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ABSTRACT 

Arterial Glycosaminoglycans (GAGs) have gamcd importancc 11\ alhclOgcl1l'!\b duc 10 

their abihty 10 [rap lipid inside the vesse! wall. Athcrosclcrotic 1e~lons have dl'iplayed an 

altered GAG content and distrIbution. DI,lbete~ is a recognlled fiS\.. factor for 

atherosclerosis, but no information is aVaJlablc on the artcnal GA(i ... III hum,Hl (habctlc'i. 

To improve our understanding of the ath~rogenJc proccss wc cxammcd GA(i!\ 111 normal 

and atherosclerotlc 1I1tlma of nopdlabetlc and typc-II dlabctlC hUJ11an'i 

Intima was ~tnpped from the alltop~y ~amplc~ of thoraclc aorta~, normal and plaque ,lIcas 

were separated. GAGs were lsolated by dellpldatlon, protcolytlc dlgC ... tIOIl, and 

precIpitatIOn. They were as~ayed biochemlcally and thclr dl\tnblltlon cvaluatctl by 

electrophore~1 sand densltometry. 

Results mdlcate a signiticant decrease in total (lACis alld a change 111 GAG (lIslnlHlllon 

in plaques of nOlidiabetlcs. Sll111lar change') of le~')er magmtudc were round III normal 

intima of dlabetIcs, while changes in plaque arcas were more pronounced. ThIS IIldlcatcs 

that changes 11l arterial GAGs precede the development of leslons 111 dlabctc~ < .• IU may be 

important III atherogenesis. 
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RÉSUMÉ 

Les glycosammoglycans (GAGS) artériels ont gagnés de l'importance dans l'athérogénèse 

par leur habilité à s'associer aux lIpides dans la tunique interne des vaisseaux sanguins. 

Les léslon~ d'athérosclérose montrent une distribution ainsi qu'une forme de GAGs 

altérés. Le diabète est un facteur de risque reconnu pour I"athérosclérose, par contre il 

n'existe aucune information sur les GAGs artériels de diabète humain. Pour approfondir 

notre compréhensIOn sur le processus athérogémque, nous avons exammé les GAGs des 

parois mternes de VaIsseaux sanguins normales et atteintent d'athérosclérose, sur des 

~ujets humains diabétiques de type II et non-d1abétIques. 

La paroi interne d'aortes thoraciques a été prélevée d'un échantillon d'autopsie; les 

régions normales et atteintent d'athérosclérose ont été séparées. Les GAGs ont été Isolés 

par délipldation, digestIOn protéoIitIque et précipitatIOn. Des tests biochimiques ont été 

fait et leur distnbutlon évaluée par électrophorèse et densitométne. 

Les résultats montrent une diminution signiticative des GAGs totaux et un changement 

dans la distnbution des GAGs des lésions d'athérosclérose de sujets non-diabétiques. Des 

changements similaires, mais de moindre amplitude, ont été retrouvés dans la paroi de 

vaisseaux normale chez des sujets diabétiques; par contre ces mêmes changements dans 

les lésions athérosclérotiques sont plus évidents. CecI indique que ces changements dans 

les GAGs artériels sont des précurseurs au développement de lésions chez les diabétiques 

et peuvcnt entraîner des maladies athérogéniques potentielles. 
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l.INTRODUCTION 

Glycosaminoglycans (GAGs) have been found to be actlvely 1I1volved ln a nU11lher of 

biological processes. Thcir role ln atherosclcrosis 15 apprc\:latc(1 m'lInly dm.' to tht'I!" 

property of Interacting wlth lipoproteins w/llch COl/Id help 111 acculllulatlon of hpld 111 the 

arterial wall. Moreover, they have also becn round to be Illvolvcd 111 ccii adheslon. 

migration and proliferation which are important cvents 111 atherogenesis. For th~ last 3 

decades many investIgators have been studying GAGs III both human and l'xpenl1lental 

atherosclerosis, and they have detected both quahtative and quanttldtlw changl's. Il bas 

been suggested that these changes may be Important in athcrogcl1e~I~. lInforlllll,ltcly, kw 

of these findings agree with one another. 

Prevalence of atherosc1erosls and its clinical mal1lfestatlons arc markedly hlgher in 

diabetic individuals. Although scores of potenttally atherogelllc t~lctor~ have hccn 

implicated to explain the phenomenon, it still rl'mains poorly llndcrstood. Il IS logu.:al to 

raise the question about the role of GAGs in tlm procco,~. Very few Illvco,tlgalors have 

tried to address this questIOn. Ali of these ~tU(hes have bœn performed 111 expcrtmcntal 

diabetes and the changes reported 111 arterial (JAG~ have been divcr~e. Wlth thls 

background, the eurrent stIlO)' was mÎtlated to achieve the tollowll1g goals: 

a. To detect changes in GAG cc:ncentratlOll and dl~tnblltlon 111 

1) hllman atherosclerotic plaque~ (Ill our hand~) 

lI) lJltima of type-II dJabetlc humans. 

b. To find a correlation between findings observed lfl 1) and li). 



These fïndlngs will demonstrate changes In arterial GAGs in both athe:-osc1erosis and 

dlabetes and WIll help ln understanding the role of GAGs in the macrovascular 

complication~ of diabetes in particular and atherogenesis in general. 

PollowJng I~ a bnef overview (If our current knowledge of GAGs, atherosclerosis, 

dJabctes and the speculative triangular link between them. For the sake of simplicity and 

brevity m most situations only findings in humans will be discussed. 

2 



1.1 Glycosaminoglycans and Pl'oteoglycans: 

GAGs constltute a group of a ~pectal type of polysa~chande), whkh eXI"! III the form of 

a protem linked l1101ecule called proteoglycan (PU). Thereforc tl1l' tcnm GAG and PG 

are often used mterchangeably. PG~ arc emergll1g as a group of one of the mO'it 

Important and versatile components 111 the extIaccllular matn\. Thelr Importance I~ 

underscored by their involvement in a diverse array of phenomena 111 hoth health and 

dlsease (Wight, 1989). Initlally they were only con~ldered to be ~lructlll .. 1 c1el1le!lt~ 

forming the grollnd substance and involved m mcchaJltcal support oi' hody tIS\l1C\. Wlth 

the development of sophisticated skills in vanous domam" of )'clencc. P<is have been 

found to be capable of performll1g more \l1tricate roIe.., III cellular and matn x hlology and 

pathology. 

PGt: are almost lIblqUltOUS 111 distnbutlon wlthlll the body. They arc nol only Important 

constltuents of extracellular matrix but are also found both wnhm and 0\1 the surtacc of 

various types of cells. They are also present III secrctlOn~ and body tluld~ as weil as \Il 

blood and urine. PGs are most abundant in cartrlage (about 50 % of ti..,suc wClght), 

vitreous humour, and umbihcal cord. They con~tltute only about 2 perccnt of the dry 

defatted tissue in the arterial intllna-medm where the major componenls cHe collagcns 

(about 25 %) and elastin (about 20 %) (SmIth, 1974). 

1.1.1 HistOl'Y: 

The history of PG (Kennedy, 1979; Helllegard et al., 1984) datc~ back to centurres ago 

when it was first extracted from human umblhcal cord by Wharton lJl 1656 and W,Ù glvcn 

the name of "Wharton 's jelly". ThiS substance wa~ what II) now descrlbcd a~ hyaiurolllc 
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acid, but at that tlme lts blOchcl11Jcal nature was not known. During the 19th century 

biochcllllcal analy')c<; of cartrlage resulted JO isolation and partIal charactenzation of 

chondrOltlll ,)L1lt~ltC. Dunng thc 20th œntury the structure of GAGs was elucidated largely 

by LcvclIc and coworker') dunng the carl 1er part and Karl Meyer and col1aborators during 

the mid-centllry. Othcr mcmbers of the tàmily were recognized; hyaluronic acïd m 1934 

l'rom vltreous humor, dermatan ~ulfate III 1941 from the sk1l1, heparan sulfate in 1948, 

and kcratan '>lIlfatc and chondroitm 111 1953 from bovme cornea. In 1956n was observed 

that onglllai chondroltlll sulfate could eXlst m t!uee Isomenc fonm, A,8,C. Chondroitm 

<;ulfate B turncd out to b(~ the already Isolated dermatan sulfate. Chondroitin sulfate A and 

13 are now rcferred to as chondrOitm sulfate-6 and chondrOitm sulfate-4 respectively. They 

were then called acid mucopolysaccharides (AMPs). 

At that tllne it was generally accepted that these AMPs were pure polysaccharide 

moleculcs, assoclated but not linked to proteins. In 1950s It was rccognized that AMPs 

occur III nature coupled with protem, thus forming a GAG-protein complex. Later, 

largcly as a rcsult of the work of Muir and Roden and their colleagues a covalent link 

betwccn AMP and protem was recogmzed. With this breakthrough attention was diverted 

to thc protcin portIon and was fuelled by the recent advances in molecular biology. 

Tuday, seq.lcnclIlg of dl nerent PGs has been adlleved and most of the elements regarding 

structure have hcen ducldated. 

1.1.2 Structm"e and composition: 

Each PCi motecute IS composed of GAG chains covalently linked to a protein called core 

protein. They are distinct from conventional glycoproteins in various aspects. 

4 
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Glycoproteins generally have a greater proportion of protC\I1 than carhohydratl' WhK'h IS 

made up of branching oligosaccharide chams. PGs, on the other h.\I\d, COIl\iSI of 

carbohydrate as the major con~tltuent whlch IS arrangcd 111 the form of ltnear challlli of 

repeating disacchande Ul11ts formll1g GAGs. The numbcr of GAG dl.lin\ 111 a P(i varll'S 

l'rom 1 (as in thromboh.,"o.uhn) to > 100. A fcw N- and 0- hnkcd ohgosacchandcs arc 

also present in PG. GAG~ have a very 11Igh charge denslly Whldl confer ... on Ihem il 

highly extended structure 111 solution. ThIS arrangement glvcs PC; a :-,truc(urc Ic~cl1lhhng 

a "bottle bru~h". Different PG molecules 111 turn may fonn a big \upramolccular complcx 

by non-covalently interactmg wlth hyalurol1lc aCld and nther componcnh of cxlraccllular 

matnx(Kennedy 1979; Roden 1980; Hassel et al., 1986; Kjcllcndal., 1991). 

1.1.2.1 Glycosaminoglycans: 

Each GAG molecule is composed of repeatlllg dIsaccharide units wlllch form a chain of 

varying length. One of the sugars in each unit must hc a hcxosallllllc whdc nll1er can he 

a uronie acid or a hexose. GAGs are highly negativcly chargcd duc 10 Ihe prc..,encc 01 

sulfate and carboxyl groups. About 8 types of GAG arc found 111 hUlllan and anllnal 

tissues WhlCh differ in thcir basic structure. The"ie arc chondrOltlll "iul fa!c-t1 (CS-6), 

chondroitin sulfate-4 (CS-4), dermatan sulfate (DS), heparan ... ulfatc (HS), liyaluronlc aCld 

(HA), heparin (Hep.), chondroitm, and kcratan sulfate (KS). Eaell GAG 1\ characlcfl/cd 

by its one (or more) speclfic type of disacchande umts. DI~accharidc ... of dlffcrcnl GAG.., 

differ in the type of uromc aCld (glucoromc aCld or IdurolllC aCld)\ type 01 heXO\alllIllC 

(glucosamine or galactosamine), and degree and position of sulfatlon (al P<)Sltlon 4 or 6 

or none at aIl). HA differs From other GAGs as 11 is not ... ulfated and I~ not covalcntly 
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linkcd to a protclI1. The c,tructurc and ~pecificltles of dlfferent GAG~ are given in figures 

1 & 2 and table 1. A~ eVldent from the table their chain size vanes over a wide range. 

Wllh the advc/ll of complete <,cquenclI1g, It IS becomlllg lIlcreasmgly eVldent that most 

GAG ... CXI ... ' a ... hyhnd ... of two or more type~ of dlsacchandes. Sometllnes It becomes 

dJlllCult to dcclde whlch group a GAG should be assigned to. Such a controversy often 

eXiste, hctwccn Hep. & HS and CS & DS and Iles 111 the complex mechamsm II1volved 

ln GAG biosynthesis. Of special Importance îs DS which contains regions of CS type of 

disaccharides. SII11Ilarly Hep. and HS are often dîffieult to dlstinguish. 

6 
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N-acetyl Glucosamine ..... 

NHCOCH, 

o 

_ N-acetyl Galactosamine-4 Sulfate 

NBCOCB, 

o 

N-acetyl Galactosamine-6 Sulfate -

a 

Figure 1 (a, b) 
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o 

Glucoronic Acid 

OH 

o 

Iduronic Acid 

OH 

b 

Figure 1 (a, b) 

Monosaccharide units of GAGs,' hexosamines (a) & uronic acids (h). 
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COO' 

o 

OH 

B 1,3 

o 

o 

NHCOCH, 

Glucoronic Acid ------ N-acetyl Galactosamine-6 Sulfate 

COO' 

o o 

o 

NHCOCH, OH 

8 1,4 
N-acetyl Galactosamine-6 Sullate ------- Glucoronic Add 

Figure 2 

Disaccharide unir!> of chondroitin 6-.\UlJare. 

9 



.. , 

1 GAG, 1 

C4-S 

C6-S 

US 

HS 

HA 

Hep 

KS 

Table 1. Characœn\flc.\ of' GAG Types. 

Hcxosamme Other Lmkage* DIsacchande 

Sugar Umts 

GalNAc 

4"SOJ 

6 1-4 
GalNAc 

GIcUA 6 1-3 20-60 
6-S0J 

Gé\INAc IdUA 13 1-4 30-80 

4-S0, (2-S0J ) 0: 1-3 

GleNAc GlclJA 0: 1-4 10-60 

GlcN-SOJ" (dUA Il 1-4 or 

(2-S0J" ) 0: 1 4 

GleNAC GlclJA /3 1-4 500-10,000 

13 1-3 

GleN-SOJ - IdUA 0: 1-4 10-60 

GleNAC3- (2 SO," ) 0: 1-4 or 

and/or 6-S0j GIcUA 13 1-4 

GleNAc Gal 13 1-4 5-40 

6-S0
J

" (6 SOJ" ) 13 1-3 

Distribution 

CartIlage 

Intervertebral Dise 

Bone 

Arteries 

Cornea 

Fibrous Connective 

TIssue 

Cell Surface 

Basement 

Membrane 

U mbilicai Cord 

Vitreous Body 

Synovial Fluid 

Mast Cells 

Cartilage 

Cornea 
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Table 1 

The fi rs! llllkage i,\ l{ hexo,\ClII/ll/e lO ,1!, lu('orolll<' ({cid and ,Ile .\(,(,(/I/c/ (Ille 1,\ (!I 

glucorolllc (lot! {O hexo,wlIllf1C. 

Groups ;/1 paremhe.\I.\ mav he pl'('.\l'III III .\011/(' oj 11/1' 111/11.\. 

Hep. COlllalll,\ more N-,\ll(taœ\ lInd Iduml/lc ([('Id, ,Itall liS. 

DS chain., al.\() COll!mll CS Iype 0/ 111/11.\ 01 lW'\'/llg lili/II/W/'. 

GleNAC == N-(JC('lyl gluCO.\éIJ11iJ/(': GlIlNAC .= N-u('('lyJ gul{l('!O\lIII1I1W 

GlcUA == Glucorome aCld; IdUA = IdllrtJl/Ic lIC/d,' GlIl = Gull/l'wH' 
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1.1.2.2 Artcrial GAG~: 

The artcnal wall III 1111man contatn~ only 5 typC5. of GAG, VIZ., CS-6, CS-4, OS, HS, 

alld HA, wlrdt: Kualan "liliale, chondrOlllll and hepann are ellher completely absent or 

are III very IIllllute afllollllt". Table" 2 alld 3 dl~play the re~lIltl) of fllany stlldle~ 111 hllmans 

iUllllxl al Illl\t\Unng GAG III artenal wall. The total quantlty of GAGs descnbed 111 human 

artenal tl""ue" vaned bctwccn 1-2 % ot dry defatted tIS~UC welght. 1t IS also cvident that 

cach "tudy ha ... de"cnbed a dlffercnt GAG dlstnblltlOn but the mo~t abundant type IS CS 

(CS-6 + CS-4 wlllch arc (lIfflcidt to separate). OS and HS come next and HA IS usually 

the lea"t ahundant. The call"e of the dl fference III reslilts IJes 111 the techmques of GAG 

extraction and a')~ay, tlllckness of artenal wall lIsed, age of the sllbjects, part of the 

artenal ~ystcll1 lIsed as the ~ollrce and, last but not least. different experimental hand3. 
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Table 2 (a,b). Total GAG Valul'.\ lf1 lIulI/lin /l'''t'I'/('.I'. 

