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Summary Alterations in the connective tissue of the ar- 
terial wall have been suggested to play a role in the de- 
velopment of macrovascular disease in diabetes melli- 
tus. The present study deals with changes in the content 
of G A G  in aortic tunica media in human diabetes by 
separately analysing normal areas and areas with fi- 
brous plaques. The thoracic aorta from 15 diabetic pa- 
tients (7 with IDDM, 8 with NIDDM),  and 30 sex- and 
age-matched non-diabetic subjects were collected at 
autopsy. Tunica intima was removed and GAG were 
isolated from the dried defatted and pulverized tunica 
media. G A G  were quantified by uronic acid analysis 
and characterized by electrophoresis on cellulose ace- 
tate. Results showed that IDDM patients had a relative 
and absolute increase in hyaluronic acid in normal tuni- 
ca media compared to non-diabetic subjects. There was 
a significant positive correlation between hyaluronic 
acid content of normal tunica media and duration of 

diabetes, but not between hyaluronic acid content and 
age. When tunica media from plaque areas was com- 
pared to normal areas the same pattern was evident in 
diabetic patients as in non-diabetic patients - signifi- 
cantly increased proportion of dermatan sulphate and 
reduced hyaluronic acid. The data agree with the no- 
tion that the arterial wall is subject to different patho- 
logical processes in diabetes, one of classical athero- 
sclerosis with changes in GAG similar to non-diabetic 
subjects, and the other seen in areas without plaques 
with dissimilar alterations in GAG. These data there- 
fore support the concept of the presence of a macrovas- 
cular disease in diabetes different from atherosclerosis. 
[Diabetologia (1994) 37: 286-292] 
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Diabetic patients are at risk of developing macrovascu- 
lar disease, however, the nature of and pathogenetic 
mechanisms behind the large vessel disease is only 
poorly understood. Present knowledge about structur- 
al and biochemical alterations of the connective tissue 
in the arterial wall in diabetes mellitus indicates that 
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the large vessel disease cannot be explained solely as 
accelerated atherosclerosis [1]. Several investigations 
point toward primary alterations in the arterial wall in 
the diabetic patients. Proliferation of smooth muscle 
cells with increased periodic acid-Schiff positive sub- 
stance in the extracellular matrix in the coronary ar- 
teries [2-5] and linear arterial calcification in tunica 
media [6, 7] have been described in diabetes. In aorta 
from diabetic subjects fibronectin and type IV collagen 
accumulate in tunica media independent of the pres- 
ence of atherosclerotic plaque [8, 9] and non-athero- 
sclerotic areas of aorta have shown altered mechani- 
cal properties with significantly increased stiffness [10] 
indicating that alterations occur in the connective 
tissue of the arterial wall in diabetes. 

It has been suggested that changes in the content or 
distribution of G A G  in the arterial wall may occur in 
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Table 1. Clinical data from IDDM and NIDDM patient groups and two groups of sex- and age-matched non-diabetic subjects 

IDDM Control i NIDDM Control 2 

Number of subjects (n) 7 14 8 16 
Sex (female/male) 3/4 6/8 2/6 4/12 
Age (years) 60 + 8 58 + 8 72 + 4 74 +_ 5 

Duration of diabetes (years) 32 + 13 - 15 + 11 - 
Post-mortem time (h) 23 + 11 26 + 10 26 _+ 8 24 +_ 11 

Hypertension (n) 4 3 2 4 
Normotension (n) 3 10 5 11 
Unknown (n) 0 1 1 1 

Late diabetic manifestations (n) 
Nephropa thy  3 - 3 - 
no signs 1 - 4 - 
unknown 3 - 1 - 
Ret inopathy  6 - 2 - 
no signs 1 - 4 - 
unknown 0 - 2 - 

Causes of death (n) 
cardiovascular 5 4 " 4 6 
neoplasia 0 7 1 4 
other a 2 3 3 6 

Values are presented as mean + SD. a Infections, accidents etc. 

