as increased intraglomerular and capillary pressure as etiologic
factors (10).
Studies evaluating the possible role of drugs in the reduction of vascular
leakage are limited to a few animal studies reporting beneficial effects of aldose
reductase inhibitors (11), although it is controversial whether these drugs
reduce albuminuria (11,12). Albuminuria in diabetic rats can be reduced
modestly by conventional antihypertensive treatment and very effectively by
angiotensin converting enzyme-inhibitors (13). In the treatment of human
(incipient) nephropathy angiotensin converting enzyme-inhibitors seem very
effective in the reduction of microalbuminuria (14) and proteinuria (15),
probably irrespective of the hypotensive effects (16,17). However, no reports
exist on the effects of angiotensin converting enzyme-inhibitors on generalized
albumin leakage.
In this study we assessed the effects of treatment with the angiotensin conver-
ting enzyme inhibitor perindoprilat on albuminuria and vascular permeability
measuring regional albumin permeation in diabetic rats. In order to discrimina-
te between effects related to blood pressure reduction and specific effects of
perindoprilat, a second therapy group treated with the vasodilator hydralazine
was studied.

MATERIALS AND METHODS

.Anima/s
Male Wistar Rp rats (TNOREPGO, Rijswijk, The Netherlands) were used.
Diabetes was induced at the age of 6-8 weeks by intraperitoneal injection with
70 mg/kg streptozotocin (Sigma, St. Louis, MO, USA) in citrate buffer (pH 4.5).
Rats in the non-diabetic control group (n=6) were injected with the vehicle.
Development of diabetes was verified by blood glucose measurements (hexoki-
nase method). Immediately after diabetes induction, diabetic rats were random-
ized into three groups: a diabetic control group (n=8) receiving saline, a group
treated with hydralazine (Sigma, St. Louis, MO, USA) in a dose of 3
mg/kg/day (n=8), and a group treated with the angiotensin converting
enzyme-inhibitor perindoprilat (Serviër, Courbevoie, France) in a dose of 1
mg/kg/day (n=8). Saline and both drugs were administered subcutaneously
by implantable osmotic minipumps (Alzet model 2002, Alza Corporation, Palo
Alto, CA, USA). Rats were treated for a period of 6-8 weeks.

Surgery
Two days prior to the extravasation study rats were anesthetized with ether,
and a polyethylene (PE-10)/vinyl catheter was implanted into the abdominal
aorta through the left femoral artery. The caval vein was cannulated with a
similar catheter through the left femoral vein. Both catheters were filled with
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saline, closed with metal plugs and exteriorized in the neck. The procedure
was performed under a-septic conditions.

B/ood pressure measurements
Since it has been shown that blood pressure data obtained with the indirect
tail-cuff method are unreliable and artificially elevated in diabetic rats (18,19),
blood pressure was measured directly in this study. One day after surgery, the
arterial catheter was connected to a low volume displacement pressure trans-
ducer (CP-01, Century Technology Company, Inglewood, CA, USA). The signal
was recorded on a Grass 7D polygraph (Grass Instruments, Quincy, Mass.,
USA). Low-pass filtering of the signal yielded mean arterial pressure.

Determination of 24 « urinary totaZ protein and a/bumin excretion
Three days before the extravasation study, rats were placed in metabolic cages
in order to collect 24 h urine. Urinary production was determined and urinary
samples were frozen until further analysis. To determine total protein content,
urine samples were diluted 1:5 and centrifugated. Protein content was measu-
red using a spectrophotometric method measuring absorption at 600 nm of a
pyrogallol red-molybdate complex (Merck, Darmstadt, Germany). Urinary
albumin content was measured by rocket immunoelectrophoresis (20) using a
goat anti-rat albumin antibody (Nordic Immunological Laboratories, Tilburg,
The Netherlands). Urine samples (diluted 1:5) and a rat albumin standard
(Nordic) were added in 2 |a.l quantities to agarose gel plates containing 1%
antibody. Rocket heights were measured and compared with the standard
curve. The lowest detection limit of the assay was 5 ug/ml.

Determination o/ regionaZ a/bwmin permeation
Regional albumin permeation was determined in the eye, ileum, skin, forearm
skeletal muscle and lung using a double label isotope technique. We used a
slightly modified version of previously published methods (1,21,22). In brief,
0.120 MBq PUhuman serum albumin (Pl]HSA, CIS bio international, Gif sur
Yvette, France) in a volume of 100 |il was injected through the venous catheter
at t=0 min. Ten minutes later an arterial sample of 200 ul was taken, and
immediately afterwards 0.045 MBq ["'I]HSA (CIS bio international) was
injected in a volume of 100 (il. After 2 min, a second arterial sample was taken
and rats were subsequently killed by injection of pentobarbital. Organs were
excised without delay, blotted dry and weighed. Radioactivity of tissue and
plasma samples was measured on a gamma-counter (1282 Compugamma,
Wallac LKB/Pharmacia, Woerden, The Netherlands) programmed for simulta-
neous determination of '^1 and "'I. Counts were corrected for background and
crosstalk.
Using this method, ['̂ I]HSA is considered as the permeating tracer while ["'I]-
HSA is used as marker for the intravascular space. The circulation time of 10
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min for the permeating tracer has been shown to be sufficient, as albumin
disappearance consists of two phases, a rapid one from 0-10 min after injection
and a slower one from 10-60 min, accounting both for 50 % of the albumin
efflux per hour (23,24). The amount of [ I]HSA that was extravascular

' * J could be calculated as:

, =r/]HSA - — *"""''' " * ["'ÜHSA.
, , . ,2

where ['^UHSA,^,, and P'IJHSA,^,, represent the amount of radioactive
material in tissue 12 minutes after the start of the experiment and ['̂ I]HSAp,;,s.
^ ,=,2 and ["'IJHSApi^^ ,̂2 represent radioactivity in plasma at 12 minutes.

Clearance was calculated per tissue from extravascular ['̂ I]HSA and the area
under the time concentration curve (AUC) for [P^IJHSA] in plasma from 0-12
min, using standard pharmacokinetic methods, assuming log-linear disappea-
rance of albumin from plasma (22).

Clearances were normalized for tissue weight and expressed as ul/g tissue/
min.

All values are given as means ± SEM, or as median with range when not
normally distributed. Groups were compared with analysis of variance (ANO-
VA) with the Sidak post-hoc test for multiple comparisons or with the Kruskal
Wallis test when not normally distributed (Crunch4 Manual, Crunch Software
Corporation, Oakland, CA, USA). The box plots in the figures on regional
albumin clearance represent the median value, the interquartile range (25*-75*
percentile) and the 5'" and 95* percentiles.
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RESULTS

Genera/ dzaraciensfics
During the treatment period two rats died in the hydralazine treated group
and one rat in the saline treated diabetic group. Results were thus obtained in
6 non-diabetic control rats, 7 diabetic control rats, 6 hydralazine treated diabet-
ic rats, and 8 perindoprilat treated diabetic rats. Body weights were compara-
ble in all three diabetic groups after 6-8 weeks of treatment, (200±9 g in
diabetic control rats, 207±14 g in the hydralazine group and 194±14 g in the
perindoprilat group), but were all markedly lower compared to non-diabetic
control rats (319±7 g, p<0.0001) Blood glucose concentrations were similarly
elevated in all diabetic groups, and were in the 20-25 mmol/1 range (24.2±1.0
mmol/1, 25.0±l.l mmol/1 and 22.3±1.7 mmol/1, vs. 6.9±1.1 mmol/1 in non-
diabetic controls, p<0.0001).

B/ood pressure
Mean arterial blood pressure in the diabetic control group was slightly but
non-significantly lower than in the non-diabetic control group (106±3 mmHg
vs. 114±2 mmHg). Both antihypertensive treatments reduced mean arterial
pressure to an equal extent (91 ±4 mmHg in the hydralazine group and 90±3
mmHg in the perindoprilat group, both p<0.01, Fig. 1).
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Figure 1: Mean arterial pressure in non-
diabetic control rats (C), diabetic control
rats (D), hydralazine treated diabetic rats
(H, 3 mg/kg/day), and perindoprilat (P, 1
mg/kg/day). Values represent means ±
SEM. (' significantly different from non-
diabetic control rats, p<0.01, # significantly
different from diabetic control rats, /?<0.01)
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Figure 2: 24 h total protein excretion in
diabetic control rats (D), hydralazine
treated diabetic rats (H) and perindoprilat
treated diabetic rats (P)., " significantly
different from diabetic and hydralazine
treated diabetic rats p<0.005).
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F/gure 3: 24 h albumin excretion in non-
diabetic control rats (C), diabetic control
rats, hydralazine treated diabetic rats (H)
and perindoprilat treated diabetic rats (P).
(' significantly different from control rats
p<0.001,
* significantly different from diabetic and
hydralazine treated diabetic rats p<0.005).
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Figure 4: Regional albumin clearances in the eye (panel A), lung (panel B), ileum (panel C),
skin (panel D), and skeletal muscle (panel E) of non-diabetic control rats (blank boxes),
diabetic control rats (diagonally hatched boxes), hydralazine treated (crosshatched boxes) and
perindoprilat treated (horizontally hatched boxes) diabetic rats. Box plots represent median,
interquartile range and 5th and 95th percentiles. (* significantly different from values in
control rats, p<0.05).
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L/nnan/ 24 to foto/ protem and o/bwrnin excretion
Median 24 h total protein excretion (Fig. 2) was 33.3 mg (range 11.1-61.1) in the
saline treated group, and was slightly but not significantly reduced in the
hydralazine group (22.8 mg, (14.8-40.6)). From non-diabetic control rats, no
total protein excretion rate values were obtained. Perindoprilat treatment
strongly reduced protein excretion to 10.3 mg/24 h (5.3-19.0), p<0.001). Compa-
rable results were obtained with specific albumin measurements. Urinary
albumin excretion was markedly elevated in diabetic control rats compared to
non-diabetic control rats (8.2 mg/24 h (1.3-31.7) vs. 1.2 mg/24 h (0.5-2.4)
p<0.001, Fig. 3). Hydralazine treatment did not reduce albumin excretion (5.8
mg/24 h, (1.1-13.6) ), whereas perindoprilat reduced albumin excretion to
levels comparable to those of non-diabetic rats (1.0 mg/24 h, (0.2-3.5), p<0.001)
compared to diabetic control rats).

E/fecfs OM reg/ona/ a/bwm/n
Albumin clearance was determined in the eye, ileum, lung, skeletal muscle,
and skin. Clearances were significantly elevated in all tissues of diabetic rats
compared to control rats except for the ileum (p=0.12, Fig. 4). Conventional
antihypertensive treatment with hydralazine nor perindoprilat treatment had
any significant effects on albumin permeation in these organs.

DISCUSSION

In this study we have shown that treatment with the angiotensin converting
enzyme-inhibitor perindoprilat completely prevented the development of
albuminuria in diabetic rats, in contrast to the non-significant anti-proteinuric
effects of the vasodilator hydralazine. However, neither drug had any effects
on regional albumin clearance.

Our data regarding the anti-proteinuric effect of perindoprilat are in accor-
dance with other studies in which angiotensin converting enzyme-inhibitors
were shown to be effective in the prevention or reduction of both experimental
and clinical (micro)albuminuria and proteinuria (13,15,25,26). It has been
assumed that these effects of angiotensin converting enzyme-inhibitors are
related to their favorable effects on renal hemodynamics, such as a reduction
of intraglomerular capillary pressure through a dilation of the efferent arteriole
(13). Recently, attention has been focused on non-hemodynamic renal effects
of angiotensin II. It has been suggested that the long-term anti-proteinuric
effects of angiotensin converting enzyme-inhibition might be related to struc-
tural changes (27) and improvement of size and charge selectivity of the
glomerular capillary wall (28,29,30), which is probably affected in diabetes (31).
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Despite the clear effects of angiotensin converting enzyme-inhibitor treatment
on albuminuria, no effects on increased regional albumin clearance could be
observed in any of the organs that were studied. There is little knowledge
about the mechanisms responsible for the increase in vascular permeability in
organs other than the kidney, nor is it known whether the renin-angiotensin
system plays a role in the etiology of the permeability changes. As the systemic
increase in vascular permeability and changes in glomerular permeability
might be associated, pathophysiologic theories considering systemic changes
are mainly extensions from concepts about renal mechanisms. The existence of
capillary hypertension in diabetes as an equivalent of glomerular capillary
hypertension has been demonstrated only recently in insulin-dependent
diabetic patients but not in non insulin-dependent diabetic patients (32,33). The
parallel changes in vascular permeability observed by the same group, that is
increased permeability in insulin-dependent diabetes but not in non insulin
dependent-diabetes (34), suggest that these phenomena are related. However,
there are also indications that structural alterations in the extracellular matrix
play a role. Loss of basement membrane charge selectivity, probably caused by
loss of anionic heparan sulphate or alterations in the heparan sul-
phate/fibronectin ratio, has been demonstrated outside the glomeruli in
Bruch's membrane and in arterial intima (35,36). Angiotensin II might have
effects on permeability by regulating transcapillary passage of macromolecules
(37) through effects on the endothelium (38).

The finding that angiotensin converting enzyme-inhibition had no effects on
increased vascular permeability, suggests that either no capillary hypertension
exists or its development can not be prevented by treatment with perindopri-
lat. The latter might be conceivable as angiotensin II in the kidney increases
intraglomerular capillary pressure through specific constriction of the efferent
arteriole. Its counterpart in an organ capillary bed would be the postcapillary
venules which are not likely to be affected by angiotensin II. It must however
be noted that mean arterial blood pressure was rather low in our animals.
Studies in diabetic spontaneously hypertensive rats showed reduction of
vascular albumin leakage in the retina following treatment with different
antihypertensive drugs (39). This suggests that -in addition to local vascular
wall changes- the actual blood pressure level may play a role.

