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Microalbuminuria is diagnosed when the UAER is >20 but <200 |xg/min. The
prevalence of microalbuminuria among diabetic patients is 15-20%. Persistent
microalbuminuria in diabetic patients is a risk marker not only of renal disease, but
also of proliferative retinopathy and cardiovascular morbidity and mortality. Even
among nondiabetic individuals, those with microalbuminuria tend to have an in-
creased cardiovascular morbidity. The established cardiovascular risk factors, such as
smoking, elevated plasma cholesterol, fibrinogen, and hypertension, are seen more
frequently in diabetic patients with persistent microalbuminuria than in normoalbu-
minuric diabetic patients of similar age, sex, and diabetes duration. However, these
risk factors cannot by themselves explain the cardiovascular overmortality in these
patients. In addition, insulin resistance or genetic disposition to hypertension or
cardiovascular disease fails to be the missing link. Accumulating evidence suggests a
common pathogenetic mechanism for microalbuminuria and premature atheroscle-
rosis (i.e., qualitative alterations of the extracellular matrix, including decreased
density and sulfation of HS-PG). Decreased density of HS in the glomeruli may lead
to albuminuria and mesangial proliferation. In the intima of large vessel walls,
decreased density and/or sulfation of HS may enhance several of the processes
involved in premature atherosclerosis. Diabetes affects the composition and structure
of the extracellular matrix in many ways and leads to decreased density and sulfation
of HS-PG by several mechanisms. Genetic differences in the sulfation of HS and/or
genetic defects in the coordinated biosynthesis of HS-PG might contribute to de-
creased concentration and sulfation of HS-PG in susceptible individuals. It is hoped
that susceptibility genes can be identified soon, thereby making prevention of severe
late diabetic complications more successful.
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HS-PG, HEPARAN SULFATE-PROTEOGLYCAN; HS, HEPARAN SULFATE; IDDM, INSULIN-DEPENDENT DIA-

BETES MELL1TUS; ESRD, END-STAGE RENAL DISEASE; UAER, URINARY ALBUMIN EXCRETION RATE; N I D D M ,

NON-INSULIN-DEPENDENT DIABETES MELLITUS; G F R , GLOMERULAR FILTRATION RATE; G B M , GLOMERULAR

BASEMENT MEMBRANE; V L D L , VERY-LOW-DENSITY LIPOPROTE1N; T E R A , TRANSCAP1LLARY ESCAPE RATE OF

ALBUMIN; LDL, LOW-DENSITY LIPOPROTEIN; CVD, CARDIOVASCULAR DISEASE; ACE, ANGIOTENSIN-

CONVERTING ENZYME; I G G , 1MMUNOGLOBUL1N G ; S T Z , STREPTOZOC1N; C I , CONFIDENCE INTERVAL; E C G ,

ELECTROCARDIOGRAM.

A lbuminuria in IDDM is associated
with an extremely high risk of
early death. The relative mortality

(i.e., mortality in diabetic patients rela-
tive to mortality in the sex- and age-
matched background population) in dif-
ferent age groups of patients with
albuminuria is —40 times higher than in
diabetic patients without albuminuria
(1). Patients with persistently Albustix-
positive urine (Boehringer Mannheim,
Indianapolis, IN), in whom other nondi-
abetic renal diseases, urinary tract infec-
tion, and cardiac insufficiency have been
excluded, exhibit increasing blood pres-
sure and declining GFR (2). These pa-
tients suffer from clinical diabetic
nephropathy. It is therefore tempting to
believe that the difference in relative
mortality between patients with and
without albuminuria is attributable to
death from ESRD. However, this is not
the case.

ALBUMINURIA: A NEW
CARDIOVASCULAR RISK
MARKER— About 50% of the albu-
minuric patients will die from cardiovas-
cular causes before progressing to ESRD.
Thus, after 25 yr of diabetes duration at
age 40-45 yr, the cardiovascular mortal-
ity (mostly from coronary heart disease
or stroke) in albuminuric diabetics is 60
times higher than in the background
population, whereas in patients without
albuminuria, the relative cardiovascular
mortality was only 2 -3 times that of the
background population (3). Most of
these patients die from coronary heart
disease. In a case control study of 59
IDDM patients who were followed from
the onset of albuminuria, coronary heart
disease developed 8 times more fre-
quently than in a diabetic population of
similar age, sex, and diabetes duration
(4) (Fig. 1). Albuminuria in IDDM is,
therefore, not only a marker of renal dis-
ease, but also a potent risk marker of
cardiovascular disorder.