2a. Aol1a 

-
References GAG (mgllOO mg) Dcnoll1l natOl 

Kaplan 1960 0.85-1.2 Dry Dcfatted 'l'Issue (DDT) 

Bottcher 1963 2.14 DDT 

Smith 1965 2.62 Protcln 

Kumar 1967 -1 DDT 

Nakamura 1968 1 DDT 

Dalferes 1971 2 DDT 

Stevens 1976 3.2 Dccale 1 flcd \) DT 

2b. COl'onaries 

References GAG (mg/lOO mg) Dcnotlllllator 

Tammi 1978 0.57 DDT 

Murata 1982 1.65 DDT 

Yla-HerttuaJa 1986 -1.33 DDT 

Some of Ihe values are taken from graph~ and III a few C{J.\('.\ WOIllC and ot h('XOWlnlfle 

measurements have been cvnverfed {O GAG weighl by lIIultlp/yinl!, by 3. 
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Table 3 (a,b). GAG Distribution in Human Arteries. 

3a. Aor1a 

[ References 

1 

HA (%) 

1 

HS (%) 

1 

DS + CS (%) 

1 

Buddecke 1962 15 10 60 

Klynstra 1967 12.6 20.8 6.4 + 60.2 

Nakal11 li ra 1968 33.3 16.8 48.6 

Murata 1968 15 24 28 + 33 

Dalferes 1971 8 40 52 

Stevens 1976 4.1 15.9 14.7 + 65.3 

3b. Corona ries 

References HA (%) HS (%). DS (%) CS (%) 

TallllTII 1978 12 21 9 58 

Murata 1982 6 36 14 44 

Yla-Herttllala 1986 8 26 30 36 

Sorne qf the values are taken lrom graphs. 
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1.1.2.3 Link Region: 

This conslst~ of an ohgosacchande umt at the beginning of the GAG chams, which IS 

hnked to an amll10 aCld of the core protem. ln al! GAGs exccpt KS and HA Ihls wn~i'its 

of Serine-O-Xylos'è-Galacto~e-Galactos('. In KS t1m. linkage resemblcs the oltgosa~~hande 

linkage of eIther 0- or N- type. Phosphate esters have bccn found on sOl11e of the Xylosc 

and Serine residues, the slgnitÏcance of which IS unknown. 

1.1.2.4 Protcoglyc3ns: 

PGs exhibit a great deal of heterogenelty and polydlsperslty. This property III due 10 the 

difference in the type. length and number of GAG chams attachcd to a PG mokcllie and 

difference 111 the structure of cOle protein. Duc to thcsc reason~ P('" Ufe dllflcult to 

classify. PGs have been arbitrarily named depending upon the maJor type of GAG found, 

e.g., CSPG, DSPG and HSPG but each group in It~elf conlall1~ a vanablc Il1lxture 01 
\ 

different GAGs of different chall1lengths. Recently, attcmpts have bcen made to cla"islfy 

them according to their core proteins but the task is comphcated (Hclllegard ct al., 1989; 

Oldberg et al., 1990; Kjellen et al.. 1991). 

Different types of PGs exist m mammahan tissues hut only a fcw of thcm have becn 

characterized. Sorne of the PG~ which have been found in aorta and characlcnt'cd 

(Salisbury etaI., 1981; Radhakrishnamurthyetal., 1986; Wagner el al., 1986; Morgclin 

et al., 1989) are described as follows: 

a. Large Interstitial PGs. These are found in both cartIlage and ~oft tl'iSlll.!S. Thc\c PGs 

from different tissues (named aggrecan, verlilcan etc.) have ~ome common fcatllre~. They 

have a molecular weight of 1-4 Jnllhon. CartIlage PG has > 100 CS cham~ a"i weil a~ 
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Figure 3 

A large inter.'.litia/ CSPG Jrom the ca ni/age. 

Similor PG from the aona bears fewer GAG chains and no G2 domain. 
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many KS chains. Soft tissue PO has less than 30 CS and DS chall1s. These PG have a 

eommon feature of havmg a globular domain at the N-termll1al of the core protClll (G 1) 

which interacts wIth HA and link protem to form large ~upramolcclilar aggregates (tïg. 

3). This is the major type of PG found III aortic tIssues and has bccn found \0 be 

associated with the soluble part of matrix (Volker et al., 1987). Protein content of thls 

PG has been reported to be 20-30 % by wcight. 

b. Small Interstitial PGs. These are much smaller PGs and have a molecular wcight of 

about 100,000 and contain only 1-2 chains of CS or OS. They have hccn furlher 

identified as biglycan and decorin etc. They have bcen round to be c\osdy a~socIatcd wlth 

collagen fibres in the arterial tIssues. 

c. HSPO. This group of PG is found predomlllantly on cell surface and JI1 basement 

membrane. In aorta they are also found close to elashe fIbres. They arc also of small 

size. 

In addition, many other POs have been charaeterized in different tissues and the Iist is 

inereasing every d"y. 

1.1.2.5. Core Protein: 

Core proteins of different PGs differ in their length and primary structure. With the 

advent of recombinant DNA technology core proteins of sorne of the PGs have bcen 

sequenced. Molecular weight of the core protein of large CSPG from cartilage has been 

found to be 200,000-300,000 while that from aorta 150,000-200,000 daltons They have 

been found to have an essentially extended conformatIOn (fig. 3) with 3 globular domall1s 

(G 1, G2, G3). G 1 domain (N-terminal) binds to a decapeptide of HA and this interaction 
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is stabihzed by another protein called link protein. The G2 domain is at-sent from the soft 

tissue PG. The C-termmal domam (G3) is apparently a lectin wlth the capaclty to bind 

to fucose and galactose. The core protein of smaller PGs are around 30,000-40,000 

daltons. 

1.1.3 Bio~ynthesi~: 

BJOsynthesls of PUs follows the same pattern as that of glycoproteins and involves the 

following steps (Heinegard et al., 1984; Kjellen et a1., 1990; Schwartz et a1., 1989): 

a. TranslatIOn of mRNA for core protein in rough endoplasmic reticulum. 

b. N-Iinked oligosacchandes are attached ln rough endoplasmlc reticulum during or 

immediately after the translation. 

c. Extensive glycosylation occurs in the Golgi body. This involves transfer of 

monosaccharide units, one by one, from the respective high energy nucleotide 
, 
'~ 

sugars eatalyzed by the glycosyltransferases. There is a specifie enzyme for eaeh 

type of sllgar acceptor, donor and linkage formed. 

d. The cham is !l1ltiated by the transfer of xylose to specifie serine residues of the 

core protein (except in the case of KS). ThiS is followed by addition of two 

galactose resldues to form Ser-Xyl-Gal-Gal linkage region. 

e. The chain is elongated by the addition of monosaccharides specific to tht.: group 

i.e. G1cUA & GalNAc for CS & DS and GlcUA & GleNAc for HS & Hep. 

f. Chain modification OCCllrs concomitant with or shortly after polymer synthesis. 

It illvolves epimerization at C-5 of GlcUA residues to form iduronic acid, 

::lllfation, deacetylation and phosphory\ation, depending on the type of GAG. 
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Sulfation requires the presence of specitie sulfotransferases and ,Ktlvc sulfate, 

phosphoadenosine 5/ phosphosulfate (PAPS). 

g. Little is known about the initiation of HA chain, which is synthcsI7Cd without any 

protein core. 

Although our knowledge of protC1I1 5.yntheslS has grown to matunty, our undcrstandlllg 

of PO biosynthesls IS ... tiII in its mfancy. Various questions nced to he answercd: 

a. Wilat determ!:ics selectIOn of a protem as a PG? There is no structural slIllllanly 

and specificity of different core proteins. 

b. To which serine resldue wIll xylose attach? Although a G1y-Ser a'iscmhly has becn 

found in some cases, it 15 by no means universal. The mie of conformatIOn has 

been proposed. 

c. How are the length and compositional specificities of a GAG chain attaincd? A 

multienzyme-complex theory has been proposed, which is more speculative than 

factual. 

1.1.4 Functions: 

While some of the functions of PG are clearly known, most others are postulated on the 

basis of indirect evidence and in vitro experiments (Hascall 1988; Rli0slahti 1989; WIght 

1989). 

a. Structure Stability: PGs interact with HA, with each other, and wlth structural 

proteins, like collagen and elastin, in a specifie manncr whlch givcs strength and 

stability to the tissues. 

b. Turgor and Resilience: PGs attract cations due to their polyanionic nature. It 
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re~lIlts in o~motic swelhng which can resist compression by a load and is 

rcsponslblc for the re~ihence ln cartilage tissues. 

c. Filtration: PGs act as molecular sieves, restrieting passage of maeromoleeules into 

the cxtra.2cllular matnx whlle allowll1g free passage of sm aller molecules. 

d. Anticoagulant: Hep. and HS blIId to antlthromblll III which grea,ly lIlerease the 

abihty of the latter to lIlaclivate ~erine proteases (e.g., thromblll). 

c, Llpoly~I~: Hep. and HS bllld to Itpoprotem lipas'.! present on the eapillary 

cndothchulTI and release Il 111tO circulation. 

f. 

g. 

Pcnm~abiltty: HS and Hep. in the base ment membrane of the glomerulus 

participatt" in charge selective tiltration. 

CcII Adhesion: PGs may facihtate or inhiblt eeU adhesion to substratum, probably 

by Illodulating the aetJvities of primary adhesion moleeules, e.g., fibroneetin. 

They may also have an influence on cell-cell mteractlOn. 

h. Ccii MigratIOn: Cell migration is an Important phenomenon which is involved in 

events likc morphogenesis, angiogenesls and atherosclerosis. PGs have been found 

to be II1volved III this phenomenon, e.g., Hep. lIlhibits smooth muscle cell 

migration from the vascular media to the II1tuna, and migrating endothelial cells 

show quantitative and qualitative changes in their PG synthesis. 

1. Cell Proliferation: Proliferation of arterial smooth muscle cells has been found to 

be assoclated with an increase in the synthesis of PG and other matrix 

componcnts. ln partlcular, HS and Hep. have been proven to be antiproliferative 

for arterial smooth muscle cells. 
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J. PGs may be found as an integral protein of plasma membran~ and aet as reccptors 

for certain ligands, such as, transformmg growth factor H and thrombospnndin. 

k. PGs permit corneal transparency . 
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).2 Atherosclerosis: 

Atherosclero~ls is a disease of arteries and 1S character1zed by plaque like lesions, 

dcvclopcd a~ a re~ult of smooth muscle proliferation associated with accumulation of lipid 

and extracellular matrix. The disease starts at a young age but does not become manifest 

until Imddle age or later in the form of Ischemie heart dlsease, ischemic encephalopathy 

or cerebral mfarction, and penpheral vascular disease etc. It must be stressed that 

whcrcas atherosclerosls IS the primary and often sole pathology behind these clinical 

entltU!S, a complex network of other risk factors (e.g., hemodynamic imbalances, 

thromboembolism, etc.) IS also commonly mvolved. 

1.2.1 Risk Factors: 

Atherosclerosls has been associated with 4 important and unequivocal nsk factors; 

hyperlipidemia, hypertension, cigarette smoking and diabetes. This has becn proved by 

a number of epidemIOlogical, morphological and experimental studies (Kannel et aL, 

1976; Averbrook et al., 1989; Getz, 1990). Immense attention has becn paid to 

hyperlipldemia and currently, increased levels of plasma low density lipoprotein (LDL) 

(cholesterol and/or apoliporotein B) with decreased levels of plasma high density 

lipoprotein (HOL) are considered as the most important parameters in predicting 

atherosclerosis risk in the general population. Recently, lipoprotei n (a) , which exists as 

a complex of apolipoprotein Bl00 link~d by a disulfide bridge to a unique 

apolipoprotem(a), has becn found to be another important risk factor (Loscalzo 1990). 

There is also increased prevalence of atherosclerosis or its complications with increasing 

age, male gender, and in families and in certain geographic locations (Tejada et aL, 

r 
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1968). A number of other minor nsk factors have also becn incnminated. c.g .• type A 

personality. obeslty, insufficlent physlcal actlvlty etc. 

1.2.2 Morphology: 

AtherosclerosIs lesions al ways start in the wtllna of arteries and later comprcss and 

encroach upon the media on one side and protrude in the lumen on the otlter (Hallst IQSI; 

Adams et al., 1989; Cotran et al., 1989). 

a. AtherosclerosIs Plaques: Plaque hke lesIOns are the hall mark of lully dcvcloped 

atherosclerosis. These are ralsed leslOl1s, white or whitlsh ydlow III colm. Typlcally they 

consist of a fibrous cap and a central necrotlc and hpld core. Thcse ICSIOIl'i lIsually start 

in the third decade and increase in extent and severity wlth age. Although very commun, 

they are not an invariable consequence of IIfe. Histologlcally they are composed of: 

1. 

11. 

iii. 

Cells: Smooth muscle cells (SMCs), macrophages and fcw lyl1lphocytc~. 

Extracellular matrix: Mainly collagen wIth elastlll and PGs. 

Lipid: Both extracellularly and intracellularly (l'oam celJs) and is primarily 

cholesterol and cholesteryl ester, most probably derived from plasma LOI, and 

possibly VLDL. F,)am eeUs are derived from both SMC's and macrophages. 

These components are present in varying composItion In different plaqllc~, glVll1g rI\C to 

a spectrum of lesions. 

b. Early Lesions: While plaque is a weil defined and accepted halll11ark of athcrosclerosi~, 

some controversy exists concerning the earlier or precursor lesions (Cotran et al., 1989). 

These include fatty streaks, gelatinous elevations, mlcrothrombl, and intimaI cushions or 

cel! masses. Of these fatty streak is more common and is actually untvcr~al In 
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gcographical distribution. They are found in infants and children throughout the world. 

The fatty ~treak appear~ as a yellow discoloratton of fiat Intima and ITIlcroscopically 

con~ist~ of IIpld laden foam cells. The topographie distnbutlon of fatty streaks IS similar 

to plaquc~ III the coronaric~ but I~ quite different in the aorta (McGiIl, 1984; Stary, 

1987). Now there seems to be an agreement that some of them probably develop into 

plaques. Our Vlew, then, towards the pathogenesis of atheroscJerosis should be how fatty 

streak changes into plaque and not how fatty streaks are formed. 

c. Complicated Lesions: As the disease progresses, plaques invariably undergo a series 

of changes, VIZ., calcificatIOn, ulceration, thrombosis, and hemorrhage. These changes 

generally lead to clinicat manifestations. 

1.2.3 Pathogenesis: 

Our knowledgc of the pathogenesis of atherosclerosis is still in the theoretical stages. 

Starting in the mid-nineteenth century, many theories were presented, but none succeeded 

111 explaimng the phenomenon completely. Currently, the modified response to injury 

hypothesis IS tht: most wldely accepted by most of the biologists in this field (Clowes, 

1989; Fuster et al.. 1992). A recent variant of this hypothesis Incriminates lipid 

peroxidation as an important initiating and promoting factor 10 the pathogenesis of 

atherosclerosis The following is the brief introduction of the major hypotheses: 

a. ImbibItIon Rypothesis: lt was origtnally proposed by Virchow in 1856 who 

suggested that lipid accumulation was due to increased infiltration of plasma 

protein and lipid from the bloo<l. The cellular reaction was considered to be a low 

grade int1ammatory reaCHon to mjurious plasma components. 
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b. Encrustation hypothesis: ThIs was origlllatcd hy Ro\..ttan,,\..y III 1 H5~ and hlll.'r 

moditïed by DUgUld. lt was proposcd tilat small thrombl wcrc collccll.'d oycr foci 

of endothelial inJury; subsequent orgamlatlon rC'iultcd III plaque fllr natIOn. 

c. Monoclonal Hypothesls: Bendltt and Bendltt ob~crvcd that "mooth ll1u'\ck œil" of 

sorne hurnan plaques appcared 10 be mono- or ol!goclonal III natlllc and proposcd 

that it might be eqUlvalent to bCllIgn neoplastlc glOwth III rcspon"c 10 1l111tagcn~ 

(Benditt et al., 1973). 

d. Response to injury hypothesis: This was fonnally prc"cntc(\ hy Ro'i" and (i101mcl 

in 1976 and an updated verSlOn was pubhshcd by RlW'i III 1t)8h (Rn .... ct al., 197b; 

Ross, 1986). lt had already been shown that a cont\l1\lcd IIllury to artcrial 

endothelium could lead to atherosclerosis h\..e lcslon<; (Moore, 1l}7~). Endothch.tl 

in jury can be produced experimentally In a numbcr of way" and ha'i hccll dctcctcd 

in conditions hke, hypertension, cigarette smokmg, homocy\tclIlllna, <lIahdc'i, and 

hyperhpidemia. Moreover, they have bcen prodllccd latrogcllIcally hy 

embolectomy catheters and anglOplasty etc. (Moore, 1981). Today the major 

issues are what type of inJury IS actually responsib\c for athero'idenhlS m'iule the 

human body, what IS the actual sequence of evcnb followlllg an InJlIry, and what 

molecules are the key players? 