In conclusion, the effects of angiotensin converting enzyme-inhibitor therapy
on urinary albumin excretion and regional albumin clearance are clearly
distinct. Although common etiologic mechanisms are proposed for (micro)albu-
minuria and increased regional albumin clearance, this apparently does not
mean that pharmacological reduction of (micro)albuminuria automatically
affects systemic albumin leakage as well. Although human studies with
angiotensin converting enzyme-inhibitors are required to confirm our obser-
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vations, it may be questioned whether a treatment aimed at reducing albumi-
nuria, which does not affect generalized albumin leakage, will reduce cardio-
vascular morbidity and mortality associated with albuminuria in diabetic
patients (40,41).
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SUMMARY

Advanced glycosylation endproduct-formation is thought to play a role in the
development of diabetic angiopathy. By altering the structure of different
extracellular matrix components advanced glycosylation endproducts might
affect vascular and glomerular permeability. In this study we investigated the
effect of treatment with an inhibitor of advanced glycosylation endproduct-
formation, aminoguanidine, on vascular permeability and the development of
albuminuria in streptozotocin-induced diabetic rats. Male Wistar Rp rats were
randomized into a control group, a diabetic group, and an aminoguanidine
treated diabetic group. After 8 weeks, 24-h urine collections were made and
rats were implanted with an arterial and a venous catheter. Mean arterial
blood pressure was determined by intra-arterial measurement. Regional
albumin clearances were assessed in the eye, ileum, lung, skeletal muscle and
skin using an isotope technique. Mean arterial pressure in the diabetic group
was significantly lower than in the control and aminoguanidine-treated group
(p<0.02). Regional albumin clearances were significantly increased in all tissues
of diabetic rats compared to control rats (p<0.05). Aminoguanidine treatment
of diabetic rats resulted in a significant decrease of regional albumin clearance
in all tissues except the lung (p<0.05, lung p=0.07). The development of albu-
minuria in diabetic rats however, was not affected by aminoguanidine.

INTRODUCTION

The formation of advanced glycosylation endproducts (AGEs) on long-lived
macromolecules has been implicated in the etiology of diabetic angiopathy.
Numerous reports have shown that AGE-formation can alter the function of
several systems that are involved in cardiovascular homeostasis (1).
Extracellular matrix components such as type IV collagen and laminin undergo
marked structural changes following glycation (2,3). The observed alterations
might influence the interaction of these components with other basement
membrane elements such as heparan sulphate-proteoglycan (HS-PG). Altera-
tions in the density of HS-PG in glomerular basement membrane and the
vascular wall are thought to play a role in the development of both glomerular
and systemic permeability changes in diabetes (4,5). Increases in vascular
permeability and increases in urinary albumin excretion have been shown to
develop simultaneously in both clinical and experimental diabetes (6-9).
Aminoguanidine, a nucleophilic hydrazine compound, prevents the formation
of AGEs (10). This drug has been shown to decrease albuminuria in spontane-
ously hypertensive diabetic rats (11). In addition, experiments in a skin-cham-
ber model suggest that it can reduce the increased vascular permeability
induced by hyperglycaemia (12). We hypothesized that a beneficial effect of
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aminoguanidine would also imply reduction of increased regional albumin
clearance in other organs. Therefore, in this study we assessed the effects of
aminoguanidine treatment on blood pressure, albuminuria and the permeabi-
lity of various vascular beds, by measuring regional albumin clearances in
diabetic rats. In previous studies we and others have shown that a duration of
experimental diabetes of 8 weeks is sufficient to develop serious vascular
dysfunction, which resembles in many aspects the disturbances observed in
human diabetes (8,13-15). Moreover, this diabetes duration is characterized by
significant accumulation of AGEs (16).

MATERIALS AND METHODS

Male Wistar Rp rats (TNO-REPGO, Rijswijk, The Netherlands) were used. Rats
were randomized into a control group (n=8), a diabetic group (n=8) and an
aminoguanidine treated diabetic group (n=8). Diabetes was induced at the age
of 6-8 weeks by intraperitoneal injection with 70 mg/kg streptozotocin (Sigma,
St. Louis, Mo. USA) in citrate buffer (pH 4.5). Control rats received an i.p.
injection with the vehicle. Development of diabetes was verified by blood
glucose measurements (hexokinase method), 3 days after streptozotocin
administration. Only rats with blood glucose levels above 15 mmol/1 were
included in the study. Aminoguanidine-hemisulphate (Sigma) was adminis-
tered in daily doses of 50 mg/kg by subcutaneous injection. Treatment was
started immediately after diabetes induction and lasted for a period of 7 weeks.
Urinary albumin excretion was measured in the original group of 24 rats and
in an additional batch of 18 rats, randomized and treated as described above.

Surgery
Two days prior to the extravasation study rats were anaesthetized with ether,
and a polyethylene (PE-10)/vinyl catheter was implanted into the abdominal
aorta through the left femoral artery. The caval vein was cannulated with a
similar catheter through the left femoral vein. Both catheters were filled with
saline, closed with metal plugs and exteriorized in the neck. The procedure
was performed under aseptic conditions.

B/ood pressure measurements
Since it has been shown that blood pressure data obtained with the indirect
tail-cuff method are unreliable and artificially elevated in diabetic rats (17,18),
blood pressure was measured directly in this study. One day after surgery, the
arterial catheter was connected to a low volume displacement pressure trans-
ducer (CP-01, Century Technology Company, Inglewood, Calif., USA). The
signal was recorded on a Grass 7D polygraph (Grass Instruments, Quincy,
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Mass., USA). Low-pass filtering of the signal yielded mean arterial pressure.
During the measurements rats were allowed to move freely in their cages.
Actual blood pressure measurements were performed following a stabilization
period of 30 min.

o/ urinary a/bumin excretion
Three days before the extravasation study, rats were placed in metabolic cages
in order to collect 24 h urine samples. Urinary production was determined and
urine samples were frozen until further analysis (within 1 week). Urinary
albumin content was measured by rocket immunoelectrophoresis (19) using a
goat anti-rat albumin antibody (Nordic Immunological Laboratories, Tilburg,
The Netherlands). Urine samples (diluted 1:5 or 1:10) and a rat albumin
standard (Nordic) were added in 2 |il quantities to agarose gel plates contai-
ning 1% antibody. Rocket heights were measured and compared with the
standard curve. The lowest detection limit of the assay was 5 p.g/ml.

Determination o/ regions/ a/faumi'n p
Regional albumin permeation was determined in the eye, ileum, skin, forearm
skeletal muscle and lung using a double label isotope technique. We used a
slightly modified version of previously published methods (20-22). In brief,
0.128 MBq ['^I]human serum albumin (['*I]HSA, CIS bio international, Gif sur
Yvette, France) in a volume of 100 pi was injected through the venous catheter
at t=0. Ten min later a 200 ul arterial sample was taken, and immediately
afterwards 0.099 MBq ["'I]HSA (CIS bio international) was injected in a
volume of 100 |xl. After 2 min, a second arterial sample was taken and rats
were subsequently killed by injection of pentobarbital. Organs were excised
immediately, blotted dry and weighed. Radioactivity of tissue and plasma
samples was measured on a gamma-counter (1282 Compugamma, Wallac
LKB/Pharmacia, Woerden, The Netherlands) programmed for simultaneous
determination of '^1 and " 'I . Counts were corrected for background and
crosstalk.
Using this method, ['^I]HSA is considered as the permeating tracer while
["'I]HSA is used as marker for the intravascular space. The circulation time of
10 min for the permeating tracer has been shown to be sufficient to obtain a
significant albumin extravasation, as albumin disappearance consists of two
phases, a rapid one from 0-10 min after injection and a slower one from 10-60
min, both accounting for 50% of the albumin efflux per hour (23,24). In previ-
ous studies, both phases of albumin disappearance were shown to be increased
in diabetic rats (25). The amount of extravascular P*I]HSA ( P U H S A ^ J could
be calculated as:
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II iJHöAJ , . ,2

where ['"UHSA,;.^ arid ["'IJHSA^ue represent the amount of radioactive
material in tissue 12 minutes after the start of the experiment and ['̂ UHSApiĵ .
™ t=,2 and ['̂ I]HSAp,js„̂ , ,̂ ,2 represent radioactivity in plasma at 12 minutes.

Clearance was calculated per tissue from extravascular P^I]HSA and the area
under the time concentration curve (AUC) for [['̂ I]HSA] in plasma from 0-12
min, using standard pharmacokinetic methods, assuming log-linear disappea-
rance of albumin from plasma (22).

Clearances were normalized for tissue weight and expressed as ul/g tissue/hr.

Statistical
All values are given as means ± SD, or as median with range when not nor-
mally distributed. Groups were compared with analysis of variance (ANOVA)
with the Sidak post-hoc test for multiple comparisons or with the Kruskal
Wallis test when not normally distributed (Crunch4 Manual, Crunch Software
Corporation, Oakland, CA, USA).

RESULTS

Genera/
Body weight was lower in both groups of diabetic rats compared to control
rats (p<0.0001), while blood glucose levels were significantly elevated in the
diabetic groups (p<0.0001, Table 1). Between untreated diabetic rats and
aminoguanidine-treated rats no differences in body weight nor blood glucose
levels could be observed. Body weight and blood glucose levels of the additi-
onal 18 rats that were used to determine urinary albumin excretion are also
given in Table 1.
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B/ood pressure
Mean arterial blood pressure was significantly lower in diabetic rats compared
to control rats (p<0.02, Table 1), while rats treated with aminoguanidine had
mean arterial pressures comparable to those of control rats.

Tab/e 2. Genera/ c/wracfer/'sfjcs of tfie sfudy groups

Control

Diabetes

Diabetes +
Aminoguanidine

1
2

1
2

1
2

Body
Weight (g)

309 ±12
297 ±8

223 ±34"
205 ± 29"

225 ± 25*
198 ± 27*

Bl. Glucose
(mmol/1)

6.0 ± 2.5
6.5 ± 1.5

16.5 ± 2.5''
20.1 ± 2.8"

18.2 ± 2.9"
19.3 ± 3.1"

Mean Arterial Pressure
(mmHg)

110 ±6
115 ±4

100 ±5*
102 ± 5*

109 ± 5
115 ±6

* Significantly different from values in control rats, p<0.02
" Significantly different from values in control rats, p<0.0001
3 Original group of 24 (3 x 8) rats
2 Additional batch of 18 (3 x 6) rats

Urinary a/bwrnm excrefzon
Urinary albumin excretion rate (Uj^V) was significantly elevated in diabetic
rats compared to control rats, although there was a large variation in the
values of U^V in diabetic rats (median 8.3 mg/24h range (2.6-84.1) in diabetic
rats vs 2.8 mg/24h (0.5-8.8) in control rats, p<0.01, Fig. 1). Aminoguanidine
treatment did not affect U,„,V in diabetic rats. In the aminoguanidine-treated
group, the dispersal in Uj^V values was comparable to that of untreated
diabetic rats (median 10.1 (1.5-112.7), p<0.001 compared to control rats).

Figure 2: Urinary albumin excretion rate
(U,II,V) 8 weeks after start of the study in
control rats (C, n=14), diabetic rats (D,
n=14) and aminoguanidine-treated diabetic
rats (AG, n=14). Individual U.j,V values
are given plus the median value for each
group. Significantly different from values

AG in control rats, * p<0.01.

93

100

10

1

_

T •
: i
- •

•
E- •

: •

•

•
•

•

• •

JU -s-! •



E/fecfs o/ aminoguanidine on a/buminuria and a/bumin c/earonce

E/jfecfs on regj'oMfl/ a/bumm
In all organs regional albumin clearance was significantly increased in diabetic
rats compared to control rats (Fig. 2). Diabetic rats treated with aminoguanidi-
ne had albumin clearances that were significantly lower than those of untrea-
ted rats and not different from values of control rats in all tissues, except the
lung (p=0.07 compared to diabetic rats).
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Figure 2: Regional albumin clearances in the eye (A), lung (B), ileum (C), skin (D) and skeletal
muscle (E) of control rats (blank boxes), diabetic rats (diagonally hatched boxes) and
aminoguanidine treated diabetic rats (cross-hatched boxes). Box plots represent median,
interquartile range and 5th and 95th percentiles. * significantly different from control values,
p<0.05. # significantly different from values in diabetic rats, p<0.05.
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DISCUSSION

This study reveals a marked effect of long-term treatment with aminoguanidi-
ne, an inhibitor of AGE-formation, on increased regional albumin clearance in
diabetic rats. However, no effects on urinary albumin excretion were observed.
In addition we found a slight blood-pressure elevating effect of aminoguanidi-
ne.
The observed effects of aminoguanidine on regional albumin clearance are in
accordance with the report of Corbett et al. (12) who showed a normalization
of permeability induced by hyperglycemia in skin-chamber granulation tissue.
They suggest that aminoguanidine normalizes increased vascular permeability
by correcting nitric oxide (NO) overproduction, since other inhibitors of NO-
formation such as N^-Monomethyl-L-arginine (L-NMMA) had similar effects.
In their study aminoguanidine administration also slightly raised blood pres-
sure, although about 40 times less effectively than L-NMMA. Very recently,
Tilton et al. showed that methylguanidine a compound with a comparable NO-
synthase inhibiting action as aminoguanidine but no effects on AGE-formation,
also prevented vascular dysfunction in experimental diabetes (26).
However, we measured increases in vascular permeability in vascular beds,
such as skeletal muscle and skin, to which blood flow is decreased in experi-
mental diabetes (27), which makes the concept of NO overproduction resulting
in increased flow and increased vascular permeability, not generally applicable.
In addition, in another study we have observed a very significant increase in
vascular elasticity in diabetic rats following long-term treatment with
aminoguanidine which could not be attributed to NO-dependent alterations in
vascular tone (28), indicating that there are beneficial effects of aminoguanidine
on vascular dysfunction in diabetes that are definitely not related to its NO-
inhibiting actions. Since we have not quantified effects of aminoguanidine
treatment in non-diabetic rats, the possibility that aminoguanidine reduces
albumin clearance per se, whether increased or not cannot be ruled out. On the
other hand, Kihara et al. (29) have shown however that aminoguanidine
treatment did not affect the unaltered albumin clearance of sciatic nerve tissue
from diabetic rats.