Albuminuria is normally diag-
nosed when strips such as Albustix are
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WITH ALBUMINURIA (n = 59)

WITHOUT ALBUMINURIA (n = 59)

OF ALBUMINURIA

Figure 1—Cumulative incidence of coronary

heart disease in IDDM patients with and without

albuminuria. The two groups were carefully

matched regarding age, sex, and diabetes dura-

tion. All patients had normal ECG at the onset of

the study where UAER was 300 mg/24 h in the

albuminuric group. From Jensen et al. (4). © by

Diabetologia.

persistently positive. This corresponds to
a UAER of >300 mg/24 h. However, in
nondiabetic patients and in young pa-
tients with IDDM just after the onset of
the disease, UAER is <30 mg/24 h (al-
bumin/creatinin ratio in early morning
urine <2.5 mg/mmol (5,6). Patients with
clinical nephropathy, therefore, have
passed a stage where UAER is <300
mg/24 h but >30 mg/24 h. In fact pro-
spective studies using highly sensitive
methods for the determination of UAER
have demonstrated that patients who will
later develop clinical nephropathy are
characterized by an exponential increase
of UAER (7,8). According to an interna-
tional consensus conference, patients
with UAER between 30 and 300 mg/24
h are, therefore, said to have microalbu-
minuria, and patients with persistent mi-
croalbuminuria are suffering from incip-
ient nephropathy (9).

The prevalence of microalbumin-
uria among diabetic patients is 15-20%
(10,11). Persistent microalbuminuria in
IDDM patients is associated with many
abnormalities (Table 1). Most of these
abnormalities will not be discussed in
this article in which we concentrate on
the implications of microalbuminuria on
macroangiopathy. The question here is:

Is microalbuminuria a risk marker not
only for clinical nephropathy (12), but
also for premature artherosclerosis? This
is not known for IDDM patients of juve-
nile onset, because the low cardiovascu-
lar morbidity and mortality among these
young patients require huge population
studies that have not yet been con-
ducted. However, among NIDDM pa-
tients, microalbuminuria is a potent car-
diovascular risk marker, independent of
hypertension and hyperlipedimia (13).
In these patients, albuminuria is much
more strongly associated with premature
death from cardiovascular diseases than
with ESRD. In a follow-up study of 175
NIDDM patients with microalbuminuria
(urinary albumin concentration > 15 mg/
L), 120 (68%) patients died 10 yr after
the onset of the study; but only 8 among
these patients (7%) died from ESRD,
whereas 58% died from acute myocar-
dial infarction, cardiac failure, or stroke
(13). Thus, microalbuminuria in NIDDM
seems to be more relevant as a marker for
CVD than for renal disease. Even in non-
diabetic patients, microalbuminuria is a
risk marker for premature atherosclero-

Prevalence of CVD in non-diabetics

N = Normoalbuminurla n = 114

M = Microalbuminuria n = 12

2p = 0.016

n
Figure 2—Six years cumulative incidence of

CVD in 126 elderly nondiabetic patients with

normal UAER (<15 [ig/min; N) or microalbu-

minuria (M). Calculated from Damsgaard et al.

(15). © by the British Medical Journal.

sis, as demonstrated by Yudkin et al. (14)
and confirmed by other groups (15).
Thus, in a population-based study of
nondiabetic patients (normal fasting
blood glucose), persons with microalbu-
minuria (>15 (xg/min) also had a sever-
al-fold increase in cardiovascular mortal-
ity during the following 6 yr compared
with persons with normal UAER (15)
(Fig. 2). Thus, persistent albuminuria is a

Table 1—Nonrenal changes in IDDM patients with persistent microalbuminuria in
comparison with patients having normal UAER

CHARACTERISTIC CHANGE

PROUFERAT1VE RETINOPATHY

BLOOD PRESSURE

CARDIAC OUTPUT

END DIASTOLIC VOLUME

WORKING CAPACITY

TERA
ALBUMIN CATABOLISM

PLASMA FIBRINOGEN

T E R FIBRINOGEN

FIBRINOGEN SYNTHESIS

FIBRINOGEN CATABOLISM

TOTAL CHOLESTEROL

VLDL

LDL
VON WLLLEBRAND FACTOR

TISSUE PLASMINOGEN RESPONSE TO EXERCISE

ACE

MORE FREQUENT (76)