d iabetes .  M o r p h o l o g i c a l  s tudies  o f  d iabe t ic  ar ter ies  
have  s h o w n  d e c r e a s e d  Alc i an  b lue  s ta ining sugges t ing  
e i ther  a d e c r e a s e d  G A G  c o n t e n t  o r  a l t e red  su lpha t ion  
o f  the  m a c r o m o l e c u l e s  [3]. D a t a  f r o m  s o m e  s tudies  o f  
expe r imen t a l  d iabe tes  h a v e  p o i n t e d  to  an  inc reased  
hya lu ron i c  acid c o n t e n t  in r o d e n t  a o r t a  [11, 12], o the r s  
have  given less c lear  resul ts  [13], however ,  t he re  is no  
i n f o r m a t i o n  avai lable  a b o u t  the  d i s t r ibu t ion  of  G A G  in 
tun ica  m e d i a  o f  the  h u m a n  a o r t a  in d iabetes .  

G A G / p r o t e o g l y c a n s  are  cons ide red  to  be  invo lved  
in s o m e  of  the  key  events  wh ich  lead to  the  f o r m a t i o n  of  
a the rosc l e ro t i c  lesions [14], e. g. b ind ing  of  l ipopro te ins  
[15, 16], p la te le t  agg re ga t i on  [17], and  g r o w t h  inhibi-  
t ion  o f  s m o o t h  musc le  cells [18]. A l t e r a t i ons  in these  
m a c r o m o l e c u l e s  in d iabe tes  cou ld  t h e r e f o r e  p lay  a sig- 
ni f icant  ro le  in the  d e v e l o p m e n t  o f  large vessel  d isease  
in d iabetes .  

This  s tudy  p resen t s  the  first i n f o r m a t i o n  a b o u t  the  
c o n t e n t  and  d i s t r ibu t ion  o f  G A G  in tun ica  m e d i a  o f  the  
h u m a n  a o r t a  in d iabe tes  ana lys ing  sepa ra t e ly  tun ica  
m e d i a  f r o m  areas  wi th  and  w i t h o u t  a the rosc le ro t i c  
p laque .  

Subjects and methods 

P a t i e n t s  

The descending part of the thoracic aorta was collected at autop- 
sy from 15 diabetic patients: seven with IDDM and eight with 
NIDDM. For each diabetic patient two sex and age-matched 
non-diabetic subjects were included. The aortic samples were in 
all cases obtained within 40 h of death. Exclusion criteria were: 
connective tissue diseases, glucocorticoid treatment, administra- 
tion of chemotherapeutics or radiotherapy to the thoracic re- 
gion. Basal clinical data of diabetic patients and control sub- 

jects are given in Table 1. Patients treated for hypertension or 
with more than one blood pressure measurement over 140/ 
100 mm Hg were considered to be hypertensive. 

A o r t a s  

The descending part of the thoracic aorta was removed and 
washed in 0.9 % NaC1, 10 mmol/1 Tris/HC1 (pH 7.4) containing 
proteinase inhibitors (0.5 mmol/1N-ethyl-maleimide, 0.5 mmol/1 
phenylmethylsulphonyl fluoride, I mmol/1 benzamidine hydro- 
chloride) and kept at - 80 ~ until analysis. After thawing tunica 
adventitia was removed and intima-media samples were taken 
from areas with apparently normal intimal surface as well as 
from areas with plaque seen as yellowish/white elevated lesions. 
Normal intima was defined as areas without any discolorations 
or elevation of the surface, whereas regions with elevated white 
areas without ulceration, aneurysms or thrombosis were con- 
sidered as uncomplicated fibrous plaque. Tunica intima was 
carefully removed from tunica media by blunt dissection. Histo- 
logical examination confirmed that the tissue was split close to 
the internal elastic membrane. The samples were lyophilized, 
weighed, and defatted by two 24-h extractions in chloroform- 
ethanol (3:1). The samples were lyophilized and weighed. The 
dry defatted tissue was pulverized in a Retsch Mill (E Kurt 
Retsch GMBH, Haan, Germany), and stored at - 8 0 ~  until 
analysis. 