Increased urinary albumin excretion was not affected by aminoguanidine in
this study. This is in contrast to the results in spontaneously hypertensive
diabetic rats (11) and in diabetic rats (30). In both studies rats were treated for
a significantly longer period (24-32 weeks) which might explain the difference
between our results and these studies. In addition, one study does not report
effects on blood pressure (30) whereas the other refers to blood pressures that
were determined by indirect tail-cuff plethysmography, and therefore cannot
be interpreted properly. There is strong evidence that this method produces
artificially elevated blood pressure recordings, as a result of either structural
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or hemodynamic alterations in the tail of diabetic rats (17,18). In our own
laboratory we also observed differences between direct intra-arterial blood
pressure measurements and tail-cuff recordings. Taking into account the
observed rise in mean arterial pressure following aminoguanidine treatment,
one could speculate that effects on urinary albumin excretion are masked by
an increase in blood pressure, although we did not find any relation between
blood pressure and albuminuria in our animals. Urinary albumin excretion is
certainly influenced by arterial pressure as has been demonstrated by the
marked effects of different antihypertensive regimens on urinary albumin
excretion in both experimental and clinical diabetes (3132).

The observed disparity in effects of aminoguanidine on regional albumin
clearance and urinary albumin excretion might also indicate that the mecha-
nisms involved in the development of systemic permeability changes and
albuminuria are, at least partially, distinct. The fact that increased vascular
permeability, assessed by measuring transcapillary escape rate of albumin, only
develops in diabetic patients with some degree of albuminuria (6) together
with the tremendous increase in cardiovascular disease that is associated with
the development of albuminuria (33), has led to the hypothesis that albumin-
uria is a marker of widespread vascular damage (7). A decreased content of
HS-PG, as a result of AGE-formation on basement membrane components (1)
or a genetically determined defect in HS-PG regulation (34), has been proposed
as one of the mechanisms responsible for both vascular and glomerular dam-
age. On the basis of our results, it is speculative to explain why and how
aminoguanidine normalizes increased vascular permeability in diabetic rats
without affecting albuminuria. It is our opinion though, that in the kidney
hemodynamic changes, which are perhaps not modified by aminoguanidine,
play a more important role than in other tissues. It is important in this respect
to remember that glomerular capillary pressure is several times higher than
capillary pressures in other tissues. In previous studies it has been shown that
the albuminuria in experimental diabetes is specially sensitive to ACE-inhibi-
tors (13,31). This would agree with angiotensin II-dependent intrarenal hemo-
dynamic mechanisms being a major factor in the control of urinary albumin
excretion.
In conclusion, we have shown that aminoguanidine treatment normalizes
increased vascular permeability in diabetic rats, while in this study no effects
of aminoguanidine on albuminuria were observed. The effects of aminoguani-
dine on vessel wall permeability suggest that this drug can protect the vascular
system in (experimental) diabetes.
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Ctapter 6

SUMMARY

Diabetes is known to have major effects on the cardiovascular system. It is not
well known though how diabetes influences functional arterial wall properties.
We investigated the effects of experimental diabetes on arterial mechanical
properties in diabetic (n=ll) and non-diabetic (n=10) male Wistar Rp rats,
using two independent methods: determination of characteristic impedance of
the ascending aorta, as well as carotid artery compliance. The first variable was
determined from phasic recordings of pressure and flow in the ascending
aorta. Simultaneously, parameters of general cardiovascular function, i.e. blood
pressure, heart rate, cardiac output, and total peripheral resistance were
measured. Carotid compliance was determined in situ under control conditions
and after poisoning of the smooth muscle mass with potassium cyanide.
Diabetes was found to have marked effects on cardiovascular homeostasis.
Mean arterial blood pressure was significantly reduced in diabetic rats, caused
by a strong reduction in peripheral resistance with a simultaneous increase in
cardiac output. Carotid compliance was significantly lower in diabetic rats
compared with control rats at all pressure levels, both under control conditions
and after treatment with KCN (p<0.01 for control-, and p<0.05 for KCN-curves).
Characteristic impedance of the ascending aorta was higher in the diabetic
group (p<0.05). From these observations we conclude that arterial wall compli-
ance is decreased in diabetic rats. The observed compliance changes might
have important effects on cardiovascular function in diabetes.

INTRODUCTION

Diabetes is known to cause severe vascular complications, such as enhanced
arteriosclerosis. Evolution of arteriosclerosis in itself is not thought to be
distinct in diabetes, but the risk of developing arteriosclerosis is greatly in-
creased. Little is known about the changes in macrovessels in diabetes that
precede the ultimate state of advanced arteriosclerosis. Altered arterial wall
properties might influence important determinants of circulatory function, such
as peripheral resistance, neural control mechanisms, and cardiac work (1).
In contrast to disease states such as hypertension, arterial wall properties have
not been extensively studied in diabetes. The studies that have been performed
on vessel wall alterations in diabetes mainly concerned changes in vascular
reactivity and structural changes in the arterial wall. Long-lived matrix pro-
teins such as collagen and elastin have been reported to be relatively decreased
in the aorta of diabetic rats (2). In experimental diabetes in general, collagen
production is specifically decreased when compared to non-collagen protein
production (3), although collagen content of the heart seems to be increased (4).
Together with a quantitative alteration in collagen, there are probably qualita-
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tive collagen changes as well. In the last years attention has been focused on
the role of advanced glycosylation end-products (AGE) in the etiology of
diabetic complications (5,6). Collagen is known to be affected by AGE-forma-
tion. Under hyperglycemic conditions heat-stable intermolecular bonds are
formed, the so called cross-links, which alter drastically the structure of this
matrix protein. Collagen from the aorta of diabetic rats was markedly more
cross-linked than collagen from control animals (7).
It is not known how these structural alterations affect functional characteristics
of the vessel wall such as local and systemic arterial compliance. In patients
with non insulin-dependent diabetes (NIDDM), aortoiliac compliance, measu-
red using a Doppler ultrasound technique, was significantly decreased and
strongly correlated with blood glucose levels (8,9). Whether this was due to
preclinical arteriosclerotic lesions in the vessel wall or other factors was
unclear. Very recently a paper has been published in which in vivo systemic
arterial compliance calculated from a Windkessel-model of the arterial system
was not found to be altered in streptozotocin-induced diabetes in rats (10).
We designed the present study to evaluate the effects of experimental diabetes
on functional arterial wall properties. Characteristic impedance of the aorta
was measured together with local compliance of the carotid artery. Standard
hemodynamic parameters were measured as well. To identify structural vessel
wall changes, aortic collagen content was determined.

MATERIALS AND METHODS

Male Wistar Rp rats provided by TNO-REPGO, Rijswijk, The Netherlands,
were used. Diabetes was induced in 11 animals at the age of 6-7 weeks by
intraperitoneal injection with 70 mg/kg streptozotocin in citrate buffer (pH=
4.5), whereas rats in the control group (n=10) received citrate buffer alone.
Development of diabetes was assessed by blood glucose measurements using
a hexokinase-method.

Hemodynamic Sfudy
Rats were used three months after the induction of diabetes. The surgical
procedure and hemodynamic measurements have been described in detail
elsewhere (11). In summary, anesthesia was induced with 50 mg/kg pentobar-
bital i.p.. Rats were placed on a thermoregulated heating pad (Harvard, South
Natick, Mass.), intubated, and ventilated with a rodent respirator (model 680,
Harvard). A Teflon catheter (0.9 mm i.d.) filled with saline, and coupled to a
Statham P23ID pressure transducer (Gould Statham, Oxnard, Ca. USA), was
inserted into the right carotid artery and placed into the ascending aorta. The
catheter manometer system was checked for time and frequency, and showed
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a flat response beyond 60 Hz. After performing a midsternal thoracotomy the
ascending aorta was dissected free, and an adapted Doppler probe was posi-
tioned around the vessel to measure mean (cardiac output minus coronary
blood flow) and phasic aortic blood flow. Following stabilization for 10 min-
utes, aortic blood flow and pressure were recorded and processed by a micro-
computer system (Vectra, Hewlett Packard, Palo Alto, Ca.) with analog digital
converter (Metrabyte, Data Translation, Marlboro, Ma.). All parameters were
calculated on a beat to beat basis for 30 seconds and then averaged. In this
way systolic, diastolic and mean arterial pressure, mean cardiac output, and
heart rate were determined.
The aortic input impedance spectrum was computed using Fourier analysis of
the phasic aortic pressure and flow waves. Characteristic impedance was taken
as the average value of the modulus of impedance for high frequencies (4th to
10th harmonic). The impedance modulus at 0 frequency represents total
peripheral resistance.

o/ Carotid Artery Comp/iance
After completion of the hemodynamic study, which never lasted more than 30
minutes, static mechanical properties of the carotid artery were measured. The
distal end of the left carotid artery was dissected and cannulated with the tip
of a non-distensible nylon catheter (length 10 cm, internal diameter 0.6 mm),
filled with a Tyrode's solution containing 4% albumin and 0.03% Evans blue.
Albumin was added to the solution to preserve the endothelium (12) and to
maintain a physiologic osmotic gradient across the arterial wall. The tube was
connected via a three way connector 1) to a pressure transducer (P50, Gould,
Cleveland, Ohio), and 2) to a syringe mounted on a computer controlled
automatic pump (760, Harvard).
The root of the carotid artery was
then dissected and a removable
clamp was positioned at the junc-
tion of the carotid artery and the
aortic arch. This preparation al-
lowed us to isolate, in situ, 18-25
mm of nonexposed carotid (Fig. 1).
The pressure in the artery was con-
trolled by negative feedback. The
arterial pressure was measured

using the pressure transducer, and „ j . schematic representation of the
digitized usmg the analog-to-digital experimental system, permitting us to
converter board and the microcom- measure the volume-pressure relation in
puter system. the in situ isolated carotid artery.
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A BASIC program was developed to compare the measured pressure (P„,eas>
frequently (3 times per second) to a user specified reference pressure (P„,f)/ and
to command the computer controlled pump to adjust the flow rate of fluid into
the artery until P„f and P^as were equal. Thus, the flow rate was set in propor-
tion to the difference between the reference and measured values.

F/otw constant . P )
rrf meos

The constant, equaling the gain of the feedback loop, determined the dynamic
response of the system. It was chosen large enough to assure that the response
time of the feedback loop (less than 1 second) was much faster than the
intrinsic response time of the artery and small enough to prevent overshoot of
the arterial pressure above the reference pressure (the pump could not apply
suction). Values between 0.5 and 1 nl/min/mmHg were found to be approp-
riate. The reference pressure was changed at fixed intervals (every 5 minutes),
and the volume of fluid pumped (net displacement of the syringe) was stored
periodically as a function of time in the computer. To start the measurements,
the segment of isolated artery was submitted to atmospheric pressure for 5
minutes and then to a pressure step of 25 mmHg. During the first 30 to 45
seconds the inflow was rapid, and then became constant with time.

The initial rapid increase in volume
with pressure was assumed to result
from the viscoelastic behavior of the
tissue and the relaxation of the
vascular smooth muscle. The later
constant flow into the carotid artery
after the initial increase in arterial
volume was attributed to the fluid
filtration across the vascular wall.
An estimate of the static increase in
volume, free of fluid filtration, was
obtained by extrapolating the linear
portion of the volume curve to the
time when the pressure step was
applied (Fig. 2). The slope of the
late linear portion of the injected Fig^ 2: Pressure-volume relation in *e

, ^ . i . i - carotid artery, including the effect of water
volume versus time relationship filtration throughout the arterial wall. V25,
represents the filtration rate of fluid V50, etc. are the successive volumes, free
across the wall of the carotid artery. of viscoelastic and filtration effects, in-

duced by the pressure steps.
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These measurements were repeated for pressures ranging from 25-200 mmHg
in steps of 25 mmHg. The static compliance of the isolated segment of carotid
artery (carotid compliance: CC nl/mmHg) was automatically calculated for
each level of pressure, as the quotient of the extrapolated volume increase and
the pressure step imposed (25 mmHg). In preliminary experiments we have
verified that the carotid compliance values were not different when measured
for pressure increment (from 25 to 200 mmHg) or for pressure decrement (from
200 to 25 mmHg).
After termination of the measurements under control conditions, the carotid
clamp was removed, and the artery was rinsed with the Tyrode's solution.
Subsequently, the clamp was replaced and the artery filled with a saline
solution containing 100 mg/1 potassium cyanide (KCN). The KCN solution was
maintained in the vessel for 30 minutes, in order to poison the smooth muscle
mass completely. Afterwards the vessel was rinsed and refilled with the
modified Tyrode's solution, and compliance measurements were performed
again to determine carotid compliance in the fully relaxed state, depending
only on passive elastic properties. Preliminary experiments, in which carotid
compliance measurements were performed with a one hour interval, showed
that the duration of total protocol did not affect static compliance values. After
termination of the experiment when rats were still anesthetized, they were
exsanguinated, and the heart and thoracic aorta were excised.

Determination of aortic co//flgen content
Assessment of collagen content was performed using a standard hydroxy-
proline determination as has been described previously (13,14). In brief,
collagen was extracted from the aortic samples by hydrolyzing the tissues in
vacuum at a temperature of 110°C. Consecutively, hydroxyproline concentrati-
on of the hydrolysate was determined spectrophotometrically. Collagen content
of the specimens can be derived from hydroxyproline content, as hydroxyproli-
ne constitutes 12.77% of total collagen amount.

Statistics/ /4na/ysis
All results are expressed as mean ± SD. Differences between groups were
analyzed with an unpaired Students t test. Carotid compliance curves were
compared using repeated measurements Analysis Of Variance (ANOVA).
Statistical significance was assumed at the p<0.05 level.

RESULTS

Genera/ Cnaracterisfics o/ t«e Study Groups
Blood glucose levels were strongly elevated in the diabetic group, while body
weight was significantly decreased, (both p<0.0001, Table 1). Body surface area

107



E/jfecfs o/ diabetes on /arge artery properties in (he ra(

was calculated from body weight using previously published methods (15),
which account for the relatively starved state of the diabetic rats, and was
significantly lower in the diabetic animals compared to control animals,
/KO.0001.