HIGHER (27)

DECREASED (77)

DECREASED (77)

DECREASED (78)

INCREASED (49)

INCREASED (79)

INCREASED (26)

INCREASED (BENT-HANSEN, UNPUBLISHED

OBSERVATIONS)

INCREASED (79)

INCREASED (79)

INCREASED (26)

INCREASED (26)

INCREASED (26)

INCREASED (47)

IMPAIRED (80)

INCREASED (81)
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Table 2—Clinical data, prevalence of death, cardiovascular risk factors and CVD in
parents of type I (insulin-dependent) diabetic patients with nephropathy and in parents of
type I diabetic patients with normoalbuminuria (17)

SEX (F/M)
AGE (YR)

PREVALENCE OF DEATH (%)

PREVALENCE OF CVD (%)

UAER (M-G/MIN)

PREVALENCE OF MICROALBUMINURIA (%)

SERUM CHOLESTEROL (MM)

PERCENTAGE OF SMOKERS (%)

PARENTS OF

WITH NEPHROPATHY

35/41
58 ± 8 (43-79)
10 (4-18)
12 (6-21)
4(1-214)
5 (1-14)

5.7 ± 1.2
40 (29-52)

DIABETIC PATIENTS

WITH NORMOAL-

BUMINURIA

32/45
58 ± 7 (43-71)
8 (3-16)

13 (6-23)
5 (1-68)

11 (4-21)
5.8 ± 1.0
34 (24-46)

Values are means ± SD (range) or median (range) or prevalence (95%).

new potent cardiovascular risk marker
not only in diabetics, but also in nondi-
abetic "healthy" subjects.

GENETIC SUSCEPTIBILITY TO
CARDIOVASCULAR DISEASE IN
IDDM PATIENTS WITH
ALBUMINURIA— Why is albumin-
uria a marker of cardiovascular disease
and mortality? Some observations sug-
gested that diabetic patients with albu-
minuria should have a genetic disposi-
tion for CVD (16). Such observations
were not confirmed at our clinic (17).
Thus, 153 nondiabetic parents of pa-
tients with IDDM were examined for car-
diovascular morbidity and mortality. Of
those, 77 were parents to patients with
normal UAER, and 76 were parents to
patients with nephropathy (Table 2). No
significant differences in number of car-
diovascular deaths, prevalence of cardio-
vascular morbidity, or frequency of car-
diovascular risk factors were seen
between these two groups (17). Other
observations suggested that diabetic pa-
tients with albuminuria should have a
genetic disposition to hypertension
(18,19). However, our own and other
more comprehensive studies found that
blood pressure was not different in par-
ents of diabetic patients with and with-
out nephropathy (20,21). Further insight

into the predisposition to CVD in dia-
betic subjects with albuminuria comes
from studies of cation transport systems,
such as Na+/Li+ countertransport in
erythrocytes. Diabetic subjects with al-
buminuria usually have higher Na+/Li+

countertransport activity in erythrocytes
than diabetic patients without albumin-
uria (20,22). However, differences be-

i 0.7-
o
E 0.5-

0.3-

0.2

j 0.05-

Parents of
diabetics
with
nephropathy

Parents of
diabetics
with normo-
albuminuria

Older
controls

Figure 3—Na + /L i + countertransport in non-

diabetic parents of IDDM patients with and

without clinical nephropathy. A group of control

subjects of similar age but without diabetes in

their families also is indicated. No difference was

seen between the groups. From Jensen et al. (20).

® by Diabetologia.

tween parents of patients with and with-
out albuminuria were not always
observed (20,21) (Fig. 3), indicating that
environmental factors are more likely to
explain the differences in Na+/Li+ coun-
tertransport between albuminuric and
nonalbuminuric patients than genetic
factors (23). Other abnormalities in cat-
ion transport systems have been reported
in fibroblasts from diabetic patients with
nephropathy kept in tissue culture for
several weeks (24). These abnormalities
might be genetic markers of cellular dys-
function, reflecting common pathoge-
netic mechanisms for renal and cardio-
vascular diseases in diabetic subjects.
These results have to be confirmed, but
they indicate that albuminuria and pre-
mature atherosclerosis may have some
genetic susceptibility factors in common.
The multifactorial pathogenesis of albu-
minuria and atherosclerosis, however,
makes an identification of such factors
highly complicated.