The current understandmg of the pathogenesls of atherosclerosls can he summafl/cd a~ 

follows: 

a. Following nondenuding endothehal II1Jury there is adhercnce of monocytes to 

endothelium and migration to subendothelium where they change mto foam cells. 

25 



b. Somctllnes after nondenudmg InJury (due to the exposure of the subendothelial 

tissues a<.; a result of endothelial retractlOn) or immedlately after a denuding 

in jury , platclets adherc to subendothehal tIssues and release growth factors. 

c. SMC mIgratIon from the medIa into the intima and subsequent prohferation is the 

key cvent 111 atherogenesIs. This can be mduced by an interplay of growth factors 

secreted by the 4 key ccli types (macrophages, platelets, endothelial cells. and 

SMCs) m both paracnne and autocrine fashion. These 1J,~lude growth promotmg 

factors (Platdet den ved growth factor. Basic fi broblast growth factor, 

EndothelIum denved growth .actor), growth mhIbiting factors (Heparin, 

Transfonn1l1g growth factor-(~) and cytok1l1es (Tumor necrosis factor, Interleukin-

1, r -Interferon) (Davies, 1986). 

d. Prohferat1l1g SMCs change their phenotype from myofilament-rich "contrôlctIle" 

to rough endoplasmic reticulum-rich "synthetic" and secrete large amounts of 

coilagen, elastin and PGs (Campbell et al., 1985). Some of them accumulate lipid 

to form foam cells. 

e. Lipid 111 the leslon is derived from plasma apoB containing lipoprotems (LOL, 

VLDL, LPa)(Smith, 1974b; Yomantas, 1984). Lipoproteins (LPs) form 

complexes with PGs and other components of the matrix which cause entrapment 

of lipid withm the arterial wall. These complexes are taken up avidly by 

macrophages which lead to the formatIon of foam cells (Berenson et al., 1985; 

Wight, 1989). HOL), a subfraction of HOL, has been suggested to bear 

antiatherogenic properties by providing a means for reverse cholesterol transport 
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from tissues to other LPs and eventually 10 hvcr (Glomsct. 196H). 

f. Recently, largely as a result of the work of Stclllberg and cowor"er~. oXldativcly 

modifled LP IS gamlJlg great interest. ft ha~ ht.'en found [hat III the pre ... ellœ ,)f 

different cell type~ LPs undergo oXldatlvc IllmllflCallol\', Wllldl cha.lge thl'Ir 

propertIes. OXldized LDL are taken up aVldty by macrophages by the w.\y of the 

acetyl LOL receptor and probably an additlOnal oXldlled I.DL receptor. ln 

addition, it IS cytOtOXIC, chemoattractant for mOJ1ocytc~. and ml1lbll'> the rdca'ic 

of resident macrophages (Ste111berg. 1987 and 1990). 

1.2.4 GAG changes in AtherosclerosÎs: 

The involvement of PG in atherosclerosis was flrst shown a fcw dccadc~ ago by 

histologIcal technIques (Berenson et a1., 1971). An illcrcasc 111 IlJetachroma~Ja was 

observed by many investigators at the site of atherosclerosls lc'>lons dllnng the carly 

twentieth century. In 1951 Rmehart and Greenberg cmpha<'llcd Il1ctadH OI\HC ~lêulllng 01 

artenal tIssue during the mitial stages of expcnmcntal dthero~cJcIO"I\. C<Lu<;cd hy 

pyridOXIne deficiency. Since then a number of stlldICS have prescntcd eVldcnce of GAG 

changes 10 atherosclerosis. Basic dyes, such a~, toluid11lc bIlle, a!clan bille, AllIre A etc. 

were used to demonstrate metachromasia. QuantificatIon of GAGs hy hl ... tological 

methods was not successful due to inherent problems ln the method. Rcœntly, c\cclron 

microscopy and immunocytochemistry are being lI~ed as ul)cful lools to ~tlldy GAGs III 

the lesions (Volker et aL, 1987 & 1989; Richardson ct al.. 1989). 
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The isolation of arterial GAGs was first performed in 1895 by Morner but the actual 

quantitative work started after the middle of this century. At the same time investigators 

started isolating GAGs from human atherosc1erotic leslons. Extensive studies have been 

pcrformcd 111 the laboratories of Berenson (USA), Buddecke (FRG), Murata (Japan) and 

othcrs. The JcsuIts of the studles on arter:al GAGs are compiled in table 4. Due to 

dlfferenccs in the critena used for the selection of samples and in the techniques used, 

the results of these studies falled to agree. The major mference we can draw is that GAGs 

increaœ during the early period of atherogenesis, but decrease as the lesion advances. 

There ale also changes in GAG distribution withm the lesions. Common tïndings are an 

increase in DS and CS and a decrease in HS and HA proportions. Changes similar to 

thesc have also been found in experimental atherosclerosis using either injury or a 

hypercholesterolemlc model (Wagner et al., 1978; Alavi et al., 1985; Salisbury et al., 

1985). Metabolic studies have confirmcd that the increase in GAGs during the early 

leslOll is due to IIlcreased synthesis by intimaI tissues and especially by SMCs (Li et al., 

1990). 

Isolation of intact PGs from human lesions has provided further information on this issue. 

('SPG has been found to be of smaller size along with longer but fewer GAG chains in 

athero:;c1erot ie lesions (Wagner et al., 1986). Again a decrease in PG has been detected 

in plaques lDalfcres et al., 1987; Cherchi et al., 1990). In a study of a Chinese 

populatIOn a low total GAG with a change III distribution to a lower HS and a higher DS 

proportion have been found in the area of higher atherosclerosis preval en ce (Ying-Shan 

et al., 1991). 
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Table 4 (a,b,c). Changes in GAGs in Imman arheroscleroric h'siolls. 

4a. Aorta FS == Fatty Strl'ak 

References Changes Observed 

Buddecke TOia! GAG: t 

(1962) GAG Distribution: HA i , HS i , CS a small t 

Smith Total GAG: t in FS, J in Plaques, i i in Calcllicd 

(1965) Plaques 

GAG DistributIon: Not performed 

Klynstra Total GAG: t in FS, i 111 Plaques 

(1967) GAG Distribution: Oiffieult to interpret 

Kumar Total GAG: t in FS, i 111 Plaques 

(1967) GAG Distribution: Compheated and dlftïcult 10 interpret. 

Nakamura Total GAG: i in Plaques 

(1968) GAG Distnbution: HS J. more as compared to other GAGs. 

Oalferes Total GAG: t in FS 

(1971) GAG Distribution: Not mueh changed in FS. 

Murata Ollly Chondroitm sulfates studied 

(1971) GAG Distribution: CS i , OS Ilot ehanged 
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Stevens Total GAGs: ~ wlth progression of lesions 

l' (1976) GAG Distribution: OS t in absolute amounts 

Total GAG: t with cholesterol content. 

(1989) GAG Distribution: HS ~ • CS+DS t (with cholesterol) 

4b. Coronaries 

References Changes Observed 

Tammi Total GAG: ~ 

( 1978) GAG Distnbution: HA ~ , HS ~ , DS t 

Murata Total GAG: ~ 

.r 

(1982) GAG Distnbution: HA 4. , HS ~ , DS t , CS t 

Yla-Herttuala Total GAG: InitiaUy t, Iater .j. 

(1986) GAG Distribution: HS ~ , HA ~ , DS t , CS t 

4c. Cerebral 

References Changes Observed 

Murata Total GAG: ~ 

( 1989) GAG Distribution: HS ~ , DS t , CS t 
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1.2.5 Role of PGs in Atherosclerosis: 

The fact that GAGs can form complexes with LPs was tirst observed dunng the 19505 

by Bernfeld and coworkers and Burstein and colleagues. Thcy observed the precipItation 

of LPs by heparin and other polyanions. Later work of Amenta and Waters, Bihari­

Varga, Iverius, Berenson & coworkers, Camejo and associatcs, and Alavi & Moore 

confirmed the findings (Berenson et al., 1972; Camejo, 1982; Wight, 198Y). At the saille 

time work has been started to perform LP-GAG 1I1teractton 111 a quantitative way. These 

in vitro interactlons are best performed in the presence of a dlvalcnl catIon (Ca 1 1 and 

Mg-l -1) at low ionic strength: other variables like temperature, pH etc. also se'~n' 10 he 

important (Vijayagopal et al., 1981; Steele et al., 1987). The mo~t Imporiant Ülctor~ \Il 

this mteraction are the reactants; different GAGs interact with dlffcrcnt aVldlty and so do 

different types of LP. PGs isolated from ammals undcr conditions of expcnment<ll 

atherosc]eroSlS have shown greater interaction with LPs (Alavi ct al., 1(89). Simtlarly 

LDL from individuals with cIinically sigmficant alherosc1erosls has bccn found to mlcract 

more avidly with PGs (Linden et al., 1989). It IS i mporlant 10 note that IOtcractlon 15 

specifie with apolipoprotein-B containmg LPs, and HDL does not mtcrac! wlth GAGIi. 

Molecular welght and charge on GAGs are critlcal, as HA whlch laeb ,)lIlrate docs not 

bind to LPs and \I1taet PGs have been found to have l1111eh hlghcr strcngth of interaction 

as cOl11pared wlth deproteinized GAGs. Further studles have proved that It i~ pnmanly 

an electrostatic interaction involving negatlVely charged GAG groups and baSIC amino 

acids of apolipoprotein B. 

The point that LP-PG complexes are found 111 atherosclerosis in VIVO 1<' underscorcd by 
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t 
~tudics JOvo!vmg both human and experimental atherosc1erosis (Srimvasan et al., 1972; 

t 
Mawhinncy et al., 1978). These sludles have demonstrated the presence of LP-PG 

comp/cxc~ ln the vessel wall. ho/atIOn of intact complexes require a more gentle method 

of extractIOn to avold breakmg of iOnIC and other noncovalent bonds. These studies prove 

that PO-LI' lIlteraction is not just a test tube phenomenon but 1S present in VIVO also. 

IncubatIOn of macrophages with LP-PG complexes results J11 intracellular accumulatton 

of cholestcryl ester leading to foam cell formation (Sahsbury et al., 1985b; Vijayagopal 

et al., 1985). These complexes are taken up by receptor mediated endocytosis involving 

a pathway distinct from the apoB,E or acetyl-LDL receptors. Like acetyl-LDL receptors 

thcrc secms to he 110 feedback down regulation (Vi]ayagopal et al., 1991) which results 

in Intraccllular cho/e!'terol accumulation. Further work IS required to elucidate this 

( 
phcnomenon clcarly as both the receptor and the ligand involved in this process are not 

known. 

These tindings suggest that PGs provide a very effective mechanism by which LDL may 

be trapped insldc the artenal mtllna and may then be transported to macrophages and 

S11100th muscle cclls th us leading to both extracellular and intracellular accumulation of 

lipid. 

l,ipid bindlllg 15 not the only property of PGs which may be important in atherosclerosis. 

As mentioncd earlter, with the advcnt of modern technologies PGs have been found to 

be actlvcly II1volved 111 ccli blOlogy. There IS growing eVldence that PGs take part in 

SMC' mlgratlon and proliferation. These two events have been found to be critical in 

atherogenesi s. 

c 32 



Hep. and HS have been found to be growth mhibitory for SMCs (Castellot ct al.. 1987; 

Wight, 1989). They have been shown to mlllbtt intllnal proll fcratlon aflcr cndothclial 

in jury in vivo and SMC proliferation in tIssue CUlturl'. Olher GAGs do not have this 

quality. Growth inhibitory actlVity of these GAG~ dcpends lIpon an enzymc hcparillllasc 

which has been found in serum and arterial tIssues. Enzymatic dcgradatIon of lhcs,_ GAGs 

generate fragments which arc bound and loternalized by SMCs through rcccptor medlatcd 

endocytosis. These in tum inhibit DNA and RNA synthesis; ovcrall prolCltl synthcsis is 

not effected but synthesis of specifie protcms may he induccd or lcprcs~ed. 

PGs have also been found to be active ln cell adhesion and 111Igratlon (WIght. 1(89). 

Specifically HSPG has been found to be involved In ccII adhcsion. HSPG has bccn round 

to be associated with elements of cytoskeleton which are 1I1volved in ccII tldhcsÎon. PUs 

may interact with specifie adhesion proteins, sllch as tibronectin, and hclp 111 stahlllZlng 

the interaction (Ruoslahti et al., 1985). Other POs, i.e., DSPG and CSP(j have becn 

found to inhibit attachment of cells to matnx elements. Sllmlarly, there are <,omc reports 

which implicate PGs In ceU migration. Heparin has been found to inhibit artenal SMC 

migration in vitro (Majack et al., 1984). 

PGs are therefore assoclated with aIl threc elements of athcro~c1crotlc lesions, i.e., 

matrix, lipid and eclls. They are mvolved in organizatlOn of matnx, bindlllg and trapplllg 

of lipid, and cellular migration and proliferatIon. SlIlce differcnt typt!S of P(h have 

different and often opposing actions, it IS important to find out the exact nature of 

changes in GAG component in atherosc1erosis and their relation to T1sk factors. 
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1.3 Diabetes Mellitus (DM): 

DM is one of the most common discases, and one of the top ten lcading causes of dcath 

in the western world. It is characterized by a relative or absolute deficiency of insulin and 

results in hyperglycemia associated with disorders in the metabolism of glucose, protem 

and lipld. Clinically two distinct types of DM were recognized which were later found 

to be the result of different pathogenic mechanisms. According to the classification 

developed by the Naltonal iJiabetes Data Group of the National Institute of Health there 

is a Insulin dependent DM, also called type 1 DM (Juvemle onset) and a non-insulin 

dependent DM or type Il DM (maturity onset) (Bennet, 1983). About 90 % of cases 

belong to type Il and usually do not require insulin therapy. These patients are often 

obese and the mechanism responsible for diabetes is insuhn resistance at the cellular level. 

Consequently, they are usually found to have hyperinsulinemia in the presence of a 

relative insulin deficiency. The underlying cause IS unknown but is probably genetically 

related. 

Type 1 DM IS more severe, patients require regular insulin therapy and it becomes 

manifest at younger age. Here the disease is caused by a totally different mechanism of 

bet.cl-cell damage wInch is probably immune-mediated and subsequently leads to insulin 

deficiency. Interestingly, lIlsulin therapy may lcad to hyperinsulinism even in type 1 

patients. In spi te of the difference in their etiologies and severity, their long term 

complications are almost the same. 80th types of patients are similarly affected by 

accelerated atherosclerosis, microangiopathy, nephrosls etc. Probably these are the result 
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of metabolic derangements which are present in both types. ratller than an lI1dcpcndcnt 

phenomenon, related to genetic or environ mental variables «('otran et al.. :()S~). 