Tab/e I. Genera/ c/iaracterishcs o/ tfze sf udy groups

Blood glucose levels (mM)

Body weight (g)

Body surface area (cm*)

Control rats
(n=10)

7.0 ± 2.0

345 ±17

374 ± 13

Diabetic rats
(n=ll)

23.8 ± 3.1 •

194 ± 17 *

260 ± 15 *

All data are expressed as mean ± SD. * p<0.0001
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Figure 3: Effects of experimental diabetes
on systolic (SBP), mean (MAP), and dia-
stolic (DBP) arterial pressure (panel A);
cardiac output (CO) and cardiac index
(COI) (panel B); and total peripheral resis-
tance (TPR) and TPR-index (TPRI) (panel
C). All indexes are parameters corrected
for body surface area. », **, *": p<0.05,
p<0.01, p<0.001, respectively.
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The hemodynamic status of the open-chest diabetic rats was found to be
markedly altered when compared to the control group. Systolic, diastolic and
mean arterial pressure were all lower in diabetic rats (91 ± 9 mmHg vs. 114 ±
22 mmHg, 63 ± 13 mmHg vs. 87 ± 23 mmHg, and 75 ± 12 mmHg vs. 100±23
mmHg, all p<0.01, Fig. 3a), as was the heart rate (312±36 beats/min, vs. 342±24
beats/min, p<0.05). Cardiac output and total peripheral resistance (Fig. 3b and
3c), tended to be somewhat lower in the diabetic group, but this difference was
not statistically significant (52 ± 11 ml/min vs. 60 ± 12 ml/min, p=0.12, and
1.19*10* dyne.sec/cm* vs. 1.37*10* dyne.sec/cm*, p=0.19). When corrected for
body surface area, cardiac output was slightly elevated in the diabetic group
(20 ± 5 ml/min/100 cm* vs. 16 ± 3 ml/min/100 cm*, p<0.05), together with a
decrease in total peripheral resistance (3.10 ± 0.70*10* dyne.sec/cm*.100 cm* vs.
5.14 ± 1.39*10* dyne.sec/cm*.100 cm*, p<0.001). Characteristic impedance was
increased in diabetic rats (19.7 ± 10.0*10̂  dyne.sec/cm* vs. 10.5 ± 4.8*10*
dyne.sec/cm* in diabetic rats, Fig. 4, p<0.05).

Figure 4: Characteristic impedance of the
aorta (ZC), in control and diabetic rats.
•: p<0.05.
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Carotid Artery Comp/wnce
Static compliance in the carotid artery was at all pressure levels lower in
diabetic animals, as can be seen in figure 5a, (p<0.01). This figure clearly
illustrates the pressure dependent nature of vessel wall compliance. In the fully
relaxed state, obtained by treatment of the artery with potassium cyanide,
carotid artery compliance in diabetic rats was again lower at all pressure levels
(p<0.05, Fig. 5b). To exclude that compliance changes were caused by a smaller
carotid artery diameter in the diabetic group, diameter measurements were
performed at the 100 mmHg pressure level. In fact, diameters were slightly
larger in diabetic rats (1.12 ± 0.06 mm, vs. 1.02 ± 0.06 mm in controls, p<0.05).
Thus, carotid artery distensibility (compliance/volume) was much smaller in
diabetic rats (1.10* ± 0.3.10"* vs. 1.6.10"* ± 0.2.10"*, p<0.0005, Fig. 6)
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Aorfzc Co//flgen Content
Collagen percentage of aortic wet weight was lower in diabetic rats (10.4 ±
1.8% vs. 12.5 ± 1.3%, p<0.01). The ratio dry to wet weight was not different
between the two groups.
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5: Compliance of the isolated carotid
artery vs. pressure, in control and diabetic
rats under control conditions (panel A),
and after incubation with potassium cya-
nide (panel B). *, **: p<0.05, and p<0.01.

0.020

0.000
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Figure 6: Distensibility values of the carotid
arterial wall, calculated from compliance
and carotid volume values at a transmural
pressure of 100 mmHg.
•*»: p<0.0005.
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DISCUSSION

Induction of diabetes had many effects on cardiovascular homeostasis in our
rats. After three months of diabetes, heart rate and systolic, diastolic and mean
arterial pressure were decreased, together with an increase in cardiac index
and a reduction of total peripheral resistance.
This decrease in arterial pressure in diabetic rats has been shown previously
(10,16,17). The effects in our animals are somewhat stronger than reported so
far, which might be related to the comparatively long duration of diabetes in
our study. The fall in arterial pressure is produced by a decrease in total
peripheral resistance, as will be discussed later. Although it is known that
myocardial contractility and ventricular diastolic relaxation are impaired in
experimental diabetes (18,19), an increase in cardiac index in diabetic rats is a
common finding (10,20). Some authors have suggested that the existence of an
increased preload leads to cardiac output augmentation (20).
An important factor in the interpretation of the raised cardiac index, and other
hemodynamic parameters as well, is the correction that must be made for the
large differences in body weight. Diabetes inevitably leads to lower weight
gain in the course of weeks. This is due in part to loss of fat mass, which does
not play an important role in cardiac output distribution. In contrast, some
organs such as the kidney (21) and the small intestine (22) have an increased
weight in experimental diabetes. This suggest that a simple correction for body
weight might not be correct. We corrected our data for body surface area
instead of body weight, using a formula with different constant values for
normal and starved rats. In terms of fat mass loss will resemble diabetic rats.
However, after adjusting for body surface area cardiac output and total periph-
eral resistance were still significantly different in diabetic rats when compared
to the control group.

The decrease in arterial pressure is caused by a strong decrease in total periph-
eral resistance, which is probably related to alterations in smooth muscle tone.
Vascular dilation in diabetes has been demonstrated in a number of tissues
including the kidney (23), retina (24), brain (25), and small intestine (26).
Whether all vascular beds are affected in the same manner is not certain.
Redistribution of cardiac output has been reported in experimental diabetes
with a relative reduction of flow to the skin and skeletal muscle compartment
(27). It is possible that the vasodilation in the kidney is a very important
determinant of the reduced total peripheral resistance. In diabetic rats with
renovascular hypertension, there was no decrease in blood pressure after
induction of diabetes, whereas in spontaneously hypertensive rats diabetes
induction resulted in a reduction in mean arterial pressure (28).
In diabetic rats carotid artery compliance was decreased compared to control
rats for the whole pressure range, both under control conditions and in the
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fully relaxated state. Distensibility, representing the intrinsic mechanical wall
property, was markedly reduced as well. Distensibility is calculated by divid-
ing compliance for a given pressure by the arterial volume at that pressure.
The decrease in carotid compliance and the increase in carotid volume result
in a strongly reduced distensibility of the carotid arterial wall in diabetic rats,
which indicates that the vessel wall of these rats is stiffer than that of control
rats. The characteristic impedance of the ascending aorta, reflecting its mechan-
ical properties, was increased, suggesting a decrease in elasticity of this vessel
as well. Thus, there seem to be marked alterations in arterial wall properties
after three months of experimental diabetes. However, it should be taken into
account that the interpretation of our results is complicated by the differences
in body weight and mean arterial pressure that exist between the two study
groups.
In models of hypertension increases in arterial stiffness are partially attributed
to an increased vascular wall collagen content. Collagen content of the aorta
was found to be reduced in the diabetic animals, so this excludes that quanti-
tative alterations in collagen are of importance in the etiology of these compli-
ance changes. We did not measure elastin content in this study, which is an
important determinant of vessel wall compliance as well, but it has been
reported that elastin content is decreased together with the reduction in
collagen (2). Since the quantitative collagen change that we observed would
lead to an increase in compliance, there must be other (qualitative) matrix-
protein alterations as well. AGE-formation, resulting in increased collagen
cross-linking could form a good explanation for the observed decrease in vessel
wall elasticity. As has been mentioned before, collagen cross-linking in aortas
of diabetic rats was strongly increased when compared to control rats (7).
What might be the consequences of the decrease in arterial compliance that we
have found ? In the field of hypertension research vascular compliance is an
extensively studied parameter. Many studies have been performed regarding
the compliance changes in hypertension (12,29,30), the effects of decreased
compliance on cardiovascular function (31,32), and the therapeutic modalities
to influence this factor (33-36). A decrease in arterial compliance by itself does
not affect mean arterial pressure as does an increase in peripheral resistance,
but it modifies directly systolic (increase) and diastolic (decrease) pressure and
thus amplifies the pulse pressure. Increased pulse pressure is an independent
risk factor for cardiovascular complications (37). An increase in systolic blood
pressure leads to a strong increase in end-systolic stress, which contributes to
hypertrophy of the cardiac muscle. In fact, aortic compliance and characteristic
impedance are strongly related to cardiac mass (38,39). In this way arterial
compliance changes can compromise the already disturbed cardiovascular
function in diabetes. Further investigations are required to elucidate the exact
cause of the observed changes in arterial wall properties and to extend these
studies from experimental to clinical diabetes.
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SUMMARY

The accumulation of advanced glycosylation endproducts (AGEs) on collagen
and the subsequent stiffening of this matrix protein in diabetes has been
described many years ago. Structural modification of collagen in the arterial
wall might have important effects on arterial elasticity. Aminoguanidine is
known to decrease the formation of AGEs. In this study we evaluated the
effects of aminoguanidine treatment on different parameters reflecting arterial
wall elasticity in diabetic rats. We demonstrated that treatment of diabetic rats
with aminoguanidine resulted in a significant increase in carotid static compli-
ance (+39%, p<0.01 under control conditions, and +27%, p<0.01 after abolition
of vascular tone by KCN), and a decrease in characteristic aortic input impe-
dance (-40%, p<0.01). The arterial pulse pressure in aminoguanidine treated
rats was decreased (-15%, p<0.05) and the pulsatile component of left ventri-
cular power output was relatively diminished (-35%, p<0.05). In addition, we
observed a lower fluid filtration across the carotid wall. These results indicate
an increased vascular elasticity, an improved left ventricular-arterial coupling,
and a decreased vascular permeability in diabetic rats following aminogua-
nidine treatment, suggesting that AGE-accumulation on collagen negatively
affects arterial wall properties in experimental diabetes.

INTRODUCTION

There is growing evidence that the formation of so-called advanced glyco-
sylation endproducts (AGEs), is involved in the development of diabetic
angiopathy, which remains one of the most severe complications of diabetes
mellitus. AGEs are the final product of a series of complex rearrangements
resulting from the reaction of circulating sugars with proteins. The formation
of these products is irreversible, leading to accumulation of AGEs, especially
on vascular wall proteins with a slow turnover rate. One of the firstly recogni-
zed features of AGE-formation is the accumulation of AGEs on collagen (1-3),
forming intermolecular bonds leading to an increased stiffness of collagen
fibers. The effects of AGE-accumulation on collagen fibers for the mechanical
properties of the arterial wall are not completely known. Because large compli-
ance arteries are not only conduit vessels but also play a major role in the
transmission and damping of the pulse wave along the systemic arterial tree,
the mechanical properties of the arterial wall are major determinants of the left
ventricular-arterial coupling. Therefore, alterations of mechanical properties of
the arterial wall might have important consequences on cardiovascular perfor-
mance in diabetes. Aminoguanidine has been shown to block AGE-formation
in vivo and in vitro (4,5), primarily through reaction with Amadori-derived
fragmentation products in solution (6).
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artery properties in diabetic rats

The aim of the present study was to evaluate the effects of long-term treatment
with aminoguanidine on the mechanical properties of large compliance arteries
in experimental diabetes. We demonstrated that large arterial elasticity was
significantly increased by aminoguanidine treatment leading to a decreased
pulse pressure and a decreased left ventricular weight to body weight index.
In addition, fluid filtration across the carotid arterial wall was significantly
reduced. Therefore, our results suggest that aminoguanidine improved me-
chanical arterial wall properties and cardiac load in diabetic rats: the increase
of vascular elasticity and the reduced permeability of the vascular wall follow-
ing aminoguanidine treatment might protect the vascular system in (experi-
mental) diabetes.

METHODS

Male Wistar Rp rats were provided by TNO-REPGO, Rijswijk, The Nether-
lands. Diabetes was induced in all rats at the age of 10 weeks by intraperi-
toneal injection with 70 mg/kg streptozotocin in citrate buffer (pH 4.5). After
confirmation of the development of hyperglycemia (2 days later) by blood
glucose determination using a hexokinase method, rats were randomized into
a vehicle treated diabetic group (n=9), and a treatment group (n=10) receiving
daily injections with 50 mg/kg aminoguanidine hemisulphate (Sigma, St.
Louis, MO, USA) in phosphate-buffered saline.

Determination of Wood pressure, characteristic aortic inpuf impedance and /e/it uenfric-
w/ar power output.
Rats were studied 10-12 weeks after induction of diabetes. The surgical proce-
dure and hemodynamic measurements have been described in detail elsewhere
(7). In summary, anesthesia was induced with 50 mg/kg pentobarbital i.p. Rats
were placed on a thermoregulated heating pad, intubated, and ventilated with
a rodent respirator. A Teflon catheter (0.9 mm i.d.) filled with saline, and
coupled to a Statham P23ID pressure transducer (Gould Statham, Oxnard, Ca.,
USA) was inserted through the right carotid artery and placed into the ascend-
ing aorta. The catheter manometer system was checked for time and frequency,
and showed a flat response beyond 60 Hz. After performing a midsternal
thoracotomy the ascending aorta was dissected free, and an adapted Doppler
probe was positioned around the vessel to measure mean (cardiac output
minus coronary blood flow) and phasic aortic blood flow. Following stabiliza-
tion for 10 minutes, aortic blood flow and pressure were recorded and pro-
cessed by a microcomputer system (Vectra 2821, Hewlett Packard, Palo Alto,
Ca., USA) with analog digital converter (Metrabyte, Data Translation,
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Marlboro, Ma., USA). All parameters were calculated on a beat to beat basis
for 30 seconds and then averaged.
The aortic input impedance spectrum was computed using Fourier analysis of
the phasic aortic pressure and flow waves. Characteristic aortic input impedan-
ce was taken as the average value of the modulus of impedance for high
frequencies (4th to 10th harmonic). Total external ventricular work per unit
time can be divided into two components. The first component, "steady flow
power" (W,) is determined mainly by the vascular resistance, and can be
calculated as the product of mean pressure and mean flow. The second compo-
nent, "oscillatory power" (W„), is determined primarily by the dimensions and
elasticity of the aorta and its side branches and can be computed by multiply-
ing the Fourier series expressions for pressure and flow. Total external left
ventricular power output (W,) is the sum of Wj and W„. The ratio W„/W,
reflects the relative energy involved in pulsatile wave forms determined by
characteristic aortic input impedance (8).