ALBUMINURIA AND
CARDIOVASCULAR RISK
FACTORS— Other observations indi-
cated the possibility that albuminuria is a
marker of CVD because established car-
diovascular risk factors (such as smoking,
elevated plasma concentration of fibrino-
gen and cholesterol, and hypertension) are
more prevalent among patients with
nephropathy. Several authors (including
ourselves ([26]) have found a higher prev-
alence of heavy cigarette smokers (25), el-
evated fibrinogen, increased total choles-
terol (26), and higher blood pressure in
patients with albuminuria compared with
patients with normal UAER (27). How-
ever, according to our calculations, a com-
bination of elevated blood cholesterol (by
25%), fibrinogen (by 20%), blood pressure
(by 15%), and heavy cigarette smoking can
explain only a small part of the 10-fold
higher cardiovascular mortality in such a
group of patients. Other more important
factors must contribute. Also in NIDDM,
albuminuria is associated with increased
blood pressure (11,28) and hyperlipe-
demia (29,30), and hemostatic parameters,
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Table 3—Insulin resistance in IDDM patients without and with early nephropathy

N O NEPHROPATHY

EARLY NEPHROPATHY

n = number of patients.

INSULIN DOSE

(IU/KG, MEDIAN AND RANGE)

N = 391

0.72 (0.14-1.83)
0.70(0.11-0.69)

FASTING

(PM

FREE PLASMA INSULIN

, MEANS ± SD)

N = 74

50
55

±25
±24

such as von Willebrand factor, and fibrin-
ogen might be elevated in patients with
overt clinical nephropathy (31). However,
as Schmitz and Ingerslev (31) pointed out
on the basis of their comprehensive study,
the increased mortality among NIDDM pa-
tients with microalbuminuria could not be
explained by coexisting risk factors, such
as hypertension, hyperlipidemia, or hemo-
static disorders. Thus, from epidemiologi-
cal studies, we must conclude that eleva-
tion of blood pressure, cholesterol, and
fibrinogen contribute, but cannot by them-
selves, explain why albuminuria is such a
potent cardiovascular risk marker. Re-
cently, insulin resistance has been ac-
knowledged as a potential cardiovascular
risk factor. However, insulin resistance as
reflected by the daily insulin requirement
or the fasting free plasma insulin concen-
tration seems not to be more pronounced
in IDDM patients with early nephropathy
than those without (26) (Table 3).

POSSIBLY COMMON
PATHOGENETIC MECHANISM
FOR ALBUMINURIA AND
PREMATURE
ATHEROSCLEROSIS— What is the
missing link? We suggest a common
pathogenetic mechanism of microalbu-
minuria and premature atherosclerosis,
because of the close coincidence of albu-
minuria and atherosclerotic events and
because of the similarity of structural and
functional alterations of glomeruli and
large vessel walls in patients with albu-
minuria. Mesangial and arterial myome-
dial cells are mesenchymal cells, with
contractile properties equal to their ph-
agycytotic properties. In patients with al-

buminuria, enhanced mesangial and
myomedial proliferation takes place.
Both these cells can synthesize collagen
IV, fibronectin, laminin, and HS-PG.
This also is reflected by the composition
of the extracellular matrix, which is quite
similar. In patients with albuminuria, not
only is accumulation of extracellular ma-
trix more pronounced than in patients
without albuminuria (32), but changes
in the quality of the extracellular matrix
seems to be a characteristic feature (Ta-
ble 4).

DECREASED DENSITY OF HS-PG
IN EXTRACELLULAR MATRIX OF
DIABETIC ANIMALS AND
HUMANS— Shimomura and Spiro
(33) have shown the density of HS-PG to
be reduced ~50% in GBMs of patients
with glomerulosclerosis (33), and similar
changes have been demonstrated in ex-
tramural coronary vessels of diabetic pa-
tients (34). In diabetic animals, the syn-
thesis, concentration, and sulfation of
HS-PG are significantly decreased
(35,36). But, is it possible that these
qualitative changes of the extracellular
matrix (i.e., decreased density of nega-

tively charged HS-PG) are the common
cause of microalbuminuria and the en-
hancement of mesangial expansion and
premature atherosclerosis?