I s o l a t i o n  o f  G A G  

The GAG were isolated from 10-30 mg of dry defatted tissue as 
described in detail previously [19]. Tunica media samples were 
digested with papain, 5 Bg/mg dry defatted tissue for 20 h at 
65 ~ GAG were precipitated with cetyl pyridinium chloride at 
a final concentration of 0.5 %. Cetyl pyridinium chloride-GAG 
complexes were dissolved in n-propanol and further purified by 
precipitation twice with ethanol containing 2 % potassium ace- 
tate. GAG were dissolved in distilled water and quantified on 
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the basis of uronic acid content [20]. The efficacy of the pro- 
teolytic digestion procedure was evaluated by measuring the 
hexosamine content of the insoluble precipitate of the samples 
[21]. The data showed that 95-97 % of the GAG were liberated 
by the present procedure. Recovery was estimated by adding 
known amounts of purified GAG to samples of dry defatted 
tissue, and was found to be 90-97 %. The results were not cor- 
rected for recovery. 

Identification o f  GAG 

Isolated GAG were separated by electrophoresis on cellulose 
acetate (Titan III, Helena Laboratories, Beaumont, Tx., USA). 
The samples were analysed in triplicate using two different buff- 
er systems; a)electrophoresis in 0.3 mol/1 cadmium acetate, 
pH 4.1 [22], and b) electrophoresis in 0.1 mol/1 barium acetate, 
pH 5.0 [23]. In cadmium acetate hyaluronic acid was well sepa- 
rated from heparan sulphate and dermatan/chondroitin sul- 
phates, whereas the chondroitin sulphate fraction was deter- 
mined using the barium acetate buffer system. After staining in 
0.1% Alcian blue the distribution of GAG was quantified by 
densitometry using a Shimazdu scanning spectrophotometer at 
610 nm, beam size 0.05 x 2 mm. The average variation (between 
runs) of the electrophoretic analysis of samples was 2~5 %. On 
each membrane a mixture of standards was co-electrophoresed. 
The following GAG were used as standards: hyaluronic acid 
from human umbilical cord, chondroitin sulphate A from bovine 
trachea, chondroitin sulphate C from shark cartilage, dermatan 
sulphate from porcine skin, heparan sulphate from bovine kid- 
ney, all obtained from Sigma (St. Louis, Mo., USA). The dif- 
ference in Alcian blue binding capacity of the various GAG was 
determined and the data were compensated accordingly. 
Relative to hyaluronic acid the following factors were used: 
chondroitin sulphate 0.6, dermatan sulphate 0.6, heparan sul- 
phate 0.8. The distribution/content of the GAG types was ex- 
pressed as a fraction of total GAG (%) and as gg GAG per mg 
dry defatted tissue. 

Statistical analysis 

Statistical evaluation was performed by non-parametrical ana- 
lyses using the Wilcoxon test. Comparisons between variables 
were made using Spearman's Rank Correlation analysis. A p 
value of less than 0.05 was considered significant. 

Results 

The  clinical character is t ics  of  the two diabet ic  pa t ien t  
groups  and the  non-d iabe t ic  control  groups  are given in 
Table  1. T h e r e  was no statistically significant d i f ference  
in t ime be tween  dea th  and  examina t ion  in e i ther  of  the  
groups  examined.  

Diabetic groups compared to non-diabetic groups 

Total GAG content o f  tunica media. Pat ients  with 
N I D D M  had  significantly r educed  amoun t s  of  to ta l  
G A G  in tunica  med ia  f rom non-p laque  areas  when  
c o m p a r e d  to a g roup  of  age- and  sex -ma tched  non-  
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Fig. 1. Content of total GAG in tunica media from areas of aorta 
with macroscopically normal intima. Mean values of gg GAG 
per mg dry defatted tissue + SEM are shown for seven IDDM 
subjects (DM1), eight NIDDM patients (DM2), and two groups 
of non-diabetic subjects matched for age and sex (C1, n = 14; and 
C2, n = 16). ** 2p < 0.01 

Fig.2. Electrophoresis on cellulose acetate of GAG isolated 
from tunica media of non-atherosclerotic areas of aorta. Sam- 
ples from three IDDM patients (DM1) and non-diabetic sub- 
jects (C1) are shown. Electrophoresis was performed in 0.3 mol/1 
cadmium acetate, pH 4.1 to separate hyaluronic acid (HA) from 
heparan sulphate and dermatan sulphate/chondroitin sulphates 
(DS and CS) 

diabet ic  subjects (Fig. 1). We found no difference be- 
tween  the g roup  of  I D D M  pat ients  and the control  
group. Samples  of  tunica med ia  f rom p laque  areas  
f r o m  bo th  groups  of diabet ic  pa t ients  had  a similar 
content  of  to ta l  G A G  as the  control  groups  (not  
shown).  