Determination o/ Carotid Artery Comp/iance
After completion of the hemodynamic study, which never lasted more than 30
minutes, static mechanical properties of the carotid artery were measured. The
distal end of the left carotid artery was dissected and cannulated with the tip
of a non-distensible nylon catheter (length 10 cm, internal diameter 0.6 mm),
filled with a Tyrode's solution containing 4% albumin and 0.03% Evans blue.
Albumin was added to the solution to preserve the endothelium (9) and to
maintain a physiologic osmotic gradient across the arterial wall. The tube was
connected via a three way connector 1) to a pressure transducer (P50, Gould,
Cleveland, Ohio, USA), and 2) to a syringe mounted on a computer controlled
automatic pump (760, Harvard). The root of the carotid artery was then
dissected and a removable clamp was positioned at the junction of the carotid
artery and the aortic arch. This preparation allowed us to isolate, in situ, 18-25
mm of nonexposed carotid (Fig. la). The pressure in the artery was controlled
by negative feedback. The arterial pressure was measured using the pressure
transducer, and digitized using the analog-to-digital converter board and the
microcomputer system. A BASIC program was developed to compare the
measured pressure (P„,eas) frequently (3 times per second) to a user specified
reference pressure (P„,f)/ and to command the computer-controlled pump to
adjust the flow rate of fluid into the artery until P„,, and P ,^ , were equal. Thus,
the flow rate was set in proportion to the difference between the reference and
measured values.

FZOUJ rate = constant (P -P )
«ƒ nuns
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The constant, equaling the gain of the feedback loop, determined the dynamic
response of the system. It was chosen large enough to assure that the response
time of the feedback loop (less than 1 second) was much faster than the
intrinsic response time of the artery and small enough to prevent overshoot of
the arterial pressure above the reference pressure (the pump could not apply
suction). The reference pressure was changed at fixed intervals (every 5
minutes), and the volume of fluid pumped (net displacement of the syringe)
was stored periodically (every 3 seconds) as a function of time in the computer.
To start the measurements, the segment of isolated artery was submitted to
atmospheric pressure for 5 minutes and then to a pressure step of 25 mmHg.
During the first 30 to 45 seconds the inflow was rapid, and then became
constant with time.

The initial rapid increase in volume with pressure was assumed to result from
the viscoelastic behavior of the tissue and the relaxation of the vascular smooth
muscle. The later constant flow into the carotid artery after the initial increase
in arterial volume was attributed to the fluid filtration across the vascular wall.
An estimate of the static increase in volume, free of fluid filtration, was ob-
tained by extrapolating the linear portion of the volume curve to the time
when the pressure step was applied (Fig. lb). The slope of the late linear
portion of the injected volume versus time relationship represents the filtration
rate of fluid across the wall of the carotid artery. These measurements were
repeated for pressures ranging from 25-200 mmHg in steps of 25 mmHg. The
static compliance of the isolated segment of carotid artery was automatically
calculated for each level of pressure, as the quotient of the extrapolated volume
increase and the pressure step imposed (25 mmHg). In preliminary experi-
ments we have verified that the carotid compliance values were not different
when measured for pressure increment (from 25 to 200 mmHg) or for pressure
decrement (from 200 to 25 mmHg).

After termination of the measurements under control conditions, the carotid
clamp was removed, and the artery was rinsed with the Tyrode's solution.
Subsequently, the clamp was replaced and the artery filled with a saline
solution containing 100 mg/1 potassium cyanide (KCN). The KCN solution was
maintained in the vessel for 30 minutes, in order to poison the smooth muscle
mass completely. Afterwards the vessel was rinsed and refilled with the
modified Tyrode's solution, and compliance measurements were performed
again to determine carotid compliance in the fully relaxed state, depending
only on passive elastic properties. Preliminary experiments, in which carotid
compliance measurements were performed with a one hour interval, showed
that the duration of total protocol did not affect static compliance values.
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Tmte(min)

Figure 2:
(A) Schematic representation of the experi-
mental set-up permitting us to measure
the volume-pressure relation in the in situ
isolated carotid artery.
(B) Pressure-volume relation in the carotid
artery. This figure illustrates the pressure-
volume relation in the carotid artery, inclu-
ding the effect of fluid filtration across the
arterial wall. V25, V50 are the successive
volumes, free of viscoelastic and filtration
effects, induced by the pressure steps.

rate
The slope of the late linear portion of the injected volume vs. time relationship
represents the filtration rate of fluid through the wall of the carotid artery. This
filtration rate was calculated for each pressure step imposed, and expressed as
nl/sec/mm artery.

After termination of the experiment when rats were still anesthetized, the heart
was excised, and after removal of both atria and the right ventricle left ventri-
cular weight was determined and corrected for the body weight of the animal.

Ana/ysis
All results are expressed as mean ± SD. Differences between groups were
analyzed using Analysis Of Variance (ANOVA). Carotid compliance curves
were compared using one-way ANOVA for each pressure level. Fluid filtration
curves were compared using logistic regression. Statistical significance was
assumed at the p<0.05 level.
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RESULTS

Body weights were comparable in both groups and relatively low (188 ± 33 g
in untreated diabetic rats vs. 188 ± 23 in the aminoguanidine treated group) as
a result of the prolonged hyperglycemia. Blood glucose levels were equally
elevated in both groups (22.8 ± 2.3 mmol/1 in untreated diabetic rats vs. 23.5 -
± 2.9 mmol/1 in aminoguanidine treated rats). The ratio left ventricular
weight/body weight was slightly but significantly lower in aminoguanidine
treated rats compared to untreated rats (3.1 ± 0.2 mg/g body weight vs. 3.5 ±
0.4 mg/g body weight, p<0.05).

Hemodynarm'c parameters
Systolic, diastolic and mean arterial blood pressure determined under anesthe-
tized open-chest conditions, were slightly but not significantly higher (p=0.13)
in the aminoguanidine treated group (Fig. 2). Pulse pressure, an indirect
parameter of arterial elasticity was 15% lower in aminoguanidine treated
animals (p<0.05, Fig. 2). Cardiac output was comparable in both groups (71 ±
12 ml/min in diabetic rats vs. 77 ± 11 in aminoguanidine treated diabetic rats).
Aminoguanidine treatment also resulted in a 40% lower characteristic aortic
input impedance in diabetic rats (p<0.01, Fig. 3a). The ratio W„/W, reflecting
the relative contribution of oscillatory power to total ventricular power output
and therefore the efficacy of coupling between the left ventricle and the arterial
system, was also markedly lower following aminoguanidine treatment (-35%,
p<0.05, Fig. 3b).

Figure 2: Systolic, diastolic and mean
arterial blood pressure in anesthetized,
open-chest diabetic and aminoguanidine
treated diabetic rats. The upper level of the
box represents systolic blood pressure
(SBP), the middle line mean arterial blood
pressure (MAP), and the lower level of the
box diastolic blood pressure (DBP). The
height of the box reflects the pulse pres-
sure (PP). SBP, MAP, and DBP were sligh-
tly but not significantly higher (p=0.13) in
aminoguanidine treated diabetic rats
(hatched box) compared to diabetic rats
(blank box). PP was significantly lower in
aminoguanidine treated rats (* p<0.05).
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Figure 3: Characteristic aortic input impe-
dance (Zc, panel A) and the ratio left ven-
tricular oscillatory power output to total
power output (W„/W„ panel B). Both
parameters were determined from Fourier
series of aortic pressure and flow. Zc and
W„/ W, were equally reduced in aminogua-
nidine treated rats (hatched bars) com-
pared to diabetic rats (blank bars)
* p<0.01 and p<0.05 respectively.
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artery comp/iance
Static compliance of the carotid artery under basal conditions and after incuba-
tion of the vessel with KCN is depicted in Figure 4a and b. Carotid artery
compliance is pressure dependent and was markedly higher in aminogua-
nidine treated diabetic rats compared to untreated rats in the range of 100-125
mmHg (+39%, p<0.01). Incubation of the carotid artery with KCN, resulting in
maximal dilation of the vessel, shifted both curves to the left. Under dilated
conditions, carotid compliance was clearly elevated in the aminoguanidine
group compared to the untreated diabetic group in the range of 75-100 mmHg
(+27%, p<0.01).

F/uid /j'ftraf ion rate
Fluid filtration showed a linear relation with pressure and was significantly
lower over the complete pressure range in aminoguanidine treated rats (Fig. 5).
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Figure 4: Carotid artery compliance. Static compliance of the in situ isolated carotid artery vs.
pressure. Panel A reflects compliance under control conditions while panel B reflects
compliance after incubation with KCN to abolish vascular tone. Carotid compliance was
significantly higher in aminoguanidine treated rats (closed squares, p<0.01) compared to
diabetic rats (closed circles) in the range of 100-125 mmHg, matching the operating pressure
in these rats. After incubation with KCN, both curves shifted to the left, but carotid compli-
ance remained higher in aminoguanidine treated rats (p<0.01).

Figure 5: Fluid filtration rate. Fluid filtra-
tion rate across the carotid artery wall
showed a linear relation with the applied
intravascular pressure. Regression lines
through the mean filtration rate values for
each pressure and 95% confidence inter-
vals are shown for diabetic rats (closed
circles) and aminoguanidine treated dia-
betic rats (closed squares). Fluid filtration
across the carotid arterial wall of amino-
guanidine treated rats was significantly
lower compared to untreated rats (p<0.05).
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DISCUSSION

In this study we investigated whether treatment with aminoguanidine, a drug
known to inhibit AGE-accumulation on collagen, influences mechanical proper-
ties of large compliance arteries in diabetic rats. This approach allows us to
quantify arterial wall properties in rats that are comparable in body weight.
The large differences in body weight that develop between control and
streptozotocin diabetic rats in long-term studies (10,11) would make it difficult
to interpret parameters that are influenced by vascular dimensions, such as
characteristic aortic input impedance and carotid artery compliance.
Aminoguanidine treatment resulted in a slight increase in mean arterial
pressure. Cardiac output was almost comparable between the two groups,
suggesting that an increased total peripheral resistance might contribute to this
small rise in blood pressure. Corbett et al. (12) have shown that aminoguani-
dine is able to inhibit nitric oxide formation and thus can increase systemic
blood pressure, although its effects are much weaker than those of established
nitric oxide synthase inhibitors such as N^-Monomethyl-L-arginine (NMMA).
However, in both groups of rats mean arterial pressure, determined under
anesthetized open-chest conditions, was relatively low. This is in agreement
with the results of Litwin et al. (13), who showed that thoracotomy lowered
mean arterial pressure about 25 percent in diabetic rats, in contrast to a 10
percent decrease in control rats. Indeed mean arterial pressure in diabetic rats
of this strain in the conscious state ranges in our laboratory from 100-120
mmHg.

In comparison with untreated rats, carotid compliance in rats treated with ami-
noguanidine was markedly higher in the pressure range of 100-125 mmHg, the
pressure that matches the actual blood pressure in these rats; The increase in
carotid compliance was observed both under basal conditions and after aboli-
tion of vascular tone by KCN. This makes it unlikely that carotid compliance
is solely enhanced through a modulation of vascular tone induced by
aminoguanidine treatment. Bücala et al. (14) have shown that AGEs are able
to quench nitric oxide and in this way interfere with its vasoactive properties.
Aminoguanidine treatment could thus, by inhibiting the formation of AGEs on
vascular wall proteins, prevent this quenching, resulting in a relative dilation
of vessels and probably a larger arterial compliance in the aminoguanidine
treated group, although this would be contradictory to the inhibiting effects on
NO-formation described above. Nevertheless, after maximal dilation induced
by KCN incubation, carotid compliance was still substantially higher in the
aminoguanidine treated group, indicating that passive arterial wall properties
are changed markedly by aminoguanidine treatment.
Characteristic aortic input impedance constitutes another index of vascular
elasticity which is determined independently of carotid compliance. The
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observed decrease in characteristic aortic input impedance following aminogu-
anidine treatment supports our hypothesis that aminoguanidine treatment, by
preventing AGE-accumulation on collagen, can increase vascular elasticity in
diabetes. The decreased ratio of left ventricular oscillatory power output to
total ventricular power output indicates that less energy was lost in pulsatile
components, as was reflected also in a lower pulse pressure in the aminogua-
nidine treated group. Moreover, left ventricular weight to body weight ratio
was also decreased, suggesting a diminished left ventricular load, despite the
slight increase in mean arterial pressure.