1.3.1 Atherosclerosis in Diabetics: 

Involvement of arteries in bolh type 1 and type II DM has bccn doculllcntcd bolh 

epidemiologlcally and morphologlcally. As a result DM IS weIl recogl11zed as a nsk factor 

for atherosclerosis. Epidemiological studies (Kannel et al.. 1978; Pirart. 1978) have 

demonstrated that stroke, coronary heart disease, and especially pcnphcr.~l vasclllar 

disease are more common in diabetics and they becol11c mal11fesl at an carlicr agc. I:emale 

diabetics seem to have the same prevalence of atherO'lclcrm~)s ma1l1fcstatlon~ a'i do male 

diabetics. In faet, atherosclerosls is the prinCIpal cause of mortality (75 %) 111 dlahcllC'\ III 

the western world. The mortality rate of type 1 patients with protclIluna IS 'icwral-fold 

that of type 1 patients without proteinuria (Borch-Johnsen ct al., 1987). Dlabctc'i ha~ bccn 

found to be an independent risk factor for coronary heart d)~ease acknowkdglllg otller 

associated risk factors (Kannel et al., 1979; Butler et aL, 1985). In fact, the dcgrcc of 

coronary ischemia and atherosclerosis have been rclated to the scvcnty and duratlon of 

hyperglycemia and metabolic control (Pirart, 1978; DlIpree et al., 19RO; Lcmp ct al., 

1987). Surprisingly, it 1S still not clearly known whether a tlght control of hypcrglyccmla 

would be helpful for protection against coronary heart dlsea~c (Rask111 ct al., 1986). 

The InternatIonal Atherosclerosis Project was a very extensIve morphologlcal 'itudy 

performed 111 the 1960s and It established uncqllivocal proof of exaggcrated 

atherosclerosis in diabetes (Robertson et al., 1968). ThIS ~tlldy has c\carly dcmon'itratcd 

an increased presence of raised atherosc\erosls leslons 111 diabetic~ of diffcrenl age and 
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location groups when different arteries were examined. However, in the aorta no 

difference was found in the quantity of fatty streaks, while that in coronaries did show 

an increase. While atherosclerosis lesions in diabetics and nondiabetics are 

morphologically indlstingUlshable, there is a predilection for peripheral arteries. 

1.3.2 Atherogenic Factors: 

The cause and mechanism of accelerated atherosclerosis in diabetes is not clear!y known. 

The problem is accentuated by the fact that although we know a lot about the different 

theories and models of atherosclerosis the real mechanism is still elusive. Many factors 

have been implicated as being atherogenic in DM but they are either controversial, 

inconclusive or present in only a fraction of patients (Ganda, 1980; Ruderman, 1984). 

We can infer that this phenomenon depends on the interplay of a host of factors acting 

synergistically. Some of these are discussed in the following sections. 

1.3.2.1 Lipid Abnormalities: 

The greatcst emphasis has been given to the wide spectrum of Iipid changes present in 

many (20-50 %) but not ail of the diabetics. The subject is complicated by different types 

of the abnormalities found in the two types of DM. Common changes are (Betteridge, 

1989; Ginsberg, 1991): 

a. The most frequent finding is hypertriglyceridemia, which is considered a risk 

factor for atherosclerosis but not unequivocally (Austin, 1990). This metabolic 

defect is the result of either lower lipoprotein lipase activity, increase production 

of triacylglycerol & YLDL, or both. Moreover, VLDL is more triacylglycerol 

enriched and larger in size. 
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b. Lower HOL-cholesterol levels are also frequently found in type Il diabetics, but 

are normal or elevated in type 1. 

c. Higher LOL-cholesterol is found in man y cases. 

d. Glyeosylated LOL or LOL isolated from diabeties increascs cholesterol 

accumulation in macrophages by a pathway not Illvolving classic or acetyl LOL 

receptors. 

e. There is evidenee of inereased peroxidatlon of LOL in diabetics (Haynes. 199\). 

f. Lp(a) levels have been found to be iIlcœased 111 type 1 dlabetes wilh nephropathy 

(Jenkins et al., 1991; Levltsky et al., 1991). 

1.3.2.2 Hematologie Disturbanees: 

Following alterations have been detected and may bear atherogcnic potcntia1s. 

a. Increase platelet adhesivene.1s and aggregation and c1cvalcd Icvcls of von 

Willibrand factor activity. 

b. Increase levels of factors l, V, VII, and VIII. 

c. Increase in the ratio of thrombaxane to prostacyclin synthe~is. 

1.3.2.3 Obesity and Hypertension: 

These are found in many cases of type Il diabetes, and espectally hypertension is a weil 

defined risk factor for atherosclerosls. These accompanying factors accentuatc the nsk 

caused by diabetes itself. 

1.3.2.4 Non-enzymatic Glyeosylation: 

Hyperglycemia leads to nonenzymatic glycosylation of variou'i proteins. Glucose 

reversibly combines with an amine group to fonn a Sehiff base at first and tater a more 
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stable Amadori product (Brownlee et al., 1988). Over a long period of time there is 

further rearrangement to form irreversible, cross-linking, advanced glycosylat\o~ end 

products (AGE). These will continue to accumulate on stable tissue proteins, like 

collagen, in chronic diabetes. AGE can be atherogenlc due to: 

a. ft can cross link collagen to plasma lipop:-oteins, thus favouring their 

accumulation. 

b. AGE cross-linked products are resistant to enzymatic degradation. 

c. AGE-linked protein binding to a novel receptor on macrophages induces secretion 

of cytokmes. 

1.3.2.5 Polyol Pathway Disturbance: 

Various tissues, such as , blood vessels, lens , kidneyand nerves, do not require insulin 

for glucose transport across the plasma membrane. Hyperglycemia leads to an excess of 

intracellular glucose in these tissues which is th en converted to sorbitol and eventually to 

fructose. This results in depletion of specific myo-inositol pool leading to decreased 

diacylglycerol and protein kinase C activity and eventually to deranged Na + IK + ATPase 

regulatIOn. This mcreases intracellular osmolanty, leading to swelling and injury to the 

cells (Greene, 1987; Weingrad et al., 1987; Simmons et al., 1989). 

1.3.2.6 Hyperinsulinemia and Insulin Resistance: 

Hypennsulinemia, which can be found in both types of diabetes, has been incriminated 

as an indepcndent nsk factor for atherosc1erosis in both diabetics and nondiabetics. This 

has been suggested by both epidemiological and experimental studies (Welborn et al., 

1979; Ducimetier et aL, 1980; Ronnemaa et al., 1991). InsuIin, when used in excess} has 
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been found to stimulate arterial smooth muscle cell proliferatIon and enhance ~holcsterol 

synthesis (Sato et al., 1989). In fael, insuhn, like most growth factors, ha~ becn found 

to be involved ln cellular proliferation, growth regulation, tt~suc repaîr, and tctal 

organogenesis. It is alsa found to be associated wlth hypertension, low HDL cholesterol, 

and high VLDL cholesterol levels (Zavaroni et al., 1989: Law~ ct al.. l'NI). 

More rccent studies imphcate insulin resistance rather than hypcrinsulmen1!a per ~c to be 

the origin of problems. Insulin resistance has independently bccn rounll wllh alhcrogcllIc 

factors, like, ab normal Iipld and Iipoprotein levels and hypertension 111 type Il dlabclll:s. 

Recently, insuhn resistar~e has been found to be associateo with atheroscJcrosls in 

nondiabetics also (Laakso et al., 1990 and 1991). 

1.3.2.7 Other Hormones: 

Many other hormones have been 1l1lplicated and 111c\ude: 

a. Growth Hormone: Raised growth hormone level~ in dtahete~ have bccn found and 

may induce cell proliferatIOn through msuhn-likc growth factor (\omatomcdm Cl. 

b. Glucocorticoids: Raised 111 poorly controlled type 1 dlabete~. May he atherogenic. 

c. Catecholamines: Also ral~ed 111 poorly controlled type 1 dlahele~ and have 

atherogenic potentlal. 

d. Sex Hormones: The roIe of sex hormones is qUltc ambigl1oll~. 

1.3.2.8 Genetic Factor: 

A genetic marker for atherosclerosis has been descnbed. A 'ipccitïc , hlghly polymorph!c 

DNA fragment tlanking the S'end of insuhn gene (U allcle Vs L allclc) has bccn ~hown 

to be more prevalent in both type Il diabetics and nondlabctlc'i with athcrmclcro~is. The 
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( 
nature of the atherogemc factor in individuals with the U-alleJe IS not known (Owerbach 

ct al., 1982; Tybjaerg-Hansen et al., 1990). 

J .3.2.9 Endothelial (njury: 

(njury to the endothelium 1S now recognized as the most important event in atherogenesis. 

Alterations to the endothelial cells have oecn reported in a nUmbl-I vf studies in both 

hl/man and expenrnental diabetes (Dolgov et al., 1982; Arbogast et al., 1984; Hadcock 

cl al., 1991; Rai] 1991). Proof of endothehal injury is both morphologlcal (non-denuding 

cndothelial \11.1 ury , adhcsion of white blood cells, plateJets and fibrin-like material, smooth 

muscle hyperplasia) and functlonal (increased plasma levels of von Willibrand factor, 

decrcased prostacyclin productIOn, decreased plasminogen actlvator production, impaired 

response to agonists of endothehum dependent relaxation). Factors which might be 

( 
rcsponsible for endothelial mjury in diabetes are: hyperhpoprotememia, hypertension, 

polyol pathway disturbance, lipid peroxides, fibrinogen, Insulin, free fattyacids, immune 

mechanislT1, and viruses. 

1.3.3 GAG Changes: 

The importance of GAGs in atherosclerosis has already been described. Changes in 

arterial GAGs pnor to or concomitant with the development of Iesions may be an 

important factor 111 accelerated atherogenesls. 

Therc are many changes in the extracellular matrix which have becn detected in various 

organs in both human and expenmental animaIs (Sternberg et al., 1985). Changes have 

becn round in collagens, elastm, PGs and other glycoproteins both in matrix proper and 
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Table 5. Changes in Arterial GAGs in Experiml'1/1al Diaht!fl's. 

References Species Type of Duration FlIlding'\ 

Diabetes (Days) 

Ichida Rabbits Alloxan 90-360 Total GAG: Not changed 

1968 Rats HA t 

Cohen Rats Pancreat- 90 Total GAG: t 

1970 ectomy Ali GAGs exccpl HS t 

----------- -------------------------------------
180 Total GAG: i 

Ail GAGs i 

Malathy Rats Alloxan 15 Total GAG: t 

1972 CS and DS proportion !, HA t 

60 Total GAG: i 

CS and DS proportIon i. HA t 

Sirek Dogs Alloxan 100 Coronancs: 

1980 Total GAG: i DS i 

Thoracic Aorta: 

Total GAG: ! HA i , HS ! 

1 
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basement membrane. Many studies are on basement membrane, specially glomerular, due 

to the very common association of microangioiJathy with diabetes. 

Changes in GAG moiety have been found in arterial tissues but aIl of these studies are 

confined to expenmentai animaIs. Their findings are summarized in table 5. As evident 

from the table there is no generai agreement on the type of GAG changes. The reason for 

such versatJllty IS probably ùue to dlfferent species used, different methods of producing 

diabetes, duratlOn of dlabetes, and different methodology for GAG extraction and 

quantification. Wc feel that there is a need of such a study in human diabetes which 

would providc more rehable and authentic results. As a result wc started this project to 

fllrnish information on the actual sItuation of diabetes, present for a long time, which 

none of the existing studies cOliid have provided. 

, 
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2. MET H 0 D S 

2.1 Subjects: 

The source of tissues in my project was human aortas. They wcrc kind\y provlllcd by 

pathologists of the Royal Victoria Hospital at the tune of the alltop~ICS. Fre\1t tl\SUCS werc 

received and lInmediately [rozen at -20 C untll processed. A maXlmllm Illne IIllcrval of 

24 hours between death and élutopSY was allowcd in thls stlldy. It IS 10 Ill' noled thal 

GAGs are much more reslstant to degradatlOn th an protclIls and no challge in lorll\.: (iAG 

composItion has been detected up to 90 hours of postmorlcll1 IIllerval (Manky. 1965). A~ 

most of the cases were of old age, no specImen was indudcd from young llllhvHluals. 

Table 6 and 7 shows different II1formatlon rcgardlllg thOSl~ slIbJcct~ who~e aortas wcrc 

llsed. Male and females were not separated, nor was segregatIon donc on Ihe hasls of 

concomItant diseases. Any slIch attempt, althoug,h desirable, would Ic~d 10 narrowll.g of 

the spectrum and dlfficulty in obtaining specimen of precise lIltcrcsl. Ail of the diabctlcs 

suffered type Il disease as t!lis type is mllch more commoll. Duralion of dmbctc'i rangcd 

from 3 yeaTs to decades. 

2.2 Tissues: 

Ail tissues for the Isolation of GAGs were selected from the arch and lhora,;\c part of 

aona. ThIs part of arterial tree was chosen as It is easy to rCJ1love and usually contams 

sllfficient '. qantitics of both normal looking and athero\dcrotlc arcas. Onl y thmc aorta\ 

were inclllded in the study which had sufticient amount of both normal lookl/lg and 

uncomphcated plaque areas. An area of about 3-4 cm2 would givc cnough tl~'illC for 
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Table 6. Basic Information about Nondiabetic Group. 

No. Sex Age Major Chronic Problem 

1 F 61 Metastatic Parotid Carcinoma 

2 F 68 Motor Neuron Disease 

3 F 79 Liver and Breast Carcinoma 

4 F 70 pnmary Biliary Cirrhosis 

5 M 78 Adenocarcmoma Stomach 

6 F 67 Squamous Cell Carcinoma Lung 

7 M 66 Carcinoma Colon 

8 F 76 Parkinsonism 

9 F 58 Metastatic U terme Sarcoma 

10 F 72 Me!1static Adenocarcinoma Lung 
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Table 7. Basic Information abolit Diaberic Group. 

No Sex Age Duration of Other Major Chrome Problclll 

Diabetes 

(Years) 

1 F 92 > 15 Adenocarci nOIll,{ CCCLI 111 

Chronic C'holccystitts 

2 F 67 3 -

3 F 73 > 15 Hypertension 

4 M 68 > 15 -

5 M 70 12 Carcinoma Rectulll 

6 M 57 5 IdiopathIe ('mhosis 
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processing. As the disease starts in the intima, we tried to use only the superficiallayer 

of the artcnal wall. The mnermost layer (intima) which was easlly separable from 

underlymg adventitia-medlé1 and was peeled off and used for the isolation of GAGs. 

Normal arcas were those which were grossi y normal, thin, translucent and without any 

visible elevatlOns (fig. 4). Metlculous search for early lesJOns, such as, fatty streak, dot, 

intimaI thlckcnmg was not performed. Areas selected as lesion contamed definitely 

clevated whIte to yellow opaque plaques (fig. 4). Only those plaques were selected which 

looked uncomplicated i.e. they did not have gross ulcers or calcification. Doubtful areas 

were not included m any of the groups. No differentlation was made on the basis of 

amount of hpld in the leslon or the ratIo of fibrous to fatty tissues. 

Selection of tissues was confirmed 111 a few cases by histologlcal examination. Small 

pieces of selected tissues were immediately fixed in 10 % buffered formalin and subjected 

to routine hlstological processmg and staining in hematoxylin & eosin (H & E). Fig. 5 

gives examples of sections from normal and lesion areas of the selected tissues. It can be 

sccn that normal tissue contained only a few layers of cells in the intima while plaque 

showed several-fold thickenJl1g and other eharactenstics of atherosclerotie leslOns sueh 

as tibrous cap. necrotic core and cholesterol clefts and abundant matrix. It should be 

noted that a few sectIOns cannot map the entire area selected but they provided the 

general confirmation that gross and microscopie picture dld correspond. Histologie 

examination also confirmed that tissues used for isolation of GAGs contained mainly 

intIma with little or no media attached (fig. 5). 
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Figure 4 

A photograph of the peeled OUf intima from Ihe human IJwracic aOr/a. 

Please note many elevated opaque plaques (P) and //UII trans/ucl'III normal area (N). 

-
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b 

Figure 5 (a, b, c) 
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Figure 5 (a, b, c) 

Low-power micrographs [rom section.\ of normal intima-media (a) 

and peeled OUI intima [rom normal area (h) and plaque (('J. 

Al/ al sarne magnificalion (x J 56) 

c 
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2.3 Isolation of GAGs: 

t 
The methodology used for isolatIOn of GAGs has becn successfully employed by many 

investigatoTs with some minoT vanations (Roden et al., 1972; Wagner et al., 1978; AJavi 

et al., 1985; Yla-HerttuaJa et al., 1986). Fig. 6 gives an outline of the steps used In this 

study. 