Distribution o f  GAG in tunica media from areas with- 
out plaque. Figure  2 shows a typical  e lec t rophore t ic  
pa t t e rn  of  G A G  on  cellulose aceta te  f rom tunica 
med ia  of  aor ta  f rom I D D M  pat ients  and control  sub- 
jects. Inc reased  densi ty  of  the  hyaluronic  acid band  
is appa ren t  in samples  f rom the diabet ic  pat ients .  
Hya lu ron ic  acid const i tu ted  in average  17.6 % of  to ta l  
G A G  in tunica m e d i a  f rom norma l  areas of  aor ta  
f rom the I D D M  pat ien t  group,  but  only  10,1% in the  
non-d iabe t ic  contro l  g roup  (Fig.3).  This  di f ference 
was highly significant (2p < 0.01). In  the  N I D D M  
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Fig.3A-D. Proportions of hyaluronic acid (A), heparan sul- 
phate(B), dermatan sulphate(C) and chondroitin sul- 
phates (D) in tunica media from areas of aorta with macroscopi- 
cally normal intima. Mean percentages of total GAG + SEM are 
given for seven IDDM patients (DM1), eight NIDDM patients 
(DM2) and two groups of non-diabetic subjects matched for age 
and sex (C1, n = 14; and C2, n = 16). ** 2p < 0.01 
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Fig.4A-D. Proportions of hyaluronic acid (A), heparan sul- 
phate(B), dermatan sulphate(C) and chondroitin sul- 
phates (D) in tunica media from areas of aorta with plaque. 
Mean percentages of total GAG + SEM are given for seven 
IDDM patients (DM1), eight NIDDM patients (DM2) and two 
groups of non-diabetic subjects matched for age and sex (C1, 
n = 14; and C2, n = 16). 

pat ient  group there  was a t rend towards increased 
hyaluronic  acid fract ion in tunica media  f rom non- 
atherosclerot ic  areas of the vessel, but  the dif- 
ference  failed to mee t  statistical significance (12.0 % 
hyaluronic  acid vs 8 .9%,  mean  values, 0 .05<2p  
< 0.10). 

We found no statistically significant differences in 
the p ropor t ion  of heparan  sulphate,  de rmatan  sulphate 
or chondroi t in  sulphate be tween  the diabetic patients 
and their  control  groups in samples of tunica media  
f rom non-a therosc lero t ic  areas of aor ta  (Fig. 3). 

W h e n  the results were calculated in absolute terms 
on the basis of  uronic  acid content ,  the  I D D M  pat ient  
group had an increased amount  of hyaluronic  acid per  
mg dry defa t ted  tissue (mean gg hyaluronic  acid per  mg 
dry defa t ted  tissue: 2.67 pg vs 1.41 gg, 2p < 0.01, not  
shown). We found no statistically significant difference 
in heparan  sulphate content ,  de rmatan  sulphate or 
chondroi t in  sulphate per  mg dry defa t ted  tissue when 
compar ing the diabetic pat ient  groups to the control  
groups. 

Distribution o f  GAG in tunica media from areas with 
plaque. W h e n  samples of tunica media  f rom areas with 
plaques were  examined  the p ropor t ion  of the various 
G A G  types in bo th  I D D M  and N I D D M  pat ient  groups 
was similar to that  of the control  groups (Fig. 4). 