Alterations in arterial elasticity have gained much attention in hypertension
research. Many studies have been performed regarding mechanical arterial wall
properties, such as arterial compliance, in both clinical and experimental
hypertension (15-17). The important consequences of alterations in vascular
elasticity on cardiovascular performance have been shown unequivocally. A
decrease in arterial compliance by itself does not affect mean arterial pressure
but it amplifies the pulse pressure. Increased pulse pressure is an independent
risk factor for cardiovascular complications (18). Besides, aortic compliance and
characteristic aortic input impedance are strongly related to cardiac mass
(19,20). Although similar studies have not yet been performed in diabetic
patients, changes in arterial elasticity are likely to have important (negative)
effects on cardiovascular functioning in diabetes as well.
In addition to the compliance measurements of the carotid artery, we were able
to quantify fluid filtration across the carotid wall, and showed that amino-
guanidine treatment resulted in a marked decrease of fluid filtration. Increased
vascular permeability is a well established feature of diabetic angiopathy and
has been shown in both experimental (21,22) and clinical (23,24) studies.
Whereas fluid filtration represents hydraulic conductivity of the vascular wall
and is not exactly analogous to vascular permeability, measurement of fluid
filtration might give an indication of vascular permeability to macromolecules
as well. By which mechanisms aminoguanidine might reduce vascular permea-
bility is not well known yet. In experimental diabetes however, aminoguani-
dine was shown to diminish albuminuria (25, 26), a reflection of increased
glomerular permeability, possibly by preventing the decreased binding of
heparan-sulphate to AGE-modified basement membrane components (27,28).
Summarizing our results, we provided evidence that treatment of diabetic rats
with aminoguanidine significantly increased vascular elasticity, indicating that
AGE-accumulation on vascular wall collagen markedly affects mechanical
arterial wall properties. Moreover, aminoguanidine treatment reduced fluid
filtration across the carotid arterial wall, which might be a reflection of normal-
ized vascular permeability. Together with its already published beneficial
effects (14), this suggests that aminoguanidine can protect the cardiovascular
system in (experimental) diabetes.
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GENERAL DISCUSSION

Diabetes mellitus is very often complicated by the development of vascular
dysfunction. There is growing insight in the mechanisms involved in the
pathogenesis of these complications but there are many topics that remain
controversial or ill-defined. In the studies presented in this thesis an effort is
made to clarify the mechanisms responsible for the development of vascular
dysfunction in (experimental) diabetes. Pharmacological interventions aiming
at prevention or reduction of vascular damage in diabetes are investigated.

The functional alterations that have been observed at the onset of experimental
as well as clinical diabetes mellitus mainly consist of signs of increased flow
in parallel with vasodilation. These observations have led to the theory of
"hyperperfusion-damage" as a primary factor in the etiology of diabetic angiop-
athy. In this theory, early hemodynamic changes such as vasodilation and
increased flow cause damage to the vascular wall resulting in vascular sclerosis
(1). Important evidence supporting this hypothesis origins from renal micro-
puncture studies in rats by Zatz and Brenner (2), rat studies demonstrating
increased permeability and flow in many organs by Williamson et al. (3),
studies of Kohner c.s. in the human retinal microcirculation (4) and human
studies measuring flow and capillary pressure by Houben, and Tooke and
coworkers (5,6,7).
Recently, a number of reports have questioned the existence of increased flow
as a general phenomenon in (early) diabetes. Studies in the retina of diabetic
rats and diabetic humans showed -in contrast- a decreased flow in early
diabetes (8). Our observations in the skeletal muscle microcirculation of
conscious streptozotocin-diabetic rats demonstrate no major alterations in
arteriolar nor venular diameter except for the smallest arterioles in which a
slight but significant decrease in vessel diameter was observed (dwpfer 2).
Although we did not perform flow measurements these data indicate vasocon-
striction and perhaps decreased flow, especially when it is taken into account
that blood viscosity is generally believed to be increased (9). Rendell et al.
showed that in early experimental diabetes nutritive skin flow is reduced,
probably as a consequence of decreased erythrocyte velocity (10). In humans
with insulin-dependent diabetes no changes in basal skin blood flow but a
markedly diminished blood flow after local heating was demonstrated; the
changes correlated with the existence of both retinopathy and microalbumi-
nuria (11). In addition, a functionally important parameter such as transcuta-
neous oxygen pressure was reported to be reduced in patients with insulin-
dependent diabetes, even in those with short duration of disease (12).
Combining our observations and these recently reported studies it can be
concluded that the role of hyperperfusion in the genesis of diabetic angiopathy
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is still controversial. Although there is sufficient evidence for the presence of
increased flow in some vascular beds, this phenomenon does not have to be
causally related to the observed vascular dysfunction. Likely, other hypergly-
cemia-induced disturbances such as increased transvascular passage and
deposition of macromolecules, as well as enhanced tissue damage by increased
oxidative stress and free radical production play a more important role in the
genesis of diabetic angiopathy.

Vascu/ar
Many studies on vascular reactivity changes in diabetes have been carried out
in isolated vessels. The observation by Heesen et al. that responses of vessels
from diabetic animals to vasoactive agents are dependent on ambient glucose
concentrations (13) complicates the interpretation of many of these previous
studies, since most were performed using standard in vitro glucose concentra-
tions. It is important to study vasoreactivity in diabetes in vivo, in a situation
in which vessels can be studied in their own milieu. With the dorsal microcir-
culatory chamber model it is possible to perform in vivo measurements of the
skeletal muscle microcirculation. Our studies on vasoreactivity to different
vasopressor and vasodilating drugs in experimental diabetes are presented in
chapter 3. We observed disturbances in reactivity to all vasoactive agents that
were studied: both impaired relaxation and hyperreactivity to vasoconstrictive
agents were observed.

It is of interest that we did not see any differences in endothelium-dependent
relaxation compared with endothelium-independent relaxation. Specific defects
in endothelium-dependent relaxation have been regarded for a long time as
one of the characteristics of diabetic angiopathy. However, in the last years a
number of (in vivo) studies could not confirm the presence of a special distur-
bance in endothelium-dependent vasorelaxation (14). Our results merely point
in the direction of a more general defect in intracellular processes involved in
vascular contraction and relaxation. There are a number of these intracellular
mechanisms which have been reported to be altered in experimental diabetes.
An important intracellular messenger involved in vascular contractility and
growth is protein kinase C (PKC). PKC activation has been observed in a
number of tissues including vascular smooth muscle (15) mesangial cells
cultured in high glucose (16), hepatocytes (17) and aortas and hearts from
diabetic rats (18,19). Activation of PKC in the diabetic state might lead to
increased vascular contractility (c/wpfer 3) and cell growth (c/zapfer 2). Recently,
it has been shown that PKC can modulate nitric oxide synthase enzyme
activity (20) while also cyclic AMP accumulation may be affected (21), which
may constitute ways in which alterations in PKC activation can influence
vasorelaxation (c/wpter 3).
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Alterations in intracellular cations such as Ca** and Na* have also been demon-
strated in a number of tissues and cells, such as kidneys from rats exposed to
hyperglycemia (22), cardiac myocytes from diabetic rats (23) and platelets from
both insulin-dependent and non insulin-dependent diabetic patients (24). These
changes in intracellular cation homeostasis can be induced by alterations in
cation exchange mechanisms in diabetes such as NaVK*-ATPase which has
been reported to be depressed (25), an increased Ca**-ATPase activity (24), or
increased activity of the NaVH*-antiporter (26). Increased intracellular cation
concentration can play a role in cellular growth and hyperreactivity (27,28),
and may in this way explain the observed signs of vascular dysfunction in our
model.

Increased vascular permeability has previously been shown using several
models and experimental setups in clinical and animal diabetes. We could
confirm the presence of increased vascular leakage in our diabetic rat model.
In contrast to some studies we observed increased regional albumin clearance
reflecting vascular leakage in all the organs that were studied, including
skeletal muscle and skin. Using different techniques such as FITC-Dextran
clearance and electron microscopy, the existence of increased vascular leakage
in such tissues has been corroborated by others (29,30). The occurrence of
increased vascular permeability in tissues in which flow is not increased such
as skeletal muscle and skin (see paragraph above) emphasizes once more that
this phenomenon is probably more related to structural changes in the vessel
wall than to hemodynamic changes which increase intracapillary pressure.

Increased vascular leakage and albuminuria tend to develop in parallel. It has
been suggested that both events are features of a common pathophysiologic
mechanism and reflect widespread vascular damage (31), resulting in increased
cardiovascular morbidity and mortality (32). In our studies we demonstrated
that different treatments can differentially modulate the development of
increased vascular leakage or albuminuria, with anti-proteinuric effects of
ACE-inhibitor therapy (dwpter 4) and permeability reducing effects of amino-
guanidine (dzapter 5). These observations suggest that in the etiology of in-
creased protein permeation and albuminuria at least partially distinct mechan-
isms are involved. In the kidney, angiotensin II dependent mechanisms such
as intraglomerular pressure seem to play a more important role than in other
vascular beds. It cannot be ruled out, however, that both investigated treat-
ments exert a symptomatic effect that is not related to intervention in the
pathophysiologic pathway involved. Especially in the study in which the
effects of aminoguanidine on albuminuria and regional albumin clearance were
studied it might be possible that the treatment period was not sufficiently long;

133



GeniraJ discussion

other studies did report beneficial effects of aminoguanidine treatment on
albuminuria (33).
Albuminuria and proteinuria are associated with a tremendous increase in
cardiovascular morbidity and mortality in diabetic patients (34), due to the
development of accelerated damage to the cardiovascular system. Our study
has demonstrated that ACE-inhibitor treatment, although very effective in
reducing albuminuria, did not prevent the development of increased vascular
albumin permeation which is a reflection of generalized vascular damage.
Thus, it may be questioned whether treatments that reduce albuminuria per
se, will have any beneficial effects on the development of cardiovascular
disease in diabetes and life expectancy of the diabetic patient. Until now, no
studies have been reported concerning the effects of reduction or prevention
of albuminuria/proteinuria on cardiovascular morbidity and mortality in
diabetic patients. These effects may prove to be very disappointing. In contrast,
aminoguanidine treatment may have vasculoprotective effects in diabetes. We
observed beneficial effects on vascular permeability (chapter 5) and vascular
elasticity (chapter 7). Several other studies have shown advantageous effects of
this drug on a number of features of diabetic vascular dysfunction. Human
studies are currently being designed and the first results are promising (34).
The observed inhibiting effects of aminoguanidine on the enzyme nitric oxide
synthase warrant caution, although the dose of aminoguanidine which will be
used in clinical studies is probably too low to induce effects on NO-synthase.
New compounds that strongly inhibit the formation of advanced glycosylation
endproducts (AGEs) but have no effects on nitric oxide production have
already been developed (35).

Vascu/flr elasticity
The existence of alterations in vascular elasticity is a relatively new topic in
diabetes research, and has until now gained little attention. A decrease in
vascular elasticity in diabetes can be a result of the development of accelerated
atherosclerosis in non-insulin dependent diabetic patients or in association with
proteinuria in insulin-dependent diabetes. We have shown that increased
vascular stiffness develops in diabetic rats after 3 months of diabetes duration
in a vascular system in which no signs of atherosclerosis are present. This
indicates that there are also other mechanisms which can induce decreased
vascular elasticity in diabetes.
Treatment with aminoguanidine markedly reduced vascular stiffness. This
suggests that AGE-formation plays an important role in this process. AGE-
formation can negatively affect vascular elastic properties by structural modifi-
cation of collagen which is an important constituent of the arterial wall.
Sequelae of decreased arterial compliance include systolic ventricular stress
and cardiac hypertrophy (36). In experimental models, reduced aortic compli-
ance has been shown to impose a markedly increased energetic demand on the
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heart (37). Altogether, this will have substantial adverse effects on cardiac
function in a pathological condition in which the heart function is already
compromised by factors such as coronary atherosclerosis and microangiopathy.

Fi«a/ ranarfcs
In the streptozotocin-induced diabetic rat many signs of vascular dysfunction
develop at different levels of the cardiovascular system. The observed features
of diabetic angiopathy together with the many defects affecting cardiovascular
homeostasis that have been reported in the literature illustrate the plurifold
nature of the adverse effects of hyperglycemia on the cardiovascular system.
Consequently, there will not be one exclusive, but a number of pathophysio-
logic mechanisms which should be considered of importance in the etiology of
diabetic vascular dysfunction. Therefore, therapeutic options will probably not
be restricted to only one class of drugs. The results of the studies in this thesis
suggest that aminoguanidine or other drugs which prevent the formation of
advanced glycosylation endproducts may form one class of drugs from which
beneficial effects in the prevention or treatment of clinical diabetic angiopathy
can be foreseen. Future research should be aimed at a yet more precise defini-
tion of basic processes involved in the genesis of diabetic vascular dysfunction.
In the development of new drugs an advantageous profile with respect to side-
effects and toxicity is of major importance considering the (life)long duration
of treatment which can be envisioned.
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SUMMARY

Diabetes mellitus is a disease with a high prevalence in the general population.
Two forms of diabetes mellitus can be distinguished. Insulin-dependent
diabetes mellitus (IDDM) is characterized by its juvenile onset and a state of
absolute insulin deficiency caused by destruction of the insulin producing
pancreatic fi cells. Insulin therapy is necessary in these patients. The prevalence
of IDDM is relatively low compared to the prevalence of non insulin-depen-
dent diabetes mellitus (NIDDM) which affects mainly older people. In NIDDM
defects in insulin secretion coexist with a relative insulin resistance often
related to obesity. NIDDM patients may be treated with diet only, but in most
cases addition of oral agents and/or eventually insulin treatment is warranted.

Morbidity and mortality as well as quality of life of patients with diabetes
mellitus are to a large extent determined by the development of vascular
complications. Vascular dysfunction in diabetes has many features which vary
from mild signs such as microalbuminuria and background retinopathy to
severe conditions like end-stage renal failure, vision-threatening proliferative
retinopathy and atherosclerosis. Because of the high prevalence of diabetes
mellitus and the substantial amount of diabetic patients that develop vascular
complications, diabetic angiopathy poses an important problem in health care
in clinical terms as well as with respect to health care costs.
Although the development of diabetic vascular complications has been recog-
nized already many years ago, this has not yet led to a complete understand-
ing of the mechanisms which are responsible for its development. A number
of possible etiologic mechanisms have been proposed. Glycosylation, induced
by chemical reactions between proteins and circulating sugars has been shown
to interfere with a number of systems important in cardiovascular regulation.
Increased metabolism of glucose through the polyol pathway might induce
alterations in intracellular homeostatic mechanisms such as alterations in redox
potential. Finally, alterations in vasoactive or growth promoting hormones may
also be involved in the development of diabetic angiopathy.
In this thesis, characteristics of vascular dysfunction were studied using an
experimental diabetes model. The use of an animal model allowed us to study
different aspects of vascular dysfunction at a more basal level. In the studies
presented in this thesis, changes occurring in the streptozotocin-induced
diabetic rat are described.
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In chapter 2 and dwpter 3 the effect is described of diabetes induction on small
vessels, arterioles and venules, in a striated muscle preparation, the so-called
dorsal microcirculatory chamber. Using this preparation, diameters of arterioles
and venules were measured sequentially for 6-8 weeks in conscious rats.