Evcry time, 1-3 aortas were processed depending upon the availability of tissues. After 

peeling and segregating the two types of tissues, their wet weight was determined. This 

provide<! an idea about the quantity of tissue require<! for further processing. Usually a 

wet welght 5-7 tllnes that of required dry defatted tissue weight was found to be 

adeqllate. Subsequent stcps are as follows: 

2.3.1 Delipidation: 

1 
Lipid was rCl110vcd from the tissues as the first step in the isolation of GAGs. For this 

purpose a commonly llsed method developed by Folch was use<! (Folch et al., 1957). 

Pieces of tissues were homogenized in a mixture of chloroform (2 parts) and methanol 

(1 part) using an c1ectric homogenizer. This process was repeated 2-3 times until aU the 

tissue was tinely divided. Lipid solvents were removed by passing through a Whatman 

tilter paper while tissues were separated from the filter paper and allowed to dry. Tissues 

were left for few hours and weighed repeatedly untJl no decrease in their weight was 

l' 
found. The tinal welght called dried defatted tissue (DDT) weight was used as the 

denominator in comparison of GAG yields. 
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Peeling of Intima 

" ~ Normal Areas 

~ 

Plaque Areas 

It 
Delipidation 

~ 
Drying 

'* Proteolytic Digestion 

~ 

TCA Precipitation 

~ 
Ethanol Precipitation 

~ 
Glycosaminoglycan Recovery 

Figure fi 

Steps involved in isolation of GAGs. 
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2.3.2 Proteolytic Digestion: 

:.. To liberate GAGs from the tissues proteolytic digestion by papain was performed next. 

Papain has a low speclficity for th..'! type of peptide bound and digests proteins to almost 

the amino aCld level. Papam has been wldely used for the liberation of GAG chains from 

the core and other matrix proteins. Less commonly treatment with alkali is used for this 

purpose, usually in the presence of borohydride. Papain has been found to be active in 

a wide range of pH (4-~) and is relatively resistant to heat (60-65 oC is commonly used). 

It IS actlvated by sulfhydryl groups and inhiblted t'ly metallons therefore buffer containing 

cystein and EDTA is used with papain (Arnon, 1 nO). lt has been suggested that the ratio 

of papain and DDT weight should be 1 :200 or higher. We used a ratio of 1: 100 to ensure 

complete digestion as diabetic tissues have been reported to be somewhat resistant to 

proteolytic digestion. 

For digestion with papain, a buffer containing 0.1 M Na acetate, 10 mmol cystein, IJ 

mmol EDTA and pH adjusted to 6.5 with IN NaOH was used. It was made x2 strength. 

Fifty mg of tissues were placed in 1.5 ml tubes and enzyme (0.5 mg = 50 1-'1), buffer 

and distilled water were added to make a total of 0.8 ml of solution. IncubatIOn was 

pcrformed al 60 oC in a shaking water bath for about 20 hours. An extra 250 I-'g papain 

111 25 1-'1 distllied water plus 25 1-'1 buffer was added dunng the mcubation. Ali tissues 

were digested into very fine particles. Following incubation tubes were centnfuged for 

10 minutes and supernatants were collected in separate tubes. Pellets were washed with 

100 1-'1 of water once which was added to the supernatant. 
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2.3.3 Trichloroacetic Precipitation: 

PrecIpitation wlth trichloroacettc aCId (TC' A) was performcd to remov\! part mil y or 

undigested proteins and nllc1elc aCId from the samplc~. Collcctcd slllx'rnatant and 

washings were mixed wIth 60 % TC' A to make a tinal concl'IltrallO!l of 5 %. TlIhc~ wcn .. ' 

left at 4 oC for a few hours which resulted 111 the devdopmclli of whlllsh prcClpl\atc~. 

Centrifugation was performed for 5 minutes and Pellets wcrc wa~hcd onn: wlth 0.1 ml 

water. SlIpernatants were collected In 15 ml centrifuge tubes along wlth washJl1gs. 

2.3.4 Ethanol Precipitation: 

GAGs were Isolated From supernatants of TC' A precipitation by prcclpl\atlon wlth fl7 % 

ethanvl. Four volumes of ethanol and 1 volume of saturatcd ~OllitlOI1 of ~odlllln acelalc 

were added to the tubes. Sdmples were kept at 4 "(' ovcnllght. PrCLlpllatc, wcrc pcllctcd 

by centrifugatIOn for 10 Inlllutes. Pellets were washcd wlth purc clhanol once. Afler 

rt:moving ethanol, precipItates were dissolved in dI~tllled water and thc who\c pron:~.., of 

precipitation was repeated. F1I1ally, precIpltates contallling \)Ufl lied GAG.., wcrc allowcd 

to dry and dissolved In 200 /.LI of dlstIlled water. 

2.3.5 Losses: 

To ascertain that extraction of GAGs was complete and lheTc wcre no losses ln tISSUCS, 

TCA precipitates or dunng the extraction following expcnmcnh wcrc pcrl'ormcd. 

Tissues: In some cases digested tISSUC~ \\oere furthcr dlgcltcd wilh papalI1 to tind out Ir 

GAGs were still mcorporated. Tlssue!l were relllcubatcd WIth 2')0 J.Lg or papélln III a total 

of 0.4 ml buffer. Incubation was performed 1I11der condItIOn., alrcady dC'icnbcd for 24 

hours. Digested matenals were further processed s1Imiarly to the ongmal one..,. 
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l'CA precipnate: Since incornpletely dlgested PGs may be precipitated by TCA, we tried 

to extract (jAG~ l'rom TC A precipitates. This was perforrned by dissolving the TCA 

prectpitates ln 0.1 M NaOH, neutralizing the pH wlth 0.1 M HCI and then digesting the 

~()lubllIzcd matenal wlth papam. The rest of the steps for GAG isolatIon have already 

bccn dcscnbcd. 

IsolatIon Proce~s: Expcriments were also performed to detect losses during the whole 

isolation process other than those due to incomplete digestion. For this purpose, a known 

quanlily of ~landard GAGs was aliquoted and the process of GAG isolation was 

perforrncd starting from the papam digestion. Losses were calculated by comparing GAG 

weighl before and aiter the process. 

2.4 Characterization of GAGs: 

IsoJated GACs were assayed by alcian blue method and thelf distribution was determined 

by densitometry following electrophoretic separation. 

2.4.1 Mea~urement of Total GAG: 

GAGs were measured by a method involving complex formatlon with alcIan blue on 

cellulose acetate membrane (Hronowsky et al., 1979). This dye has a high affinity for 

GAGs and is more or Jess speclfic for them. ThiS method has been found to be fairly 

simple. reliablc. specIfie and sensItive. The membrane was marked by a pen to make 1 

cm x 0.8 cm rectangles. Samples (4.5 J.d) were spotted Inside the marked areas. After 

dryll1g. stnps were eut and stained HI a solution of 50 % ethanol containing 0.2 % alcian 

bille 8 GX. 0.03 M MgCI2• and 0.1 % glaCIal acetlc aCld. Half an hour later stnps were 

rcmoved and destamed in a silmlar solutIon bUt lacking alcian blue. Destaining was 
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performed for a total of 30 minutes involving 3 changes of solutIOn and undcr !,Wntlc 

shaking. Later, strips were dried and divided mto pieccs (1 cm x 0.8 cm). Thcsc wcre 

placed in test tubes and 1 ml of dnnethyl sulfoxlde contall1ll1g 0.5 % conrcntratcd sulfuric 

acid was added to e.'lch tube. Tubt's were shaken at vanous mtcrvals U'\lllg a vortex. 

Membranes 'Vere completely dissolved wlthm a fcw mmutes. Twenty 1llll1llte.' later 

reading was performed m a spectrophotometer at 678 nm. Ab~orbance W,lS tound ln he 

stable for more th an 30 minutes. A blank containing spots of dl~tlllcd waler and slalH.lard'\ 

containing 0.2-1 mg!!.11 solution of CS-ô (shark cartilage) were lIlc\udcd III CVCI y rUll. 

CS-6 was used as It is the maJor GAG in the intima. AIl measuremcnb wcrl~ donc III 

triplicates. Duplicate determinatlOns were perfonned in some cases 10 ,\\'ie'iS the !}rCCISIOI1 

of results. These values are tabuJated in the results scctl0n. 

Standard curves were made as in fig. 7 and It can bc ~ecn that they were not IJIlear. Thi~ 

was not a problem and results were reproducible. Data in tlg. 7 Iii fitted hy s('cond order 

polynomial curve. Comparisons were made between standard GAGs (DS, porcIIle kl<.Iney; 

HS bovine kidney; HA, human umbilical cord) and (,S-6 to fll1d out thclr relatIve bmdmg 

capacities for alcian blue. This was done for the final adJLlstment or GAG wClghl. For 

this purpose absorbance for 1 mg/ml solutIOns of dlfferent GAU, wcrc compalcd wlth 

CS-6 by alcian blue assay (fig. 7). This method was performed to obvlate nonlrncarity 

of the curve. 
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Figure 7 

A typical standard curve for GAG assay with CS-6. 
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2.4.2 Distribution of GAGs: 

For this purpose electrophoreSlS was performed on cellulose acctate membrane followed 

by staining wlth alcian blue and densitometry. 

2.4.2.1 Electrophoresis: 

Initially a calcIum acetate butTer was tested for electrophoresis hut I.Her Cadll11l1l1l aœtatc 

was found to be better for thts purpose. For calcIum acctatc \w rcpl'atl'dly tnl'd l'tther .1 

0.3 M or a 0.2 M solutIOn of pH 7.0 or 8.0 for J hour~ al :\ currcnt 01 X l1lamp/stnp. 

This buffer falled to resolve HS and HA as dl~ttl1ct bandli. Wlth cadnllllll1 acctatc hutter 

a good separation of these two GAGs was obtained (fig. 8a). Both types 01 hut ter\ t<ltlet! 

to resolve the two types of CSs «(,S-6 & (,S-4). In both ca~c\ \t<tndard\ or ilS \howed 

a distinct band but resolutlon of DS from the CS band wa\ Ilot completc III the \.lIllplc:-.. 

To overcome thls problem every sample wa~ dlgc~tcd wllh chondroltlllél\C A{' whlch 

resulted in dIgestion of CS leaving beh1l1d a dt"tlllct DS band (Ilg. Hb). 

The bands were furlher Identttied wtth the help of \pccllic glycolytJ(' CIl/'yIllC\. Thcsc 

enzymes ha'ie the following spectticltles (Hcmcgard ct al., 14X7): 

Chondroitmase AC (Arthrobucrer aure.\c('I/.\) : CS & HA 

Chondroitinase ABC (Pro/ell.\ VlIlgam) : DS, CS & HA(low actlvtty) 

Hyaluronidase (Sfrepromyces "yalumncus) : HA only 

HS was digested by treatment wlth I1ItroU~ aCld. j;ollowlllg rnclhodology wa\ lbCd for 

digestion of different GAG~ (Hemegard et al., 1987). 

Chondroitmase AC and ABC: Small quantllies of \élmple'l wcrc placcd 111 I:p[)cndorf tubc'l 

and incubated with enzyme In a butler contamlflg 0.1 M tri\ pH S.O al 17 "(' for )-4 
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Figure 8 (a, b) 

EleClrophoretograms of standards (Iane 1) 
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and samples (lanes 2-4) befon! (a) and after (h) digestion w;lh chondroitinase AC. , 
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hours 10 a shaking water bath. The ratio between qu.U\ttty nI' total GACi" (mg.) amI 

enzyme (units) was 1:2 for !.:hondrOltllla'ie AC and 1: 1 for ABC. A 11Ig.lll'r .\I110unt of 

ACase was used because II IS mhlbIted by DS (Yamagata el .11.. 19t1~). 

Fungal HAase: Samples were incubated wlth cnzymt~ 111 a 0.1 M tn" hutTer pH 7 A al .'7 

oC for 3-4 hours. 

Nitrous acid treatment: 1 M mtrous acid was freshly prcparcd hy comhlllIllg 1 M Hl '1 

and 1 M sodIUm nitrIte. Nine parts of thls solution were ll1cubatcd wlth 1 par 1 of ~amplc 

at 37"C for 48 hour". 

Treatrnent WIth these enzyme!> aboh~hcd ~pecttï( band\ OtKe tlle [l.md" have hccn 

identified with contidence dnd butTer ha~ bcen chO!>cll the lolloWlIlg tllethodology wa\ 

used routmely. forcvery sample digestIon wllh chOlldroltl1l ACI\\! wa\ pcrlonncd beforc 

the ekctrophoreSIS. ThIS procedure ~l:pctrated the band nt DS whl!.:h Il!l'1l could he 

compared wlth the HS band. Eleclrophore~ls wa\ pcrformcd on the (iclm.m "l.'llll-IllH':ro 

eleclrOphore\is system. Cellulose stnpll (Scpraphore-L. (Jclman) wcrc lioakcd 111 the 

electrophoresls buffer for a few rmnute~, gently blotted and loaded on the bruJgc. 

Samples and standard were plpetted to the wells on the applIcatlOll hlock and then applIcd 

on the membrane wtth a specIal applIcator. A fraction of a I.LI W.l.\ applll,xl wlth cadl 

applIcation. Eleclrophore~l~ wa~ th en performcd 111 0.3 M Cadll1lll1ll acctcltc, pH 4.1 al 

a current of 4.5 mamp/stnp for 1 hour. Stnp~ were "ta1l1ed 'Wllh alclan bille al the end 

of the fun. 

For staining of bands, imtially a solutIon sil11llar to that ll~ed m (JA(j a\')ay wa\ tncd, but 

an immediate precipitation of dye was ob~erved. Thl51 wa\ probably due to cadmium 
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acctate in the electrophoresl~ buffeT. To solve this problem, we tried lower concentrations 

of cthanol a~ o,omc \OvcstIgator~ have used 10 % ethanol solu1.l0n for GAG assay and 

band ~tammg for other rea')on~. Fmally a solutIon contamtng 10 % ethanol was found 

sUltable for our U5.C. Other components were sllmlar to that used III GAG assay. The only 

drawback of u~mg JO % ethanol in place of 50 % was a httIe higher background. 

Stalllmg wali performed for 30 minutes and was followed by destammg III a similar 

solutIOn lad.lng alcian blue. Destaining was performed tè)r 45 minutes under gentle 

shaking and ~ollitions were changed tWlce. FoIlowmg destaining, stnps were allowed to 

dry and plaœd in glycerol to make them transparent for densitometry. Samples were run 

in duplicates in a few cases to assess reproducibihty. 

2.4.2.2 Densitometry: 

For densitolllctry. GS 300 densitometer (Hoefer) and its software was used. Each band 

was scanncd III tnpltcate and the curves obtamed were ~;aved in the computer. The 

software was used to calculate the area under the curves corresponding to the optical 

density of the bands. The values were then mathematlcally converted to percentage or 

proportIon of different GAGs III a sahlple. ACase digested samples were used to compare 

the relatIve proportIon of OS compared wlth HS. ThIS value was then adJusted ln the 

proportion occuplcd by the CS + OS band. Fig. 9 (a,b,c) shows examples of densitometry 

curvc~ obtulIlcd for samples (before and after chondroitlllase AC digestion) and a mixture 

of standard GAGs. 
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Figure 9 (a, b, c) 

Densitomelric scans l?f a mLttllre l?t .'Ital/dard GAG.\ (a) 

and a sample befilre (h) l/nd afta (c) chollroitiflLlse AC iligestion. 
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Figure 9 (a, b, c) 

DemilOmelric scans (if a mIXture of standard GAG.\ (a) 

and a sample ht10re (h) and qfin (c) chonroirmase AC digeslion. 
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Figure 9 (a. b. c) 

Del/.\ifOmetric SCLIIIS of' (1 I1lLWllrC (!!' suU/,lard GAG.\ (a) 

and a sample belore (h) and ({fier (c! c!WllfOUÙlll.\'C AC dig<'.\flOfI. 
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Different GAGs have different strengths of staining by alcian blue as described in the 

GAG assay. This was separately determmed for this part of the GAG characterization. 

This was performed by runnlOg mixtures of equal quantities of standard GAGs (described 

carher) and tîndmg out thelr relative stall1ing capacity. FIg. 10 shows the result of such 

an cxpenment where the area under the curve from densitometry is plotted against the 

number of applJcatlon~ of GAG on membrane. LlOear curves were made, their slopes (b) 

were ca\culatcd mathematically (by Y =a+bX) and compared with that of CS. 