GAG and duration o f  diabetes. The  relat ionship be- 
tween the dura t ion of diabetes of  all diabetic patients 
and hyaluronic  acid content  or hyaluronic  acid fract ion 
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Fig.5. The relationship between duration of diabetes and pro- 
portion of hyaluronic acid (% of total GAG) in tunica media of 
aorta from 15 diabetic subjects. Samples were taken for analysis 
of GAG from areas with macroscopically normal intima. 
p = 0.05, r= 0.47. @, seven IDDM patients; �9 eight NIDDM 
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of tunica media  f rom non-a therosc lerot ic  areas of aor ta  
was evaluated.  We found  a significant positive associ- 
ation be tween  durat ion of  diabetes and hyaluronic  acid 
content  (r = 0.49, p = 0.03, n = 15) and hyaluronic  acid 
fract ion (r = 0.47,p = 0.05, n = 15) as shown in Figure 5. 
The re  was a t rend  towards a positive relat ionship 
be tween  G A G  content  and diabetes dura t ion (r = 0.42, 
p = 0.08, n = 15) and a negative association be tween  
G A G  content  and age (r = - 0.41,p = 0.06, n = 15). The  
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relationship between age and hyaluronic acid fraction 
or hyaluronic acid content was statistically insignifi- 
cant (r = - 0.20, p = 0.25 and r = - 0.35, p = 0.13, re- 
spectively). 

Tunica media from plaque areas compared to 
non-plaque areas 

The total amount of G A G  from tunica media of plaque 
areas was significantly decreased compared to normal 
areas of aorta. The difference was significant in both 
the combined non-diabetic groups (2p < 0.01) and in 
the I D D M  group (2p < 0.01), but not in the N I D D M  
patient group. The following mean values of pg G A G  
per mg dry defatted tissue were found in non- 
plaque/plaque areas: I D D M  group, 15.2 pg/10.4 pg; 
N I D D M  group, 10.3 pg/8.6 gg; non-diabetic groups 
combined, 13.8 gg/9.5 pg. 

When the proportion of the various G A G  in tunica 
media was analysed comparing plaque areas to normal 
areas the most consistent findings were increased der- 
matan sulphate and decreased hyaluronic acid frac- 
tions. Tunica media from plaque areas of aorta had a 
significantly increased dermatan sulphate fraction. 
This was true both for I D D M  and N I D D M  patients as 
well as for the non-diabetic subjects ( IDDM patients: 
2p < 0.01, N I D D M  patients: 2p < 0.05, and non-dia- 
betic subjects: 2p < 0.01) (Fig. 6). In tunica media of 
aorta from I D D M  patients we found a significantly de- 
creased proportion of hyaluronic acid in plaque areas 
of the vessel compared to macroscopically normal 
areas (2/) < 0.05). Also expressed per mg dry defatted 
tissue the hyaluronic acid content was less in tunica 
media samples from areas with plaque in I D D M  pa- 
tients (2/) < 0.02). The same pattern was seen in non- 
diabetic subjects, as we observed decreased amounts of 
hyaluronic acid in tunica media from plaque areas of 
aorta (2p < 0.01). In N I D D M  patients the difference in 
hyaluronic acid fraction in tunica media between 
plaque areas and normal areas of aorta was not statisti- 
cally significant. 

Discussion 

Previous reports have shown alterations in several ex- 
tracellular matrix components, such as accmnulation 
of fibronectin and type IV collagen in arteries from 
diabetic patients [8, 9]. In the present study which fo- 
cuses on another class of extracellular matrix compo- 
nents, GAG,  we found increased hyaluronic acid con- 
tent in aortas from diabetic patients. This result agrees 
with earlier studies of experimental diabetes per- 
formed on alloxan-diabetic rodents where it was ob- 
served that hyaluronic acid accumulated in tunica 
media-intima samples from the aorta of diabetic ani- 
mals, without any changes in total G A G  content or 
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concentration of heparan sulphate [11, 12]. Hyal- 
uronic acid is secreted by arterial smooth muscle cells 
[24], and it is interesting to note that diabetic serum 
enhances the secretion of hyaluronic acid from cul- 
tured human aortic smooth muscle cells [25, 26]. Fac- 
tors in the diabetic metabolism may stimulate hyal- 
uronic acid synthesis leading to tissue accumulation of 
this substance in the tunica media of arteries, as we re- 
port here. In support of this view is the fact that we 
could demonstrate a statistically significant relation- 
ship between hyaluronic acid content in mnica media 
and duration of diabetes. This relationship did not re- 
flect influence of age, since hyaluronic acid concentra- 
tion did not show a positive correlation to age in either 
diabetic or control subjects. 