In c/wpter 2 the effects of diabetes induction on microvascular diameters and
microvascular density are observed: Male Wistar Rp rats were implanted with
a dorsal microcirculatory chamber at the age of 6-7 weeks. After three weeks
recovery, rats were divided into a control group and a diabetic group in which
diabetes was induced by i.p. injection with 70 mg/kg streptozotocin. Using
intravital microscopy, recordings of selected arterioles and venules were made
before diabetes induction and then weekly for a period of 6 weeks. Vessel
diameters were measured off-line with an image-shearing device. In parallel,
photographic pictures were taken of all the preparations; vascular densities of
different vessel categories were determined from these slides using a standard
grid-counting method. No effects on diameters of larger Al and A2 arterioles
were observed in diabetic animals. However, the smallest A3/A4 arterioles
showed a gradual constriction after streptozotocin administration. In addition,
4 and 6 weeks after diabetes induction an increased density of venules was ob-
served. These results indicate that also in microvascular beds -such as the
striated muscle microcirculation- which are not specifically known for diabetes-
related damage, vascular alterations develop already shortly after diabetes
induction.

In c/iapter 3 vascular reactivity of microvessels was studied using the same
microcirculatory preparation. The effects of the endothelium-dependent vasodi-
lator acetylcholine and the potassium-channel opener BRL 38227, and the
vasoconstricting effects of the al-adrenoceptor agonist phenylephrine and
angiotensin II on blood pressure and striated muscle arteriolar diameter were
studied six weeks after diabetes induction, and compared with non-diabetic
control rats. Changes in arteriolar diameters were measured in the cutaneous
maximus muscle, using the dorsal microcirculatory chamber model. The
decrease in mean arterial pressure following acetylcholine infusion was ap-
proximately 30% lower in diabetic rats. Arteriolar diameter responses to
acetylcholine were markedly lower in diabetic rats; the effect was most pro-
nounced in A2 arterioles. Systemic and arteriolar responses to BRL 38227 were
similarly decreased. The increase in blood pressure after phenylephrine was
greater in control rats than in diabetic rats, but this drug caused a stronger
arteriolar constriction in diabetic animals relative to control animals. Angioten-
sin II had no effect on vessel diameters in control animals, whereas the highest
dose induced a marked vasoconstriction in diabetic rats. Thus, vascular relax-
ation is impaired in skeletal muscle arterioles from conscious diabetic rats,
while constriction to both angiotensin II and phenylephrine is increased. Syste-
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mic responses to these vasopressor agents, however, are unchanged or even
decreased. These findings point to significant functional disturbances of vasore-
gulatory mechanisms in experimental diabetes, which are not limited to the
endothelium.

Owpter 4 and diopter 5 deal with alterations in vascular permeability as a result
of diabetes. It has been demonstrated in experimental studies that increased
vascular permeability develops already shortly after diabetes induction. In
parallel with the development of increased protein leakage across the vessel
wall albuminuria develops. Albuminuria and increased vascular albumin
leakage are both believed to be markers of generalized vascular damage.
Treatments which prevent the development of this generalized vascular
"leakiness" would be of considerable importance. In chapter 4 the effects of
angiotensin converting enzyme (ACE)-inhibition are studied. The anti-
proteinuric effect of ACE-inhibitor therapy is well established. Diabetic rats
were treated with saline, perindoprilat, or hydralazine. After 6-8 weeks, blood
pressures were equally reduced in the perindoprilat- and hydralazine-treated
groups. 24 h Urinary protein and albumin excretion were increased in diabetic
rats compared to control rats. Hydralazine did not reduce 24 h protein nor
albumin excretion, whereas perindoprilat treatment reduced both to levels
comparable to those of control rats. Regional albumin clearances, assessed in
the eye, ileum, lung, skeletal muscle and skin, were clearly elevated in diabetic
rats compared to control rats; However, neither drug had any effect on albu-
min clearance. This indicates that ACE-inhibition despite its beneficial effects
on urinary albumin excretion can not prevent the development of vascular
leakage induced by diabetes. At the same time our results indicate that in-
creased protein leakage across the vascular wall and increased renal albumin
loss are not simply exponents of the same vascular disturbances.

Advanced glycosylation endproduct-formation is thought to play a role in the
development of diabetic angiopathy. By altering the structure of different
extracellular matrix components advanced glycosylation endproducts might
affect vascular and glomerular permeability. In chapter 5 we investigated the
effect of treatment with an inhibitor of advanced glycosylation endproduct-
formation, aminoguanidine, on vascular permeability and the development of
albuminuria using the same study design as in the previous study. Mean
arterial pressure in the diabetic group was significantly lower than in the
control and aminoguanidine-treated group. Regional albumin clearances were
significantly increased in all tissues of diabetic rats compared to control rats.
Aminoguanidine treatment of diabetic rats prevented the development of
increased regional albumin clearance in all tissues except the lung. The devel-
opment of albuminuria, however, was not affected.
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Since processes such as glycosylation might induce marked structural modifi-
cation of important vessel wall proteins and thus might influence functional
arterial wall properties, we investigated the effects of experimental diabetes on
arterial mechanical properties in diabetic and non-diabetic male Wistar Rp rats,
using two independent methods: determination of characteristic impedance of
the ascending aorta, as well as carotid artery compliance (c/uipter 6).

The first variable was determined from phasic recordings of pressure and flow
in the ascending aorta. Simultaneously, parameters of general cardiovascular
function, i.e. blood pressure, heart rate, cardiac output, and total peripheral
resistance were measured. Carotid compliance was determined in situ under
control conditions and after poisoning of the smooth muscle mass with potassi-
um cyanide. Diabetes was found to have marked effects on cardiovascular
homeostasis. Carotid compliance was significantly lower in diabetic rats
compared with control rats at all pressure levels, both under control conditions
and after treatment with KCN. Characteristic impedance of the ascending aorta
was higher in the diabetic group. From these observations we conclude that
arterial wall compliance is decreased in diabetic rats. The observed compliance
changes might have important effects on cardiovascular function in diabetes.
In view of our hypothesis that glycosylation or so-called Advanced Glycosyl-
ation Endproduct (AGE)-formation might lead to structural modification of
vascular wall proteins resulting in decreased vascular elasticity we were
interested in the effects of treatment with an inhibitor of these glycosylation
processes, aminoguanidine. In c/iapter 7 we demonstrated that treatment of
diabetic rats with aminoguanidine resulted in a significant increase in carotid
static compliance (+39%, under control conditions, and +27%, after abolition
of vascular tone by KCN), and a decrease in characteristic aortic input imped-
ance (-40%). The arterial pulse pressure in aminoguanidine treated rats was
decreased by about 15%, and the pulsatile component of left ventricular power
output was relatively diminished (-35%). In addition, we observed a lower
fluid filtration across the carotid wall. These results indicate an increased
vascular elasticity, an improved left ventricular-arterial coupling, and a de-
creased vascular permeability in diabetic rats following aminoguanidine
treatment, suggesting that AGE-accumulation on collagen negatively affects
arterial wall properties in experimental diabetes.

In this thesis studies are presented concerning different aspects of diabetic
angiopathy. We demonstrated that microvascular alterations develop already
shortly after diabetes induction, and showed that in striated muscle diabetes
mellitus leads to vasoconstriction in contrast to many studies reporting vasodi-
lation in (experimental) diabetes. Vascular reactivity is also affected by diabetes
induction and implies alterations in both endothelium-dependent and endothe-
lium independent vasoreactivity. Vascular permeability is increased, and ACE-
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inhibitor treatment prevents the development of albuminuria but not of general
albumin leakage. Aminoguanidine treatment, in contrast, did prevent the
increase of general albumin leakage. Aminoguanidine also has advantageous
effects on arterial elasticity. In view of these effects, this drug or its derivatives
may be effective in the treatment of diabetic angiopathy. However, its benefi-
cial effects and safety first have to be confirmed in human studies.
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Diabetes mellitus of suikerziekte komt relatief vaak voor in de algemene
bevolking. Twee verschillende vormen kunnen worden onderscheiden. Insuli-
ne-afhankelijke diabetes mellitus (IADM) wordt gekenmerkt door het ontstaan
op jeugdige leeftijd waarbij er een absoluut insuline tekort bestaat dat wordt
veroorzaakt door destructie van de insuline producerende fi-cellen van de
pancreas. Om te overleven zijn deze patiënten afhankelijk van insuline. De
prevalentie van IADM is relatief laag in verhouding tot het voorkomen van
niet insuline-afhankelijke diabetes mellitus (NIADM), een aandoening die
vooral bij ouderen voorkomt. In NIADM bestaat er een gestoorde insuline
secretie waarbij er ook sprake is van een relatieve ongevoeligheid van weefsels
voor insuline, hetgeen (deels) samenhangt met de aanwezigheid van overge-
wicht. Mensen met NIADM kunnen in sommige gevallen worden behandeld
met een dieet, maar hebben meestal orale bloedsuiker-verlagende medicatie
nodig en soms ook insuline.
Morbiditeit en mortaliteit en dus ook de kwaliteit van leven van patiënten met
diabetes mellitus worden in belangrijke mate bepaald door het al dan niet
optreden van vasculaire complicaties. Er zijn meerdere uitingsvormen van
vaatbeschadiging als gevolg van diabetes die variëren van lichte netvliesbe-
schadiging en microalbuminurie (albumine-verlies in de urine) tot zeer ernstige
aandoeningen zoals nierinsufficiëntie, visusstoornissen ten gevolge van vaat-
woekeringen in het netvlies (proliferatieve retinopathie), en atherosclerose.
Doordat diabetes mellitus vaak voorkomt en een groot deel van de diabetes-
patiënten vasculaire complicaties ontwikkelt vormt deze diabetische angiopa-
thie een belangrijk probleem binnen de gezondheidszorg.

Alhoewel men al langere tijd geleden het optreden van diabetische angiopathie
heeft onderkend, weten we tot op heden nog steeds niet waardoor deze
vaatafwijkingen nu precies ontstaan. Er zijn verschillende mechanismen die
mogelijk een rol spelen in de ontwikkeling van diabetische angiopathie.
Glycosylering, een proces veroorzaakt door de reactie van circulerende suikers
zoals glucose met eiwitten, interfereert met de functie van een aantal systemen
die belangrijk zijn in de regulatie van het cardiovasculaire systeem. Toegeno-
men metabolisme van glucose via de "polyol pathway" kan veranderingen
induceren in intracellulaire mechanismen zoals een gestoorde redox potentiaal.
Daarnaast kunnen vasoactieve of groeistimulerende hormonen betrokken zijn
bij het ontstaan van diabetische angiopathie.

145



Samewpaffing

Dit proefschrift beschrijft onderzoek dat is verricht met als doel het nader
karakteriseren van diabetische angiopathie, waarbij wij gebruik hebben ge-
maakt van een diermodel. Met behulp van dit diermodel, de streptozotocine-
geïnduceerde diabete rat, was het mogelijk om basale vasculaire veranderingen
te beschrijven die ontstaan ten gevolge van diabetes mellitus.

In ftoo/dsfufc 2 en hoo/dstufc 3 worden de effecten beschreven van diabetes
inductie op kleine bloedvaten, arteriolen en venulen, in een preparaat bestaand
uit dwarsgestreept spierweefsel, de "dorsale microculatie kamer". Via een
operatie wordt dit kamertje geïmplanteerd op de rug van de rat, waarbij zich
na de operatie in de kamer een enkele laag spierweefsel bevindt. Aan de kleine
vaten in dit preparaat kunnen metingen worden verricht gedurende een
periode van 6-8 weken in wakkere ratten. In /loo/dsfufc 2 wordt de uitwerking
beschreven van diabetes inductie op diameters van arteriolen en venulen
alsmede op vaatdichtheid. Diameters werden bepaald van behulp van weke-
lijks gemaakte video opnames van de preparaten van ratten met en zonder
streptozotocine-geïnduceerde diabetes. Het blijkt dat er na diabetes inductie
weinig veranderingen in vaatdiameters optreden, en slechts de kleinste arterio-
len tekenen van vernauwing vertonen. Behalve de vaatdiameter werd ook de
vaatdichtheid in het preparaat bepaald voor en na het induceren van diabetes.
De vaatdichtheid werd bepaald door op dia's van de verschillende preparaten
met behulp van een raster het aantal vaten te tellen. Bij ratten met diabetes
werd na 4 en na 6 weken een toename van het aantal venulen gevonden. Deze
resultaten laten zien dat ook in de microcirculatie van dwarsgestreept spier-
weefsel veranderingen ontstaan op relatief korte termijn na het ontstaan van
diabetes mellitus.

In /ioo/üsfu/c 3 worden de effecten beschreven van diabetes inductie op reacties
van vaatwand op verschillende stoffen, zoals vaatverwijders en stoffen die tot
een vernauwing van de bloedvaten (vasoconstrictie) leiden. De effecten van de
vaatverwijdende stoffen acetylcholine en BRL 38227, alsmede de effecten van
stoffen met een vasoconstrictief effect (phenylephrine en angiotensine II)
werden bestudeerd in ratten met en zonder diabetes, in hetzelfde model als
hierboven is beschreven.
Het bloeddrukdalend effect van acetylcholine, als ook het vaatverwijdend effect
op arteriolen was 30% minder in ratten met diabetes in vergelijking tot ratten
uit de controle groep. Ook na toediening van BRL 38227 werden minder sterke
effecten geobserveerd in ratten met diabetes. Na het toedienen van pheny-
lephrine en angiotensine II werd echter een veel sterkere vaatvernauwing
gevonden in ratten met diabetes. Verrassend genoeg was het effect op de
bloeddruk van deze stoffen juist weer veel minder uitgesproken dan in ratten
uit de controle groep. Deze bevindingen wijzen erop dat er belangrijke veran-
deringen in vaatwandreactiveit van arteriolen ontstaan na diabetes inductie.
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Deze veranderingen betreffen zowel endotheel-afhankelijke reactiviteit maar
ook endotheel-onafhankelijke vaatwandreactiviteit.