DistributIon of GAGs 111 samples was adjusted according to their strength of staining. 

l.S Stulistical Anulyses: 

For thts purpose a software (Systat 5.01) was used. Means and standard deviations (SD) 

of sample groups were calculated. Data from different groups were compared by 

indcpcndent (unpaired) student t test and the significance (p) of difference determined. 

[ 
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Figure 10 

Standard curW'J .Ii" de11si!ometric rl'{ullllgs (!f' .\ll/lllltlrt/ GAG.\. 

S/opes were compared lVlth CS-6 s/ope /() e.\lima((> a/CI(III bllIt' bille/II/g capaclI.\' 
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3. RES U L T S 

Rcsults inc1ude a comparison of the mean age of the two groups. It will be followed by 

a~M!ssment of los~es during the procedure, alcian blue binding capacity and precision of 

dctcrminatlon~. Fmally values from each sampJe will be presented and their means will 

be compared statlstlcally. 

... 

3.1 Age: 

Age of the two groups is expressed as mean ±SD. 

n= \0 for nondlabetIc and n=6 for dlabetlcs 

Nondiabettc group 69.5±7.0 

r Dlabetlc group = 71.2±11.5 

" 
Significance = 0.72 

This comparison indicates that there was no significant dlfference between the mean age 

of nondiabetic and diabettc groups. A difference ltl age could result in differences in 

GAG quantity and distribution due to age factor aJone. 
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3.2 Losses: 

Losses were assessed in both tissues and TCA preclpitatcs and dunng isolatlO\1 proccss 

separately. 

a. Losses in tissues: Six expenments were performcd. Valllc~ arc cxprc~~cd as the 

percentage of total GAG \11 the samp\e. 

1. 1.4 % 

ii. 1.5 % 

111. 2.0 % 

IV. 1.3 % 

v. 1.5 % 

VI. 1.1 % 

Mean 1.47 % 

b. Losses in TC A precipltate: SIX expenment\ wcrc pcrformcd. Valllc~ arc 

expressed as the perœntage of total GAG lJ1 the samplc. 

i. 1.5 % 

ii. 1.8 % 

111. 2.0 % 

iv. 1.4 % 

v. 1.7 % 

VI. 2.3 % 

Mean 1.78 % 

,., 
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1 
c. Lo~scs during Isolation of standard GAG. Six experiments were performed. 

Results are expressed as percent recovery. 

1. 102 % 

ii. 97 % 

lit. 105 % 

iv. 98 % 

v. 101 % 

VI. 95 % 

--------------------

Mean 99.7 % 

--------------------
1 

l. 

These data mdicate that there were very little losses during the whole extrlction process. 

Only a little GAG was tost in tissues and TCA precipitates while losses during different 

stages of isolatIon were undetectable. Since losses were negligible no correction were 

made for them. 
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3.3 Alcian Blue Uinding Capacity: 

This was detennined for standard GAGs for the purposc of correction of total GAG 

values and the values for GAG distribution. 

a. For GAG assay: This was performed by companng values for 1 mg/ml ~olution 

of st:lI1dard GAGs with CS-6. Values are expressed as pcrccntagc of C8-6 bindmg 

capacity. 

HA = 65 % 

HS = 90 % 

DS = 79 % 

b. For GAG distribution: This was performed by maklng 11I1car ~tandard curvcs 

for different GAGs and comparing values of thelr slope wlth tl1at of CS-fi. Values 

are expressed as percentage of CS-6 bmdlOg capaclty. 

HA = 

HS = 

OS = 

57 % 

76 % 

108 % 
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3.4 Preci~ion: 

PrecisIOn of value~ wa~ detcnmned for both total GAG and GAG distribution by running 

a\say~ ln dllplicate~. 

a. h)r GAG a~')ay: Eight experiments were performed. Values are expressed as 

mg liAG/I 00 mg DDT and are followed by values showmg percent difference 

l'rom their mean~. 

t. 

iL 

Iii. 

IV. 

v. 

vi. 

vit. 

viiI. 

Values 

...................... 

1.12 1.07 

1.20 1.15 

1.60 1.50 

1.80 1.78 

1.95 1.86 

0.88 0.92 

1.24 1.39 

1.82 1.72 

% Di fference (±) 

2.28 % 

2.13 % 

3.22 % 

0.56 % 

2.36 % 

2.22 % 

5.70 % 

2.82 % 

Mear, 2.66 % 

T\lese results show that on the average the duplicate results of GAG assay are only about 

2.66 % different from their means. This shows that our readmgs of total GAGs are fairly 

precise and rchable. 
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b. For GAG dIstribution: Followmg are tlte duphcate valucli for GAG di~tnhllttlln 

after separate electrophoretlc runs and densitomctnc ~valllatlOn~. Ail \',llllC~ arc 

percent COtn{XlSitlOI1S. 

1. 

11. 

Ill. 

IV. 

V. 

3.6 11.6 84.8 

4.1 11.5 84.4 

2.8 9.1 88.1 

2.7 9.8 87.4 

4.6 

4.0 

3.8 

13.1 82.8 

12.8 83.1 

10.3 85.9 

4.8 10.7 84.4 

3.3 15.0 81.6 

2.5 16.0 81.4 

VI. 20.6 79.4 

21. 7 78.j 

These data provide evidence that duplicate determmatlon~ of GAG dl\tnbutlOn wcrc only 

slightly different from each other amI our rC~lllt~ arc qUltc prccl~c. 
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3.5 Sam pic Valuc~: 

Raw data obtamcd from GAG as~ay and densItometry wa~ treated mathematically to 

obtam truc value\ for total and mdlvldual GAGs for each sample. AdJustments were made 

10 accomlllodate dJflerent bllldlllg capaclty of different GAGs. After adJustment we 

obtamed about 7-g 1ft greater value~ for total GAG. 

Data ohtalllcd from 10 nondlaoctlc samples and 6 dlabetlc ~amples are presented in tables 

8 to Il. The values for total GAG arc expres~ed as mg/lOO mg of DDT while those for 

IIldlvldual GAGs a ... percent 01 total GAG. Il IS evident l'rom the tables that total GAG 

1\ dccrca\cd markcdly 111 plaqLle~. For t1l1!o. reason to get a truc plcture of GAG 

dIstribution, data arc cxprc~\ed as percent of total GAG value for each sample. We also 

oh~crvcd that thcrr wa~ a trend of decrea~lI1g HS and 1I1creasing DS in both 

alhcroliclcrotlc plaques and 111 diabetes and thus It would be 1I1terestmg to express results 

JJ1 the form 01 a ratIo of HS 10 DS. 
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Table 8. GAG Value.\ Fom Normal Are(/.\ of NOIlt!/(/b<'f/( (;rol/p. 

Sam pIe Total GAG CS HS DS HA HS:DS 

No. mg/IOOmg (%) (% ) (%) ( li:) 

DDT 

1 1.90 ~9.66 22.84 10.45 7.05 :':.I~ 

. 
") 1.67 55.25 22.97 15.75 t1.20 1.47 ... 

3 2.56 61.92 19.3) 12 Ol) () h4 1.60 

4 1.64 64.90 19.89 1 () 91 -l 30 1 Xl 

5 1.91 65.34 15.77 1.'.15 ).74 1.20 

--
6 2.01 62.51 19.69 1 J l)2 S.XX 1.65 

7 1.77 57.84 23.20 U.ô7 ) 2X 1 70 

8 2.06 71.77 14'()) 9 ... N tôX 1.4X 

9 2.14 65.67 19.21 1024 4.87 1 XX 

~ 

10 2.40 60.50 17.90 12.02 9. ')X 1.49 

Mean 2.01 62.53 19.4() I! 95 0.02 1 65 

SD 0.30 4.67 3.04 I.X2 1.')2 0.27 
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Table 9. GAG Value.\ from Plaque.\ of' Nomlwheric Group. 

Sarnplc Total GAG CS HS OS HA HS:OS 

No mg/IOOmg (% ) (%) (%) (%) 

DDT 

1 1.69 56.40 18.70 19.25 5.64 0.97 

2 1.53 56 19 15.74 2363 4.44 0.67 

3 2.15 62.01 16.24 15.20 6.55 1.07 

4 1.27 62.71 11.64 19.34 6.30 0.60 

5 1.20 55.97 14.89 19.08 JO 05 0.78 

6 1.72 63.62 11.99 18.83 5 55 0.63 

7 I.Sn 70.54 12.67 12.53 4.25 1.01 

8 1.41 63.64 11.98 )0 '-'R 3.80 0.58 

l) 1.48 61.85 18.62 13.91 5.62 1.33 

.-1-. 

\0 1.22 54.22 12.74 19.54 13.49 0.65 

Mean 1.52 60.72 14.52 18.19 6.57 0.83 

sn 0.28 4.99 2.72 3.33 2.99 0.25 
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1 
Table 10. GAG Value,\ fl"Ol1I Normal Arew o( Dta/Jelh' Group. 

Sample Total GAG CS HS DS HA HS:DS 

No. mg/lOOmg ( %) (%) (%) (%) 

DDT 

1 1.31 57.64 16.18 16 . .16 9.HI 094 

-, ') 1\1 55.68 18 . ."'\.) 18.19 7 74 101 ~.V .. ' 

J 1.20 ~_L~5 17.J6 17.40 L) .N O.ln 

4 2.47 67.04 16 . ."'8 10.26 6.31 160 

5 1.55 56.05 15.85 :: 1.5~ 654 0.74 

1 
1 

6 2.01 54.73 18.78 1 S.44 7.53 (). l)l) 

Mean 1.76 57.75 17.16 17.20 7.84 1.05 

SO 0.49 4.66 L22 J.80 1.44 029 
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Table Il. GAG Valuesfrom Plaques (!fDiabetic Group. 

Sam pIe Total GAG CS HS OS HA HS:OS 

No. mg/lOOmg (%) (%) (%) (%) 

DDT 

1 1.62 57.80 12.04 23.10 7.06 0.52 

,., 1.53 57.18 12.30 22.96 7.55 0.54 .. 

3 2.02 67.73 II.43 15.75 5.08 0.66 

4 1.19 60.78 10.96 19.65 8.60 l.1O 

5 1.53 53.11 13.30 26.35 7.23 0.50 

6 1.94 51.63 Il.72 30.85 5.80 0.38 

,,-

Mean 1.64 58.04 11.96 23.11 6.89 0.62 

SI) O.JO 5.79 0.80 5.23 1.26 0.2, 

r 
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3.6 Statistical Comparisons: 

Compansons were made between selected groups by studcnt t tc ... ! and \.·on~lstcd of v"lucs 

for total GAG, proportion of cach GAG. and the ratio of HS 10 DS Wc wcn.' ~pc~ltï~ally 

interested III companng. at fir'it, data from normal arca~ of nOlldwhcll\.'~ wlth Iho,c !"rom 

plaque area!> of nondlabetic!>. ThiS comparison will mark the ~lgl11flcant changc~ 111 GAGs 

in atherosclerotic plaques of nondiabctlcs and IS cxpcdcd 10 retlec! ~'hangl'~ 1\\ 

atherosclerotlc leslOns in general. 

The olller compan~on wIll bc betwecn normal Mca~ from dlahrllc, ,1Ill! the "Ulle trulli 

nondJabetlc~. Thl~ will he helpfulm dl:-,tJnglll~hlllg \Igmfic,tnt change" rOllml ... pcnrically 

111 dmbetle !!1!!ma !1tJt Itl\'ù!vcd !!1 !eStons. Tht ... ~hOllld rdkct (iA(j changc ... duc 10 

diabetes aJone. 

The~e two compansolls ~hould be Important ln rïndlllg If GAO" \crY!: <1\ il IlIl\.. bclwCl'll 

atherosc1ero~ls and dlabete\. 

To glve a vl~ual IJl1preS~lon of the~c compamons thcy arc cxpn~.,\cd ln graplllc form III 

figs. II to 16. Re~lIlts t'rom ail 4 groups are dcplcted 111 cach graph to provldc a way ot 

comparing a11 the groups sll11ultaneolisly for a glvcn vanahlc SlgnIllcancl' of "dcCIcd 

companson~ are gIVen wlth cach graph. 
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Figure Il 

Comparisons ql' total GAG values. 
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Figure 12 

Comparisolls (~l CS \'l/IIIt'.\. 
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Figure 13 

C"omparisons (?l HS value.\. 
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Figure 14 

CompariSOflS l?l DS mlue,\, 
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Figure 15 

Compamon.\' (?{ HA values. 
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Figure 16 

Compar;solls (?f' HS:DS valllt's. 
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The results of these compansons indlcatc that thcre 15 a slgnitîl'ant (!l'creaSl-' III lotal GAG 

along with a l11ghly sigmficant changc m GAG dl~tnbutlon 111 atherosderotlc plaqllc~. 

There is a highly slgJlltïcant deaeasc JJ1 the proportion of HS, an in\.'fca~.e m the 

proportion of OS and a decrease III the ratIo of HS to DS. 

Comparist'11 of results From normal arca of (hahclics wllh that of nomlJabctll's l'xhihllS no 

signifïcant change III total GAG but a lilgmtïcant change III GAG distnhulton. Therc IS 

a non-signiflcant decrease 10 HS but a slgnÎ ticant 1I1crea~e \Il DS and ,\ slglli Ikant 

decrease l1l HS:OS. It ls eVIdent Ihat changes in GAG dl~tnblltiol1 arc slIlIIlar 10 tholic 

found lt1 plaques of nondiabetics but are of lesser mag\lltudc. Ddta l'rom plaque arcali of 

diabetlcs c1early show siIllIlar changes of a greater cxtcnl. 

For companson of normal and atheroscJcrotic areas wc utIlII,ed dald only l'rom 

nondIabetIcs. To get a better Vlew of thc ~ltuatlon, data l'rom llondlahctlc and dmhctll' 

groups can be pooled. Table 12 displays the resLl~ls exprcsscd III poolcd l'mm. 

Comparisons between data From normal areas and plaques wcrc cstllllatcd WIlh studcnt'!-. 

t test and are shown in the same table. It IS cVldent that thcre IS a '>lgnllïcant dccrea,>c ln 

total GAGs and significant changes 111 GAG distributIon (a dccrca~c 111 HS proportIon, 

an increase in OS proportIon, and a decrease 111 HS: DS). These change,> are cxactly thc 

same as when the nondiabetic group was employed alone. ThIS ob~crvatlOn connrm~ our 

findings of changes in GAGs found in atherosclerosl~. 
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Table 12. COl11parison of Pooled (Nondiabetic + Diabetic) Data. 

Variable Normal Plaque p 

Total * 1.92 ± 0.38 1.56 + 0.29 0.007 

CS (%) 60.74 ± 5. IO 59.71 ± 5.28 0.6 

HS (%) 18.61 ± 2.72 13.56 ± 2.51 0.000006 

DS (%) 13.92 ± 3.70 20.04 ± 4.67 0.0003 

HA (%) 6.72 ± 1.72 6.69 + 2.43 1.0 

HS:DS 1.42 ± 0.40 0.75 + 0.27 0.000004 

* = mgllOOmg DDT 

Ail values are mean ± SD; n=16for each group. 
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Considering the findings in atherosclerotic lestons and in ~;.lbctes. wc ran condudc that 

changes in GAG distnbution were present 111 diabetic 1I1til1141 berme the appearance of 

atherosclerotic lesions. As these changes showed the salllc pattern a~ ohscrvcd 111 

atheroscleroti~ lesions they might have implications for atherogcnc~ls. The most 

significant change observed in both atherosc1erosis and diahctcli was a dccrcase in the 

ratio of HS to DS. 
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4. DIS eus S ION 

The following discussion IS composed of crit; ~al and objectIve views on the methodology 

used and the results obtained. This will be followed by rationalization and consideration 

of relevancc of the findmgs. 

4.1 Methodology: 

4.1.1 subjects: 

Subjccts in both dmbetic and nondiabetic groups were random samples from the general 

population. SelectIon was only performed to exc1ude samples from younger subjects or 

when sufficlent normal or le~lon areas were not available for the study. It was important 

to have samples from the same age group as some studies have shown a change in GAG 

concentration and distnbution with age (Smith, 1974; Murata, 1985). In our study the 

difference bctween mcan age of the two sample groups was found to be non-significant 

by the studcnt' s t test. 

As no report is available on the effect of gender on GAG content, no selection was made 

on that basis. Similarly, the presence of concomitant diseases, though undesirable, could 

Ilot be aVOlded III our study. One way to avoid th]s could be to study juvenile diabetics 

versus a youngcr normal population of the same age group. Not only would it have been 

difticult to obtain samples of interest but we could not have obtained any data from 

atherosclerotic plaques. These lImitations are usually present when using human samples. 