HS-PG is synthesized in the en-
dothelial, mesangial, and myomedial
cells. After sulfation has taken place in
the Golgi apparatus (a process imitated
by the enzyme N-deacetylase), HS-PG is
incorporated into the extracellular ma-
trix of glomeruli and large arteries, where
it contributes to the structural integrity
of the basal membrane and vessel walls
(37).

HS-PG AND
ALBUMINURIA— Decreased density
of HS within the GBM leads to albumi-
nuria (38,83). This also was seen in a
recent study that demonstrated that in-
jection of monoclonal antibodies against
HS induces albuminuria within minutes
(83). Furthermore, when researchers in-
creased the density of HS-PG in glomer-
uli of diabetic rats by ACE inhibitors, the
progression of albuminuria was arrested
(39). Thus, in theory, it is not unlikely
that the decreased density of anionic
HS-PG demonstrated in glomeruli of di-
abetic patients might be the cause of the
increased glomerular filtration of plasma
albumin. HS-PG also contributes to
keeping the mesangial (40,41) and myo-
medial (42) cells in a resting state. De-
creased concentration of HS in tissue cul-
tures of mesangial cells has been shown
to lead to decreased inhibition and sub-
sequently to proliferation of mesangial
cells (40,41).

Table 4—Similarities of structural and functional alterations of glomeruli and large
vessel walls in albuminuric patients with diabetes mellitus

ALTERATION REFERENCE

ACCUMULATION OF EXTRACELLULAR MATRIX

DECREASED DENSITY OF HS-PG

PROLIFERATION OF MESANGIAL AND MYOMEDIAL CELLS

INCREASED POSTENDOTHELIAL MACROMOLECULAR

PERMEABILITY ACROSS THE EXTRACELLULAR MATRIX

(34, 82)
(33, 34)
(40-42)

(49; BENT-HANSEN, UNPUBLISHED

OBSERVATIONS)
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Table 5—Alteration in diabetic patients with early nephropathy, possibly related to
decreased density of HS-PG within the extracellular matrix

NORMAL UAER INCREASED UAER

All differences are statistically highly significant.

REFERENCE

RENAL CLEARANCE RATIO OF

NEUTRAL VS. ANIONIC

MACROMOLECULES

TERA (°/o X H"1)
P-TRIGLYCERIDES (MM)

P-VLDL (MM)
P-FIBRINOGEN (^-M)

P-VON WILLEBRAND FACTOR

(IU/ML)

IN VIVO PLATELET ADHESION (%)

2.5

5.2
0.98
0.57
7.62
0.86

36

1.0

7.9
1.28
1.07
9.62
1.20

46

(27)

(27, 49)
(26)
(26)
(26)
(47)

(48)

4

-I- f- f
Do

<3O

Dine

30-100

Figure 4—TERA (percentage per hour) in
control subjects (N) and IDDM patients with
different levels of UAER. Do, long-term diabetics
with normal UAER; Dinc, incipient diabetic
nephropathy; Dn, clinical diabetic nephropathy.
From Deckert et al. (27). ® by Diabetologia.

HS-PG AND
ATHEROSCLEROSIS— In large ves-
sel walls, HS-PG has anti-atherogenetic
properties (43), and a negative correla-
tion has been demonstrated between HS
and the cholesterol content of human
large vessel walls (44). HS-PG contrib-
utes to the structural integrity of the in-
terendothelial clefts of large vessel walls.
These interendothelial clefts contribute
to the transendothelial pathway for lipo-
proteins and other macromolecules.
HS-PG also helps to maintain the myo-
medial cells in a resting state and, in
large vessel walls, the anionic HS-PG
contributes to binding of lipoprotein li-
pase and antithrombin III (reviewed
[43]). A decreased density of anionic
HS-PG in endothelial plasma membranes
and extracellular matrices, as suggested
in diabetic patients with microalbumin-
uria, is expected to lead to a decreased
binding of lipoprotein lipase (45) and
therefore to a decreased clearance of tri-
glycerides and VLDLs. Increased plasma
concentration of triglycerides and VLDLs
is seen in IDDM patients with albumin-
uria (26). Decreased binding of anti-
thrombin III would shift the hemostatic
balance in a procoagulant direction,
leading to deposition of fibrin on the
endothelial cells' surface. Deposition of
fibrin, however, leads to the release of
von Willebrand factor (46). Increased

concentration of von Willebrand factor is
seen in diabetic patients with albumin-
uria (47). Increased density of von
Willebrand factor on endothelial cell sur-
face will increase the in vivo platelet ad-
hesion that also is seen in diabetic pa-
tients with albuminuria (48). Most signs
and symptoms in patients with incipient
nephropathy are compatible with de-
creased density of anionic HS-PG in
extracellular matrices (27) (Table 5).