Hoo/dsfu/c 4 en lioo/dsfu/c 5 betreffen veranderingen in vasculaire permeabiliteit
ten gevolge van diabetes. Het is al langer bekend dat er toegenomen lekkage
van eiwit door de vaatwand bestaat in diermodellen maar ook bij patiënten
met diabetes. Naast het ontstaan van eiwitlekkage door de vaatwand ontstaat
er ook eiwitverlies via de nier (albuminurie/proteinurie). Beide processen
worden gezien als exponenten van eenzelfde proces, te weten gegeneraliseerde
vaatbeschadiging als gevolg van diabetes. Medicamenten die deze eiwitlekkage
zouden kunnen voorkomen of verminderen kunnen van groot belang zijn in
de behandeling van patiënten met vasculaire complicaties als gevolg van
diabetes mellitus. Van angiotensin converting enzyme (ACE)-inhibitors is
beschreven dat zij albuminurie en proteinurie kunnen reduceren. In ftoo/dsfwfc
4 worden de resultaten beschreven van een studie naar de effecten van behan-
deling met de ACE-inhibitor perindoprilat op albuminurie en albumine-lekkage
door de vaatwand. Albuminurie werd gekwantificeerd door de albumine con-
centratie te bepalen in de verzamelde 24-uurs urine. Albumine-lekkage werd
bepaald in meerdere organen met behulp van radioactief humaan serum
albumine. De studies werden 6-8 weken na diabetes-inductie verricht, waarbij
de ratten gedurende deze periode ook behandeld werden. Perindoprilat-
behandeling voorkwam het ontstaan van albuminurie. De versterkte albumine
lekkage door de vaatwand werd echter niet beïnvloed door perindoprilat.

Advanced Glycosylation Endproduct (AGE)-vorming, als uiteindelijk gevolg
van glycosylerings-reacties, speelt mogelijk een rol in de ontwikkeling van de
verschillende vormen van diabetische angiopathie. Door structurele modificatie
van extracellulaire matrix componenten zou AGE-vorming kunnen leiden tot
veranderingen in vasculaire en glomerulaire permeabiliteit. In ftoo/üsfufc 5
hebben we de effecten onderzocht van behandeling met aminoguanidine, een
stof die vorming van AGE-produkten tegengaat. De studie opzet was verge-
lijkbaar met de hierboven beschreven studie. In tegenstelling tot de effecten
van ACE-remming resulteerde aminoguanidine behandeling wel in een norma-
lisatie van de versterkte eiwitlekkage in de verschillende organen maar was er
geen effect op albuminurie. Dit wijst erop dat eiwitlekkage door de vaatwand
en eiwitverlies via de nier niet eenvoudigweg als markers van hetzelfde
pathofysiologisch proces kunnen worden gezien, en differentieel kunnen
worden beïnvloed.
Omdat glycosyleringsprocessen kunnen leiden tot modificatie van belangrijke
eiwitten in de vaatwand en dus ook tot veranderingen in de fysische eigen-
schappen van de vaatwand, hebben we in /zoo/dstu/c 6 de effecten bestudeerd
van langer bestaande diabetes (12 weken) in ratten op mechanische eigen-
schappen van de vaatwand. Er werd gekeken naar effecten van diabetes op
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verschillende parameters van vasculaire elasticiteit zoals compliantie van de
halsslagader (arteria carotis) en karakteristieke compliantie van de aorta. Deze
parameters werden bepaald in verdoofde ratten met behulp van verschillende
technieken zoals intravasculaire drukmetingen en het meten van flow middels
een Doppler probe. Er werden aanwijzingen gevonden dat er in langer be-
staande experimentele diabetes sprake is van een verminderde elasticiteit van
het vaatstelsel. Deze verminderde elasticiteit van de vaatwand heeft belangrijke
negatieve consequenties voor het functioneren van onder andere het hart.
Of de beschreven veranderingen in arteriële elasticiteit nu werkelijk veroor-
zaakt worden door AGE-vorming in de vaatwand hebben we trachten te
bestuderen in /ioo/dsfwfc 7. In dit hoofdstuk zijn de resultaten beschreven van
aminoguanidine-behandeling, en dus inhibitie van AGE-vorming, op de
hierboven beschreven parameters van vasculaire elasticiteit in ratten met een
relatief langere diabetesduur. Aminoguanidine behandeling leidde tot een
aanzienlijke verbetering van de vasculaire elasticiteit, hetgeen erop duidt dat
AGE-vorming in de vaatwand belangrijke negatieve effecten heeft op vaat-
wandelasticiteit. Daarnaast bleek aminoguanidine ook nog een gunstig effect
te hebben op filtratie van vloeistof door de vaatwand.

Samenvattend wordt in dit proefschrift onderzoek beschreven naar verschil-
lende aspecten van diabetische angiopathie. We hebben aangetoond dat er al
kort na het ontstaan van diabetes in de microcirculatie veranderingen optreden.
In dwarsgestreept spierweefsel lijkt er eerder vasoconstrictie te ontstaan, dan
de vasodilatatie die in diverse andere studies beschreven wordt. Vasculaire
reactiviteit in diabetes mellitus is ook duidelijk gestoord, waarbij er veranderin-
gen optreden in zowel endotheel-afhankelijke als endotheel-onafhankelijke
reactiviteit. Zoals bekend ontstaat er als gevolg van diabetes een toegenomen
eiwitlekkage door de vaatwand als uiting van een toegenomen vasculaire
permeabiliteit, met ook een toegenomen eiwitverlies (albuminurie) via de nier.
Behandeling met de ACE-inhibitor perindoprilat heeft een gunstig effect op
albuminurie maar niet op gegeneraliseerde eiwitlekkage, terwijl aminoguanidi-
ne de toegenomen vasculaire permeabiliteit wel normaliseert. Aminoguanidine
heeft ook gunstige effecten op de verminderde arteriële elasticiteit die ontstaat
ten gevolge van langdurige diabetes mellitus. Gezien deze gunstige effecten
van aminoguanidine lijkt deze stof of een van haar afgeleiden op termijn
interessant voor de behandeling van patiënten met diabetische angiopathie. De
positieve effecten alsmede de veiligheid van aminoguanidine moeten hiertoe
eerst in humane studies worden bevestigd.
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DANKWOORD

Vaak heb ik mezelf en ook anderen erop "betrapt" bij het lezen van een proef-
schrift met name ook het dankwoord aandachtig te lezen. Om de lezers van dit
proefschrift niet teleur te stellen, maar natuurlijk ook (vooral ook) om mijn
oprechte dank uit te spreken jegens al diegenen die in deze promotieperiode
belangrijk voor mij zijn geweest, de volgende woorden.

Bruce Wolffenbuttel, mijn begeleider en co-promotor, wil ik als eerste noemen.
Beste Bruce, het schijnt dat het aantal grijze haren op je hoofd de afgelopen
vier jaar significant sterker is toegenomen dan op grond van normale veroude-
ring kan worden aangenomen. Op je bekende subtiele wijze heb je me meer-
dere malen laten weten dat er een directe relatie bestaat tussen het aantal grijze
haren op je hoofd en het aantal dagen dat je mijn begeleider was. Misschien
is het je opgevallen dat de eerste grijze haar op mijn hoofd nog niet is versche-
nen. Ik denk dat dit de prima omstandigheden aangeeft waarin ik de afgelopen
vier jaar heb kunnen functioneren. Jij hebt mij veel vrijheid gegeven om de
lijnen van dit onderzoek uit te zetten, waarbij je anderzijds altijd beschikbaar
was op momenten dat het nodig was. Ik ben je zeer erkentelijk voor alle
mogelijkheden die ik heb gekregen om me wetenschappelijk ook buiten het
BMC te ontplooien, waarbij de reis met de ratten naar Parijs natuurlijk het
wetenschappelijke (en gastronomische) hoogtepunt vormde. Mijn promotor
Professor Struijker Boudier verleende mij drie jaar lang gastvrijheid binnen de
vakgroep Farmacologie. Beste Harry, alle faciliteiten en lopende technieken op
jullie lab hebben het voor mij een stuk makkelijker gemaakt dit onderzoek uit
te voeren. Jouw creatieve ideeën en enthousiasme zijn heel belangrijk geweest
voor het tot stand komen van dit proefschrift. Daarnaast vind ik alle interesses
die je op ander gebied hebt en je uitgebreide kennis van kunst en literatuur
een voorbeeld. Het zal echter nog wel enige tijd duren eer ik zover ben dat ik
in mijn vakantie "A la recherche du temps perdu" ga lezen.
Mijn promotor Professor Nieuwenhuijzen Kruseman heeft mij de afgelopen
jaren vanuit de kliniek begeleid en is nu als hoofd van de werkgroep endocri-
nologie en waarnemend opleider mijn directe baas. Beste Arie, in de afgelopen
jaren ben je steeds meer betrokken geraakt bij dit onderzoek en heb je met je
analytisch vermogen en scherpe inzicht veel hoofdstukken van dit proefschrift
aanzienlijk verbeterd. Buiten de werkvloer kom je vaak onverwacht voor de
dag: tijdens promotiefeesten doe je sketches in de meest wilde vermommingen
en op de snelweg ontpop je je tot iemand die zowel de weg als ook de vlucht-
strook onveilig maakt.



DanJtwoord

Docteur Bernard Lévy m'a gentiment donné la possibilité de travailler dans son
laboratoire. Monsieur Pierre Poitevin (PP) a fait presque tous les experiments
a Paris. Professor Joe Williamson has always been very interested in our
experimental work and has reviewed this thesis very carefully. De overige
leden van de beoordelingscommissie, Professor de Leeuw, Professor Arends
en Professor Tangelder dank ik voor hun aandachtige beoordeling van dit
proefschrift.

Ook alle andere leden van de vakgroep Farmacologie namen mij gastvrij in
hun midden op. De collega's van het lab, Helma, Jacques, Peter, Caroline,
Elsbeth, Frenk, Ben en Jan, zorgden voor een prima sfeer. Marjorie en Marcel,
en Ferdi (zeg maar Ferdinand) en Lilian waren mijn gewaardeerde kamerge-
noten op het oude en nieuwe BMC, met wie ik vele niet-wetenschappelijke
gesprekken voerde. Professor Jos Smits verleende buitengewoon veel hulp bij
het opzetten, uitvoeren en uitwerken van de albumine-extravasatie experimen-
ten, waarvoor dank. Het hart van de vakgroep Farmacologie wordt gevormd
door het secretariaat; Mia en Els, bedankt voor jullie secretariële en niet-
secretariële ondersteuning. Bij het experimentele werk kreeg ik veel hulp van
Helma van Essen en Francy Crijns. Helma, er zijn maar weinig mensen van
wie je het "proefdiervak" beter kunt leren dan van jou, je hebt een gave om
met dieren om te gaan en je kunt beter opereren dan veel chirurgen. Francy,
binnen de kortste keren heb je je in al je bescheidenheid ontpopt tot een
ervaren onderzoekster. Ik heb erg prettig met je samengewerkt, en vind het
leuk dat jij nu ons onderzoek voortzet en samen met Bart-Jeroen Heesen en
Paul (Pibo) Leurs het lab "experimentele diabetes" vorm geeft. De medewerkers
van het CPV hebben hard gewerkt om alle ratten van hun "natje en droogje"
te voorzien. Vanuit de afdeling Klinische Chemie kregen wij ook de nodige
hulp: Dr. Paul Menheere gaf ons de mogelijkheid de radioactiviteitsbepalingen
voor de extravasatie-studie te verrichten en hielp ook met de praktische
uitvoering ervan. Mia Haasen-Meers en Lucien Habets verrichtten met zorg de
totaal-eiwit bepalingen. Karin Scheele bewerkte met zorg het manuscript en
maakte het tot een echt boekje.

Mijn petenicht Ank Cleven verleende mij vele weken gastvrijheid in haar
piepkleine maar erg gezellige huis in Parijs. Lieve Ank, misschien dat ik nu
jullie in the States wonen nog eens een experimentje in Washington kan
plannen. Mijn (club)vriendinnen en aanhang Lianne en Theun, Corrie, Vera en
Bert-Jan, Mares en Reinier, Irene en Huw plus Pippi, mijn paranymfen Caroline
en Caroline, en onze "echte vrienden" (Dick Advocaat, Zwoelie, TV, Maupie-
mannetje en Wien) zorgden voor veel lol in de weinige vrije tijd die er over
was. De ouders van Marc, Leon en Rietje, hebben niet alleen Mare maar ook
mij gesteund met hun continue interesse en zorg. Mijn broer(tje) Gerben heeft
mij inmiddels hoog in de lucht ver achter zich gelaten, maar heeft jarenlang de
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last moeten torsen van een ijverige zus die op school erg braaf haar best deed
en altijd goede punten haalde. Toch was je altijd geïnteresseerd in mijn wel en
wee en zorgde met je laconieke houding voor de nodige relativering, waarvoor
mijn dank. Mijn ouders kan ik in deze paar regels onmogelijk danken voor
alles wat ze voor mij gedaan hebben. Daarnaast zou ik me eigenlijk ook nog
moeten verontschuldigen voor de weinige weekeinden die er "en familie"
overbleven, en voor alle goedbedoelde raadgevingen die in de wind geslagen
werden. Toch hoop ik dat jullie het net als ik allemaal de moeite waard hebben
gevonden.
Liefste Mare, omdat wij elkaar door de ratten en muizen (en een zwarte kip)
hebben leren kennen vind ik deze promotieperiode al helemaal geslaagd.
Waarschijnlijk zullen we over een paar jaar stoere verhalen vertellen over alle
weekeinden en feestdagen dat we gewerkt hebben, de nachtelijke expedities
naar het BMC en de gevaarlijke bijtende ratten die we (jij) moesten temmen.
Gelukkig was gedeelde promotiesmart halve promotiesmart. Vrijdag 27 mei zal
blijken dat gedeelde promotievreugd ook dubbele promotievreugd is.
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