Results in tins scenario, however, represent a true picture of human findings. Although 

any study in experimental animaIs provides undoubtedly a better chance of controIIing 
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different variables, the tïndings need to be contïrmed in hUl11ans. 

4.1.2 Materials: 

We used the mtlmal layer of the thoracic part of the aorta a~ the source nI' tIssue. 

Histological cxamination contirmed that the material wc used contalll m.\lnly mtlllla. This 

was important because medlal GAG compOSitIon !las been l'oul1d 10 he dll'fercnt l'rom 

intima and as media IS many times thlcker than IIllllna the prc<,cncc ()l' Il1lxha may OhSCUR' 

the results. Distinction between normal and lcsion areas wa<, ba~ed 011 gross cX<lJJlJllatioll. 

It was very easy to separate plaques. Thm and transparent area~ \Vere con~l(krcd normal 

and grossI y doubtful areas were excluded. Mlcrodl~')ectlOn wa<; not pcrlormcd 10 ~eparatc 

early lesions. Histological examination of sOllle sample~ confmned the glo<;., f\l1dmgs. Wc 

can contïdently say that area~ we u~ed as normal \Vere normal for the age group wc 

studled and were defïmtely free of atherosclerotlc plaques. 

4.1.3 GAG Isolation: 

The methods we used for Isolation and characterizatlon of GAGs arc thc ~tandard melhod~ 

and have previously been used by different investigators for this purposc. For Isola!Jol1 

of GAGs different authors report a few minor variations but tht.~ ove rail mèlhodology 

involves delipidation, proteolytic digestion, and precipItation of GAG.,. The method lIsed 

for delipidation IS the most common one and has becol1le a ~tandard procedure. hlr 

proteolytic digestion alkali with or withollt borohydnde or papalll with or wlthout prona\c 

are commonly llsed. Papam alone has been found 10 be very effective for thl,) purpose. 

For precipitation of GAGs we used ethanohc precipitatIOn on l'CA \upernatant. GAG" 

,L''''" insoluble 111 ethanol provided they are in suftïclent quantlty and arc accompanicd by 
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a salt, e.g., sodium acetate. Another method employed for thls purpose is a more 

selective preCipItation of GAG~ from proteolytic dlge"t or TC A supernatant wlth 

cetylpyndll1lluTI chlonde. Many InvestIg; 'Of'i mclude a step of dlalysls aftr.:f proteolytic 

digestion but we tncd to avold thlS as it Il,lIght have re~ulted III loss of some GAGs. 

S1I1CC GAG" eXlst a~ PG, ~ome IIlVestlgaton, have attempted to first extract PG from the 

tl~sues and then dctenntnc thelr GAG eomp,)sltIOn. ThIs procedure is the method of 

choice whcn an mtact PG molceule IS to bc stlll~\,ed. For IsolatIon of total GAGs, problem 

can oeeur becau!'c extractIOn of PG lIsmg dlfklent types of butTer IS not complete. A 

commonly lIsed technique of extraction wlth 4 fv\ guamdine hydroehlonde has provided 

only 50% to 70% extraction from aortas (Salisbu:,y et al., 1981; Dalferes et al., 1987; 

Cherchi et al., 1990). Moreover, we also found out t\lat Il is difticult to control extraction 

efficiency and losses from one experiment to other (Unpublished ObservatIOns). Since we 

needcd to have a completc plcture of GAGs 11l k'sues we employed the tl1ne honoured 

techmque of GAG isolatIOn directly [rom the tissues. 

4.1.4 GAG ASS~ly: 

The assay we used for quantitation of GAGs depends upon alcian blue binding capacity 

of GAGs. This assay system IS relatively new and io;; very sensItIve and specifie for 

GAGs. Ot/lCf negatively charged molecules, like nuclelc aClds and glycoprotems, have 

very littlc dye b1l1ding capacity as compared wlth GAGs (Hronowsky et al., 1980). 

Many Hlvcsllgators prefer to employ an assay for uronie acid and/or hexosamine. 

Although thcsc assays are good for biochetmcal analysis of GAGs, it is easier and more 

straight-forward to measure the GAG weight directly. These assays also are not free of 
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problems, such as, speclficlty problems and 1110~t lIllportanlly a dlfkn:l1t dH()II1og~nH.·II~ 

of uronie aeid and idurol11c aCld. RecentIy, a \Cn\ltlvc and rch.tbk. hut \t:r~ l''\pt:nslw. 

method employed IS dlge~tlon of GAG~ and elullon and d~teL'llon ot \lI~ar .... 1\\ Il Pl (' 

system. Alcmn bIlle assay I~ bccol11l11g COl11l11oncr and l11any 1I1\'l'\tlg.ltor\ l'Illploy t1m 

method either dlrectly for total GAG or for GAG quantllÏcatlon arter e1ectrophor~\I\ w~ 

found it casIer and more rehable to tÏr~1 quantltate the lolal GAG 1I1 c.lL'h \.ullple .lIld ll\t: 

electrophoresls to determme the relative proportIon of each GAG. ComparlIIg (iA(i hand\ 

with1l1 each samplc 15 11111ch more rch.-lblc than companng wllh \t.ll1dard .I~ the 1.llter w,ll 

depend UpOIl precIsion 011 the part of a1l101lnt of \ampk <lppltcd eVCl y lime. In total (iA(i 

assay 1t is casIer to control the amount of sample applted a~ tew 11IIeroltler" welc "pOllct! 

every time with the help of a pIpette. TnplIcale readlng\ were clo'le 10 cach other. To 

assess the precision, some samples were assaycd in duplicate~ l{eadll1g~ were only about 

2.7 % higher or lower th an the mean resu1t~. 

AIdan blue bindtng aisa depends upon charge denslty of GAG ... A change 111 dcgrce and 

pattern of sulfation may result ln a dlfference 111 the bl11ding car~clty of a type of GAG. 

ThIS, howcver, should be assocIated wlth a change ln clcctrophorclIc moblllly WIHCh I~ 

also sensitive to charge dcnslty. Since mobil1ty of 'lample\ l'rom dlffcrent groups wa~ 

essentially the ~amc, wc ean speculate that thclr charge dcn~tly old not change ct tcctlvcI Y . 

Wc realize that we are usmg CS-6 as standard and other GA(; have dlf/crent dyc bllldll1g 

eapacity. As other GAGs have lowcr ab~orbance values a\ comparcd wlth C~;-6 our GAG 

assay was showmg an underestimation. To overcomc thls problcm wc correclcd the value') 

after the corrected results of eiectrophoresis. 
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4.1.5 GAG Ui,tribution: 

For GAG dl'ltnhutlon e!cctrophore~l~ on ceJlulo~c acetate membrane is one of the most 

reliahlc and acccpted method'l. Alclan bille I~ the dye mo~t often used to detcct the bands. 

QuantItatlon 1., donc by den.,ltometry or by elutlon of bands and spectrophotometric 

cvaluatlon A numhcr of hulTer., have heen u~cd by dlfferent II1ve~tJgators for thls purpose 

and IIlcludc CalclllJll acctate, cadmium acetate, banllm acctatc, and fon11lc lcld-pyridine 

etc. at dlffcrcnt pH (Beelcy, 1985). A better but more comphcated way IS two-

dimcnsional c1cctrophore~ls (Steven~ et al., 1976). We lIsed dlfferent buffers and finally 

found cadmllll11 acctate at pH 4.1 to be very good for the ~eparatlon. Bands were 

Idenllfied Wllh the hclp of enzymatlc digestIon and GAG ~tandards. DIt1ïcllity was 

ohservcd 111 (juantItat1l1g DS and CS as thelr band~ were not completely separated. 

Digestion with chondroitmase AC removed CS and evalliation cOlild be performed with 

more confidence and accuracy. Densltometric evaluation was very precise and triplicate 

rcading of each band provldeci very s1l11llar readlllg~. Simllarly duphcate analysis of 

sal11ples by c1ectrophoresis and densltometry fllrnished sll11llar readmgs. To obtain a more 

accuratc distnbution, binding capaclty of each GAG m this system was determined and 

corrections wcre made in the proportIOn occllpied by each GAG. We can confidently say 

that GAG distributions provided in this stlldy are accurate. 

4.1.6 Standard GAGs: 

It should hc noted that It is dlftïcult to tïnd an ideal standard for any type of GAG. This 

is because they are polydlsperse and may differ in chain length and charge density 

depending on the source. Nevertheless, they have the same basic units and structure and 
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it is expected that values provtded by ~tand,:-d GAGs can hl' l'xtrapnl.ltt'd tll ~,lll1pk'\. Ali 

investigator~ have u~eà slImlar .,tandard~ ln thl'lr .,tudIC" SlIl111.u probkm\ .Ut' f,K'l'Ù III 

most of the prole111 a~sd.y" whl'n.' bm II1l' "l'mm aibullltn ,., u\lI.lll~ \l''l'd .1., .1 "I.md.ml hut 

chromogenIctty of 'itandard and <"ullpk may be qlllte dllkrcllt (l'cler.,un, l'lH5) DUl.' 10 

the 5ame rea,on, II can be ~œn ln electrophoreto~ral11, that 1ll0hlilly 01 (I,\(i., III \.unpk., 

is slightly dlffcrcnt from that 01 "tanùarù<,. But aga 111 , d\ll' to propt'rtlc., lnhl'rellt III thl' 

basic structure. the order of mohthty of dtftcrent '--'AG tyre" remaln., c\\entl,1I1y the 

same. Smcc all thc group~ 111 our 'itudy were treated 111 the \allle way. Ihe.,e prnhlclll\ wdl 

not affect the overall re~1I1t. 

Another difference found bctwcen standard ... and ..,ample\ wa" the dtl fll':llity to l:omplctcly 

separate OS from CS \l1 ~alllples. The ~al11e phenomcnon wa, oh\crwd u.,lng dl tti:rcllt 

electrophoresls butTer.,. Thl~ property can be attJlhllted 10 copolymertc Il.tlllrc 01 \Ollle 

GAGs. It has bcen found thal challp, of OS contall1 rl'peallng lll1ll\ 01 CS type,> (Klelkl1. 

1991). It I~ expected that thclr !Dobdlly wOlllJ bl: ~olllewhcrc III hetwcl:11 thal 01 J>S and 

CS. ThiS problem wa .... solved by routll1ely ll~mg chondrOllll1a'le t\(' whtch wOllld hreak 

up CS types of umts. Therefore ln thl~ ~tudy OS mea!!urClllcnt l, rclaled only to Iduronl\': 

acid contailling units of os. 

4.1.7 Recovery and Losses: 

We monitored both extractIOn efficiency and losse~ during flJrth~r IlioiailOIl or (jAG\. 

Tissues were digested wlth ~ufficlent quantlties of enzyme and furthcr dlgC.,tlOIl rC~lIltcd 

in a gain of only a small fractIOn (- 1.5 %). Since papam 1 .... cxpected 10 ltberalc ail Ihe 

GAGs from tissues we can conclude that extractIOn m our .... tudy wa., allllo.,t complete. 

92 



Othcr rncanc;, of loc;,mg GAG,> could bc dunng proteolytlc dIgestIon, TC A precIpItation, 

and prcClpltatlon wlth cthanol. lhlng c;,tandard GAG wc found that therc was no 

dctcctahlc 10'>'> dllnng the wholc pIOCC5'i. An almo5.t complete recovery wa5. observe<! (-

99.7 %) 

A way In whlch lo~'i 1llIght have occurred and 'itIlI have heen ml'ised IS dunng TCA 

pn:elpllatloll SlIlel' GAG'i 111Ighl 'il111 he attachcd to JOcompletcly (hge~ted protein~, they 

could have hl'en preclpItatcd by TCA. Recovcry of a ~tandard GAG ITIlght have provided 

Incorrect IIltormallon. hlrthcr dlgc~t1on wlth papalll and 'iuh~eqllcnt l'iolatlon and assay 

of GAG dctcctcd lhal therc was a 'imall lo~s dunng t1115. procc~~ (- 1.8 %) 

SlIlec ail the lo5.'>c,> comhll1ed werc 5.tlIl very httle « 4 %), no correctlom were made 

for lhcm. We bchevc that wc recovered almost ail the GAG5. present 111 the tissues. 

Bascd on the~e and other ob.,ervations It can he conc1udcd that values presented JO this 

study fairly accliratcly represent actual tIssue values. 

4.2 Results: 

4.2.1 GAGs in Normal Intima: 

Normal TI~~ues: Wc found the total GAG concentration JO our normal samples to be 

.Ü)Oul 2 1);, of DDT. In 1l10~t of the studies result5. are expre~',ed In terms of DDT as it is 

Cl rdiable vanablc, but occaslOnally total proteJO, surface area, or decalclfied DDT have 

aho heen lJ~cd. Companng our r~suIt with other studles (table 2) In humans we find that 

our rcsult IS not dlfferent from other~. Smce these studle~ have presented qUlte diverse 

rcsults we cannot compare our t~ildings wlth any single study. Many of nIe studies have 

rcported values lower than ours. At least two studles have reported results very close to 

:' 
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ours (Bottcher \!I al .. 19b.l,; Dalfcrc~ CI al • 1971). Valuc, rcportt'lI hy Sl1l1lh (1405 J. I~ 

descnbed 111 tenm of protCI11 but ~œm~ tn he c1n .... c to OUI \. Stl'vcns ct ,11.. rcportl'd a 

little hlgher value th an the re~t of the ':.tud!\.' ... huI Ihl'Ir dCnOllllll.lh1r wa':. dl'(aklfll'd DDT. 

Two of the ~tlldIC~ on coronary af!cnC'i dc<,cnhcd valuc" a IIt1lc Il)\\Cf th.lIl our ... (Mur.ll,l 

et al.. 1982; Yla-hcrttllal,t et al., 1486) The ... e (lIttcll'IlI'l'<' .Irc proh,lllly th\.' rl',ull or 

difference 111 ll1ethod~ llseo for 1'101.111011 cllld a"'<',lylng of (;;\(;\ ,lIld Ilot dul' 10 (hffcrclll'l' 

ln samples them'iclver.;. SII1CC our valuc" agrCt' weil Wllh "Ill Ille or Ihe \tudll'" and arc on 

the higher .... Ide of the .. pCl'tfulll wc l'an conlidcl1tly rcly on our re\ulh 

Il l~ l'ven more dlftïcult to compare GAG JI':.tnhutlon 111 our .... tlllly wlth oiller .... Iutlle ..... A .... 

eVldent from table J. dlver'ie fe~ulh have been rl'portet!: lm t'\,llHpk HA ptoporllll1\ 

vancs l'rom 4.1 % to JJ.J % but except 1Il olle "tudy (Na"alllura el al . 196H) value .. .tll.' 

Jess than 15 %. For HS. values vary t'rom 10% 10 4()1;{,. but more l'oll1l11only ,Ifl' helwl'ell 

16 %-26 %. In many ~tudlc~ DS ha .. not bcen \l'parated t'rom ('S wilde III olller ... vaille ... 

from 6 % to JO % have bccn de,>cnbcd ror cs al one tllcrl' '" at le"q olle l'OIl<'l'/hU" Ihat 

lts proportIon IS greatc~t; vallle~ vary t'rom :n o/r to 6(1 <if) but more cOlllll1only .Ire grcater 

than 50 %. In Vlew of thl\ background wc can only \ay l!Jal our value .. arc gcneralJy III 

those ranges whtch have bcen Illore CO III Illon 1 y rcportcd. Our value .. an~ do"cr to tho .. c 

of Klynstra et al. (1967), Stevens Cl al. (\976), and Tamll1l et al. (1978) . 
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4.2.2 GAG, in Athero~c1cro~i~: 

Wc round a <'Iglll fïcant decrea<,c ln total GAG ln fully Ceveloped atherosclerotic lestOns. 