The accumulation of hyaluronic acid in tunica 
media of aorta could also be related to increased 
growth rates of vascular smooth muscle cells in 
diabetes which has been suggested [4, 27, 28]. Previous 
studies of arterial smooth muscle cells in vitro have 
shown that the cells increase their activity of hyal- 
uronic acid synthesizing enzymes during proliferation 
[29], and that growth-stimulated cells increase the se- 
cretion of hyaluronic acid [30]. Studies with other cell 
types support this notion, since it has been reported 
that hyaluronic acid synthesis is related to cell prolif- 
eration in fibroblasts [31], and that hyaluronic acid 
synthesis may be regulated by growth regulating fac- 
tors, such as transforming growth factor/3 and platelet- 
derived growth factor [32, 33]. 
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Data from in vitro labelling techniques have sug- 
gested that aortic tissue from diabetic animals display 
decreased synthesis of heparan sulphate and also other 
sulphated G A G  [11, 34]. A reduction in heparan sul- 
phate content has been demonstrated in the kid- 
ney/glomerular basement membranes in diabetes [35, 
36]. However, we did not find any reduction in heparan 
sulphate content of tunica media in the diabetic aorta, 
either when expressed in absolute amount per mg dry 
defatted tissue or as a percentage of total GAG. This 
observation indicates that the decrease in heparan sul- 
phate content seen in glomerular basement mem- 
branes in diabetes cannot be conceived as a generalized 
alteration, but depends on the tissue examined. Fur- 
thermore, a recent study of the intimal layer of aorta 
from NIDDM patients showed no significant change in 
heparan sulphate content [37]. In this study an in- 
creased dermatan sulphate content was observed with- 
out any significant changes in other GAG. It is difficult 
to relate this finding to the results of our study, as the in- 
timal and medial layers of aorta have a quite different 
composition including paramount differences in G A G  
content [38]. 

The changes we have found in tunica media from 
plaque areas comprising increased proportion of der- 
matan sulphate, but decreased hyaluronic acid are con- 
sistent with the findings of more recent studies of aorta 
from non-diabetic subjects. Many investigators have 
studied the GAG content of normal and athero- 
sclerotic arteries with at times rather inconsistent find- 
ings [19, 38-42]. However, most of the more recent 
studies on human coronary arteries agree that derma- 
tan sulphate increases in tunica media in atheroscle- 
rosis [19, 40]. In the human aorta some investigators 
have observed increased dermatan sulphate-chon- 
droitin sulphate [42], but others did not find any signifi- 
cant changes in tunica media in atherosclerosis [38]. 
In experimentally-induced atherosclerosis in primate 
aorta the most significant observation was increased 
dermatan sulphate [41] which is in agreement with our 
results. With regard to hyaluronic acid and atheroscle- 
rosis there are several reports which indicate that 
hyaluronic acid decreases with atherosclerotic involve- 
ment of tunica media [19, 39-41]. 

Considering hyaluronic acid there was some simi- 
larity in our data of IDDM and NIDDM patients, but 
when focusing on total G A G  content the results are 
discordant, as only NIDDM patients had a reduced 
G A G  content. The observed difference may be related 
to older age and shorter diabetes duration of the 
NIDDM group, as these factors may be associated with 
a decreased G A G  content. 

It is remarkable that the changes we have found in 
normal areas of tunica media in diabetes are different 
from the changes observed in atheroscler0tic plaques 
with respect to hyaluronic acid proportion. It appears 
that the extracellular matrix of the arterial wall in 
diabetes is subject to different pathological processes. 
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In areas with atherosclerotic plaque, a reduction in 
hyaluronic acid is seen and this alteration together with 
accumulation of dermatan sulphate is similar to that 
seen in non-diabetic subjects. But in areas of aorta with 
macroscopically normal luminal surface an increased 
proportion of hyaluronic acid is observed in tunica 
media in diabetes. In our previous studies we observed 
accumulation of extracellular matrix components, such 
as fibronectin, and type IV collagen in tunica media of 
aorta in diabetes independent of the presence of ath- 
erosclerotic plaques [8, 9]. These findings together with 
the data of the present study strongly support the con- 
cept of a diabetic macrovascular disease which is differ- 
ent from classic atherosclerosis. 
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