DECREASED ANIONIC HS-PG:
THE CAUSE OF ALBUMINURIA
AND PREMATURE
ATHEROSCLEROSIS?— Is the de-
creased density of HS-PG in the GBM
and large vessel walls actually the cause
of microalbuminuria and premature ath-
erosclerosis in diabetes? Accumulating
evidence suggests that this might be the
case. Most of this evidence comes from
careful studies of the very first clinical
signs of diabetic nephropathy, namely
microalbuminuria and its concomitant
increased TERA, a marker of postendo-
thelial macromolecular permeability.
The coincidence of microalbuminuria
and TERA is rather striking (27) (Fig. 4).
The transendothelial flux of albumin in
patients with microalbuminuria is in-
creased by —50%, compared with long-
term diabetic patients with normal
UAER and similar metabolic control

(49). Is the increased UAER and the in-
creased TER of albumin caused by de-
creased density of anionic HS-PG? In-
creased TER can be attributable to
increased intravascular pressure, in-
creased number and sizes of vascular
macromolecular pathways, or composi-
tional changes of the macromolecular
pathway. Increased intravascular pres-
sure seems not to be the cause because
blood pressure (27), capillary pressure
(E. Tooke, unpublished observations),
oncotic pressure differences (50), and
plasma flow were not different between
patients with normal UAER and patients
with persistently increased UAER
(51,52). Also an increased number and
size of macromolecular pathways have
until now not been demonstrated in pa-
tients with microalbuminuria. Thus, vas-
cular volume (50), capillary density (52),
capillary surface (52), and even the num-
ber and width of interendothelial clefts,
are not different between patients with
and without microalbuminuria (T.
Deckert and Egeberg, unpublished ob-
servations). These results might suggest
that increased TERA in patients with mi-
croalbuminuria is caused by qualitative
changes of the macromolecular pathway
and the extracellular matrix. Structural-
functional studies of the vascular extra-
cellular matrix are difficult to perform in
vivo. However, the extracellular matrix
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EPITHELIUM

LAMINA

RARA EXTERNA

LAMINA DENSA

LAMINA
RARA INTERNA
ENDOTHELIUM

oTYPE IV COLLAGEN
t LAMININ
o HEPARAN SULPHATE
% PLASMA ALBUMIN

Figure 5—Structure of GBM. Q , type IV collagen; x, laminin; O, HS-PG (negatively charged); • , plasma albumin (negatively charged).

of the glomerular filtration barrier—the
glomerular basement membrane
(GBM)—can be studied more easily.

The composition of the GBM is
well-known (Fig. 5). The GBM is nega-
tively charged, and HS-PG contributes to
this negative charge. The negative charge
inhibits the filtration of negatively
charged plasma proteins (i.e., exerts a
charge selectivity). We have assessed re-
nal charge selectivity in IDDM patients
by measuring the fractional clearance of
pairs of plasma proteins of identical size
but different charges (27). We used
nonglycosylated albumin and more neg-
atively charged glycosylated albumin as
such a pair (53), and neutral total IgG
and the more negative subfraction IgG4
(27,54,55). With both pairs of plasma
proteins, we found loss-of-charge selec-
tivity in patients with microalbuminuria.

This means that most nephrons of pa-
tients with albuminuria are no longer
able to differentiate between plasma pro-
teins of different charges. Similar results
were obtained by others using IgG and
IgG4 (56) and pancreatic and salivary
isoamylase (57) for the assessment of
charge selectivity. It has been suggested
that loss-of-charge selectivity might be
attributable to an increase of the large
pore area of the GBM. However, studies
with dextran clearances indicate that the
fractional dextran clearances in patients
with microalbuminuria are identical to
the fractional dextran clearance in non-
diabetic and diabetic patients with nor-
mal UAER (58; T. Deckert, et al., un-
published observations). Thus, changes
in size selectivity seem to be preceded by
changes in charge selectivity. Alteration
in tubular function also is sometimes

suggested to bias the estimation of renal
charge selectivity. However, this is not
very likely because the findings of loss of
renal charge selectivity would suggest in-
creased negative charge of the tubular
membranes—even though no mecha-
nism of such kind has been demon-
strated. The excretion of P2"microgl°b-
ulin and retinol binding protein—two
markers of tubular function with slightly
different isoelectric points—are com-
pletely unchanged in diabetic patients
with microalbuminuria compared with
patients with normal UAER (T. Deckert
et al., unpublished observations). There-
fore, we suggest that loss-of-charge se-
lectivity in patients with microalbumin-
uria is attributable to loss of negatively
charged components within the glomer-
uli, probably HS-PG. A negative correla-
tion is seen between the number of an-
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Table 6—Anionic charge of HS-PG in extracellular matrix of diabetic patients is reduced
by certain factors

DECREASED DENSITY OF HS-PG

INCREASED GENE EXPRESSION (60, 62) AND SECRETION (63) OF COLLAGEN IV AND FIBRONECTIN

DECREASED SYNTHESIS OF HS-PG (36)

DECREASED TURNOVER OF GLYCOSYLATED COLLAGEN IV (84)

DECREASED BINDING OF HS-PG TO GLYCOSYLATED COLLAGEN IV (69)

DECREASED SULFATION OF HS (65, 68)

ionic sites and albuminuria (59). A
negative correlation has been seen be-
tween mRN A of HS-PG and albuminuria
in diabetic mice (60). Furthermore, an-
tibodies against HS will induce albumi-
nuria (83), and ACE inhibitors given to
diabetic rats has been shown to increase
the content of HS within the glomeruli,
and simultaneously arrest albuminuria
(39). From these studies, we concluded
that decreased density of anionic HS-PG
might be the cause of microalbuminuria
in diabetic patients. Because the anionic
charge on the luminal surface of vascular
walls has been shown to be decreased in
diabetics patients (61) and because we
have shown that charge selectivity of
TERA also was found to disappear in
patients with microalbuminuria (L. Bent-
Hansen, et al., unpublished observa-
tions), we suggest that—in the extracel-
lular matrix of vascular walls—a
decrease of anionic HS-PG is occurring
also, leading to an enhancement of the
atherosclerotic processes.

CAUSES OF DECREASED HS-PG
IN DIABETES:
HYPERGLYCEMIA— How does de-
creased density of anionic HS-PG occur
in diabetic patients? Hyperglycemia leads
to decreased density of anionic HS-PG by
several mechanisms (Table 6). The most
important cause seems to be a defect in
the coordinated genetic expression of
components of the extracellular matrix.
Cagliero et al. (62) have studied the bio-
synthesis of extracellular matrix compo-
nents in tissue cultures of human endo-
thelial cells. They found that, in most
patients, hyperglycemia leads to in-

creased expression of collagen IV, lami-
nin, and fibronectin. The activation of
these extracellular matrix components
seem to be coordinated. When collagen
IV is activated by 300% the transcription
of fibronectin also is increased by
~300%. Thus, hyperglycemia leads to a
coordinated activation of the expression
and secretion (63) of collagen IV, lami-
nin, and fibronectin. This does not seem
to be the case for HS-PG. Therefore, the
ratio of mRNA for HS-PG/collagen IV is
significantly reduced in diabetic KK mice
(60). Increased gene expression and se-
cretion of collagen IV without alteration
of the expression of HS-PG would ex-
plain not only the thickening of base-
ment membrane in diabetic patients, but
also a relative loss of anionic HS-PG in
the extracellular matrix.

Other mechanisms also affect the
negative charge of the extracellular ma-
trix in diabetic patients. Thus, it recently
has been demonstrated that diabetes af-
fects the activity of N-deacetylase, the
key enzyme in the sulfation of HS-PG
(Fig. 6) (64-66). In poorly regulated
STZ-diabetic Sprague-Dawley rats, the
activity of N-deacetylase in the liver and
glomeruli is decreased by —50%, a re-
duction that is correlated to mean blood
glucose. The activity can be normalized
by insulin treatment. In Sprague-Dawley
rats, the reduction in N-deacetylase ac-
tivity is correlated to albuminuria (66).
Decreased activity of N-deacetylase leads
to undersulfation of HS, which means
loss of negative charges. Undersulfation
of HS in diabetic animals has been dem-
onstrated by several groups (35,68).

A third mechanism by which di-

abetes might affect the density of HS-PG
in the extracellular matrix is nonenzy-
matic glycosylation. In poorly regulated
diabetic patients, the degree of glycosyl-
ation of collagen IV and fibronectin is
much higher than in control subjects
(69). However, nonenzymatic glycosyl-
ation of collagen IV and fibronectin will
decrease the affinity to HS-PG (69). This
might lead to a greater turnover of
HS-PG in poorly regulated diabetic pa-
tients (70) and reduced density of
HS-PG in extracellular matrix. Because
patients with albuminuria often have
poor diabetes control and higher HbAlc

than long-term diabetic patients with
normal UAER, it is likely that these
mechanisms also contribute to decreased
density of HS-PG. Thus, diabetes affects
the biosynthesis of the extracellular ma-
trix in several ways and leads to reduced
density of anionic HS-PG in the extracel-
lular matrix. Besides poor diabetes con-
trol, genetic factors seem to influence the
metabolism of extracellular matrix com-
ponents.

GENETIC FACTORS— Epidemiologi-
cal studies have demonstrated that only a
minority of diabetic patients will develop
clinical nephropathy and its associated
cardiovascular complications (71). Thus,
the majority of diabetic patients seem to
be protected from the development of
diabetic nephropathy. This protection
cannot be explained exclusively by better
metabolic control (72). Probably several
susceptibility genes are involved. Recent
studies have demonstrated a clustering of
diabetic nephropathy within families that
have several cases of diabetes among
first-degree relatives (73,74). Other re-
cent studies suggested a genetic defect in
the coordinated secretion of glycosami-
noglycans among patients with albumin-
uria. These studies demonstrated that fi-
broblasts from diabetic patients with
nephropathy kept in tissue cultures for
several months under identical condition
secreted relatively less HS compared
with hyaluronic acid than fibroblasts
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EXTRACELLULAR MATRIX
SUSCEPTIBILITY AND HYPERGLYCAEMIA

BLOOD
NORMO-GLYCAEMIA

NON-SUSCEPTIBLE SUSCEPTIBLE

HYPERGLYCAEMIA
NON-SUSCEPTIBLE SUSCEPTIBLE

MESANGIAL/MYOMEDIAL CELLS

Figure 6—Extracellular matrix in glomenili and large vessel walls in normoglycemic (left) and hyperglycemic (right) individuals. N-deacetylase is the
key enzyme in the sulfation of HS-PG (note branching symbols). For explanation, see text.

from control subjects, whereas fibro-
blasts from diabetic patients with normal
UAER were similar to control subjects
(75). Furthermore, experiments in dia-
betic rats of slightly different genetic
background indicated differences in the
regulation of the N-deacetylase as a sus-
ceptibility factor (65,66). Thus, besides
poor diabetes control, genetic differences
in the regulation of the biosynthesis of
the extracellular matrix might contribute
to individual differences in the composi-
tional structure of the matrix and thereby
to susceptibility to microalbuminuria
and its associated complications. The hy-
pothesis that emerges from these obser-
vations is as follows.

In nondiabetic patients not sus-
ceptible for albuminuria and premature
atherosclerosis, collagen IV and HS-PG
synthesis are normally regulated, result-
ing in a normal composition of the extra-
cellular matrix. In susceptible normogly-
cemic individuals, however, defects in
the regulation of HS-PG biosynthesis will
result in a reduced density of HS-PG,

turning these individuals into subjects
more vulnerable to albuminuria and ath-
erosclerosis. In diabetic patients, the
density of HS-PG is reduced mostly be-
cause of a relative increased synthesis of
collagen IV. HS-PG is also undersulfated
because of reduced N-deacetylase activ-
ity. The net alterations are, therefore, de-
pendent mainly on the quality of meta-
bolic control. In susceptible diabetic
patients, however (i.e., patients with ge-
netic defects in the regulation of HS-PG),
extracellular matrix synthesis will result
in a more pronounced reduction of the
density and sulfation of HS-PG within
plasma membranes and the extracellular
matrix. In these patients, the biochemical
alterations may lead to functional alter-
ations, such as increased permeability and
proliferation of mesangial and myomedical
cells, and finally to the well-known struc-
tural alterations of glomerulosclerosis and
premature atherosclerosis.

Because DNA probes of HS-PG
and N- deacetylase are or will be available
in the future, it is hoped that some of the

susceptibility genes will be identified
soon. Then, identification of patients at
risk might be possible. By concentrating
our clinical efforts on these patients, it is
hoped that prevention of some of the
most severe complications of diabetes
might, in the future, be more successful.
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