Tlm 1<, III Ilill agreement wlth the re~ultl, of the most of the ~tudles. AlmŒt ail of the 

<,tudlc<, havc de)cnbcd .ln lIlcrea~e 111 GAG concentratIon III fatty streaks and a progressive 

dccn:a<,c wlth thc advanccmcnt of Icl,lOn .... IndIrect 1I,0lation of GAGs from extracted PGs 

have aho ... hown the <,ame n:<.,ult (Dalfcrc\ et al., 1987; Cherchl et al., 1990). ThIS looks 

contraOlctory to the lI~lIal bellef that there I~ an Incrcase III matrix components in 

atherol,c1crol,l~ In fact thll, IS due to the way we expres~ our re~ults. In most of the 

Iitl1dl(,~ the n~~lIlt l~ expre~'\ed in relation to DDT whlch IS compŒed of dead and living 

ccii ... and matnx component~ hke collagen, ela~tin and PG Collagen and elastin form a 

major portIon of DDT (> 40 %) and It has bcen rcported that there I~ a substanttal 

IIlcrcasc III collagen content of athero~clcrotlc plaques (Smith, 1974; Tamml et al., 1978). 

Thcrc II, al<,o an accumulation of necrotlc Jebm 111 the centre of atheroma. Due to a 

concomItant Incrca~e III the maJor constltuents of DDT, accumulatIon of GAGs gets 

over~hadowcd and III splte of the mcreased c;;ynthesls by s11100th muscle cells of leslOns 

thelr concentratIOn I~ decreased. SlIlce the mtllna of plaques 15 greatly thickened, there 

15 accumulatIon of GAG~. and o\'crall GAG rontent IS II1crea~ed. ThIS could be clearly 

cVldent 1 f data werc to bc expres~ed in relation to surface area and this has been 

dOClllllcntcd hy Wagner et al. (1978). An lI1crease shown 10 fatty streaks and related 

earller Ie~lons 1\1 both humans and expcnmental an\1nals IS due to the fact they present 

very I1ttk dl~tortlon of normal matnx structure and an II1crease in GAG content tS truly 

rcprcscnted. Wlth the passage of tlme and advancement of lesions, other more 
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pronounced changes ln matrix obscure the IIlcrease in GAG content. 

We delected 11lghly sigmficant changes in GAG distribution 111 athcrosdcrntic plaqucs. 

These were a decrease in HS proportIon and an increase \l1 DS proportion. Rcsults wcrc 

much more sigl1Jtlcant when we used HS:DS for compansol1. No dlftercrllc was round 

in the HA and CS portIons. Other ~tudles have rl'portel! rc\ult., whlch are not much 

dlfferent. Our re~ults of Increased DS and dccrcascd HS dl~tnhutlon agrcc weil with a 

number of studrcs Il1cludlIlg thusc of Ta 111111 1 et al. (1978), M llr,tl<l ct al. (11..)82), Y la­

Herttuala el a1.(1986), Hollrnan et al. (1989), and Mllfata ct al. (1989). SOIl1C of thcsc 

studies have also reported an lIlcrca~e III CS wlth or wlthout a decn.\l\C ln HA. Othcr 

studles partially agree, slIch as Stevens el al. (1976) who dctcclcd only an lIlnca.,c III DS 

while BlIduecke (1962) and Nakamura ct al. (J 9(8) agrœ on a !owcr HS proportIon. Wc 

cannot speclIlate on why our results differed III CS proportIon l'rom thmc of rcecnl 

studIes. 

Studies involving PG extraction have also reported re~lllt~ agrcc\Og wlHl "ur findmgs. 

Dalferes et al. (1987) have reported a decrcase III HS ln plaques bul lhe oyerall 

interpretation of GAG distnbutlon was dJt'flcult whde C'hcrchl c.:l al. (1990) have 

described an lIlerease \Il DS proportion. Data .... hown by Y II1g -Shan et al. (1991) 

completely agree wlth our findings. They deteeted an lI1erease 111 DS and a dccreasc lI1 

HS proportion 111 aortie PGs from a population wlth a hlgher prevalcncc of 

atherosclero~l~ . 

Sturl!~~ 111 experimental ammals have also descnbed very sirnrlar re~ult~. Wagner cl al. 

(1978) detected an increase in OS of monkeys' aortas after cholc~terol fccding. Alavi et 
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al. (1985) have reporte-d changes in GAG dIstribution in the neointima of rabbits 

dcvcloped aftcr a balloon catheter in jury. They found a marked decrease in the proportion 

of HS paralld wlth a slmIlar Increase in the CS. In a sinlllar study Salisbury et al. (1985) 

descnbcd a dccrcase in HS proportion and an increase in OS. 

ft is not clearly known how these changes in GAG distnbution develop nor do we know 

about the slgnificancc of these changes ln atherosc1erosis. 1t IS known that intimai GAGs 

are produccd by both endothelium and smooth muscle cells. Endothelium provides 

preclomJl1antly a HSPG wlHle PGs From smooth muscle cells are rkh ln CS and DS. This 

has bccn documented in a num~er of studles using cell culture (Wight, 1989). Endothelial 

II1Jury has been descnbed as the key event m atherosclerosis and a large body of evidence 

has indicated the presence of endothelial in jury with nsk factors for atherosclerosis. With 

a disturbed cndothelial behavlour, synthesis of PGs is also expected to be affected. Since 

HS is the major GAG type synthesized by endot!1ehum, a derrease in intimai HS 

proportIon can be explained by continued endothelial dysfunction. 

The decrease in HS is expected to have a bearing on SMC prolIferation. As discussed 

earlier, both heparin and HS have been found to be antiproliferative for SMC. Since the 

rate of growlh dcpends upon the interplay of growth promotmg and growth inhibitory 

factor~ a dccrcasc 111 HS may then result in mcreased proliferation of SMCs. In this way 

cndotl1l'lial dysfllIlctlOn may dlrectly effect the behavlOUf of mtimal SMCs. These changes 

111 HS ma)' be actlvely involved in atherogenesis. In addition HS and heparin have been 

found to be associated with cell adhesion and inhibItion of cell migration. A decrease in 

HS may thercfore cause/enhance endothelial detachment and facilitate SMC migration 
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from media to mtima. AH these events will bc helpfullll th~ promotton of atlH:ro~l'It'ro'I'. 

Sorne studies have reported an mcrease in DS accompal1ll'l1 \VIth ,Ill Innease 111 CS but 

we and other (Stevens et aL, 1976: Tamml et al.. 1978; Wagncl ct a!., 1979; S.lIl~hllfy 

et al., 1985; Cherchl et al., 1990; Ymg-Shan et al., 1991) have de~crihed an IIlCre.\lil' 11\ 

OS only. Atherosclerotic leslons are charactenzed by proliferatIon of s11100th 11111~c1e ccli, 

\\Ihich are derived from both mtl1na and medIa. These ccII, have heen reported 10 dlangl' 

their phenotype and secrete a greater amount of GAG~ and othc:r matnx c1emenls. 

Enzymes concerned with the synthesis of CS type of GAGs have heen found 10 he more 

active during proliferation in arterial SMCs (Holl man et al., 1985).1\ comblllcd I11Cfl'a~e 

in CS and DS can easlly be explamed by this phenomenon. A :-.c\CCllvc IIlcrca'\c 111 US 

is more difficult to explain. DS has been found to be ~elcctlvely a<;\ocialed wllh l'OlIagcn 

fibres in the extracellular matrix (Volker et al., 1986). They have bccn ohservcd to play 

a part in the process of fOlll1ation and arrangement of collagen flhre~ (Ruoslahll, Il)X~; 

Wight, 1989). Interestingly, artenal SMC's whcn cultllrcd on collagen gch \llodulatc<.l 

their PO synthesis to produce predominantly DSPG (Lark et al., 1986). SIller thcrc IS a 

marked increase in collagen component 111 atherosclerotic Ic,lon\, an IIlcrca,c 111 I)S may 

be related to that. It is not known whether there l~ a call~e and cf/cet rdalton hetwccn 

these two. We think this scenario represents a concomitant II1crca~e 111 collagen and DS 

which are both parts of collagen-nch matrix, and probably the ~ame mccharmm i~ 

underlying the increased synthesis of these two elemenl~. The lIlcrea'lC ln DS may he 

necessary for the maintenance of the extracellular matnx of the le\lom. 

These changes in GAG distributlOn may result in aIteration~ III the PU-Li> IIlteractlOJlS. 

98 



DS have been found to have the highest affinity for LP among the GAG types found in 

human aorta (lvenus, 1972) but histochemical studies have detected very \iule \ipid 

as~ocJated with collagcn-rich matrix and mostly within the soluble matrix associated with 

CSPG (Volker ct al., 1989). In another study collagenase treatment of arterial wall 

liberated the major proportIOn of LP-GAG complexes but GAG content was hmited to 

HA and CS (Srinivasan et al., 1979). Ir. view of these contradictory findings we cannot 

spcculate with confidence If these changes will result in a more avid LP-GAG Interaction. 

4.2.3 GAGs in Diabetes: 

ln this study we present the tirst report of the changes in arterial GAGs in human 

diabetes. Before this there were a few studies in experimental animaIs but their results 

presented a wide variety of changes and it is difficult to apply them to humans. In this 

project we detected a decrease in total GAG which was not statistically significant. 

Although the mean value was less th an that of the nondiabetic group, sample values 

covered a wlde range. It looks as if In sorne cases it is decreased while in others It is not. 

We do not know the cause of this variabllity. Results from the expenmental studles have 

also reported both hlgher and lower values III diabetes. Since we are more interested in 

changes in GAG distribution we will concentrate more on that part of our results. 

Changes in GAG distribution in diabetes wcre more or less similar to thvse present In 

athcroscJerotic lesions but they were of lesser degree. There was a significant increase in 

DS and a small and nonsignificant decrease in HS. The ratio of HS to DS was 

significantly lower than that in nondiabetics but was still higher than that in the lesions. 

" 
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Interestingly. changes detected 111 atherosc1erotic plaques JI1 diabctlL's wcrl' sII11IIar hut 

more marked than that found in nondtabetlc \cslons. [:wn If we pool nnndiabeilc and 

dJabetlc saIl1ple~ the dlffcrence betwœn normal and plaque <ln.~<l" rl'Illam c~,cn\lally Ihe 

saIlle and hlghly signiticant. These results indtcatc that change!'! 111 GAGs are present 111 

diabetic lI1tÎma before the appearance of Ieston~ and bccollle pronollnccd wlth or al'ter 

their appearance. ThIs provides addiuonal proof of Ihe 1111 portance 01 GAGs 111 

atherosclerosis. 

Changes 111 arterial GAGs reported 1I1 expenmcnlal dlahc\cs are (hVl'r~c and no twn 

studles agree on the type of changes. Our fllldings partlally cO'llonn 10 Ihe results of 

Slrek et al. who used dogs for alloxan dJabetes. They dctcctcd an IIlcrcase III 1 >S 111 

coronafles and a dccreasc \11 HA and HS \11 thoraclc aort<l~. 

Our finding~ provide one more proof that matnx structure and COll1pO'iltloll undergo 

pronounced changes 111 dlabetic tIssues. Changes have bren delectcd III valIOU<; tl~'illC~ of 

the body in both human and eXDerimental animaIs and mc\udc, 111 addItion 10 GAG<;, 

collagen, elastm, fibronectin, and laminin etc. Collagen content 1'> gencrally IIlL'reascd. 

It is more reslstant to degradation and IS heavIly glyco~ylatcd (Ruderman et al., 19X4; 

Sternberg et al., 1985). In fact, the presence of advanccd glyco,>ylatloll ClldplOduct<; 011 

collagen is now consldered as an Important mechanism of hpld bllldlllg and atherogenesl'> 

(Brownlee et al., 1988). GAG content IS generally decr(.'a~ed wlth report,> of dlver,>e 

changes in their dIstribution. These changes 111 basement membrane have bccn Il:1pltcated 

in microanglOpôthy, another common complication of d ,lbete,>. The,>e 1 I11dlng~ pOlllt 

towards a common factor wlllch may be responslble for change,> 111 the malflx. In,>ulm 
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cuher dlrectly or II1dlrectly (throllgh hyperglycemia or other metabolic dIstllrbances) has 

bccn IIH;nlllll1alcd. In fact, lll~lIltn ha') been found to alter the metabolism of GAGs and 

collagen along wlth a gcneral effect on ~ugar, protein and hpld metabolism (Breton et al., 

Il)XX). In VICW 01 these fïndlllg~ it can be suggested that changes In GAG~ may be the 

rcsull of lIl~ullJ1 deflclency or rC~lstance. 

The,;c ch(lIlgc~ 111 GAGs can be explaIned from another point of Vlew. Wc have found that 

changes III dmbetlc intima arc ~lll1llar to those found III atherosclerosls. It IS tempting to 

spcculatc lhal (\ slImlar mcchal11sm would be working ln both ca~es. This mechanism 

would be cxpectcd to occur ln dmbetes 111 a more general way, Whl1c III atherosc1erotic 

Icslons thls lllechanisl11 should be more or less locahzed. Tills l11echanisl11 should be able 

to explain the nsk of atherosclerosls not only In diabetes but also In other conditions with 

( 
athcrogcl1Ic potclltlal. One such mechanism which IS lI1volved In atherosc1erosis and has 

hccn dcteclcd 111 diabetes and can explam the hnk is endothelial inJury. 

Endothelialll1Jury has been recogl11zed as the most Important mechal11sm for the initiation 

of athcrosclerosls. 80th denuding and nondenuding mjury have been found to result in 

atherosclcrosl~ hke lestons. Endothelial inJury has been detected in condItions of 

atherosclr:rosis rlsk, hkc hyperliptdemia, hypertension, cigarette smokmg, and diabetes. 

A t1umber of t~\ctors have been sllggested to be involved in mjury in diabetes and have 

alrcady bccn (lIsclIssed 111 the II1troduction. Most of them are the result of metabolic 

(hMurbanœ. Whatever the mechal11sI11, it has been established in a number of studies that 

both morphologlcal and functlOnal parameters of endothehal II1JlIry eXlst 111 diabetes. It 

can be spcculatcd that persistent in jury to endothelium would increase the risk of 
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atherosc1erosls and would result in the deveJopment of gross Ics\On~ in arcas of artcnal 

tree where other local factor~ l111ght also be l11volved. 

The change~ l\1 arterial GAGs 111 dlabctc~ may be the n~l.,ult of contll1l1cd hui mlili 

endothehal dy~fllnctlOn. A decrca~c 111 HS ('an he cxplalllcd dmdly on the basis of 

enclothelial ITlJllry whlle the ll1crt.'ase in OS may be illvolvcd \VIth a more l'omplcx 

sequence of events. In tll1s case these changes represent a slmilar type or l'wnh a'i those 

occurring in atherosclerosls, but probably of a lesser str~ngth and grcatl'r gcncralIty. 

Changes l\l GAGs call then be vlewed as 1111l0cent bystandcr~, mercly n:prelicnllllg the 

in jury phenomenon, or they may be expected to be act1Vcly \I1volved III athcrogcncsI~. Wc 

support the second view, as a large body of evidcncc I~ III IJ.vollr of al't1v\~ partIcipation 

of GAGs 111 hpld binding. foam ccII formation, calcIfication, ccii adhc~I{)II, and œil 

prolIferatIon. These l'vents arc of the greatest slgl1lflCéUlce 111 ,Itherogcncsis. 

ln this stlldy wl' have detectcd slgl1ltïcant change'i In II1tll11al GA(js ln athcrmclcrO'ils and 

dlabetes. Wc found a decrease 111 HS: OS 111 atherosc1ero~ls and a ~1I11I1ar hut les'i marked 

decrease in dIabetes. The significance of tl11S ratio is 110t t'ully knowl1 bllt Il Illay he 

viewed as an mdlcator of atherosclerotic nsk. Extrapolatmg our fmdlllg 111 <.I!abdcl." wc 

can speculate that persons wlth a lesser ratio of HS to DS may be at an I1lcrea~cd n'ik 01 

atherosclerosis. This tïndmg agrees weil wlth that of Ymg-Shan et al. (1991) who 

detected simliar changes 111 artenal GAGs lJ1 a populatIOn at Incrcal.,C fI\k of 

atherosclerosis. These find1l1gs WIll be important in undcrstand1l1g the role of GAGs in 

atherosclerosls, especially 1/1 dtabetics. 
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4.4 Conclusion: 

In this study wc dctccted the changes in intimai GAGs in thoracic aortas of nondiabetics 

and diabctics. We found a significant decrease in total GAG and HS:DS in 

atherosc1erosls. Our findmgs agree with a number of other studies in both human and 

expcrimental atherosclerosis. 

This is the tirst report of changes in arterial GAGs in human diabetes. We detected again 

a significant dccrease In HS:DS. This change was of lesser magnitude than that in 

atherosclerosls. 

Thesc tindlllgs IIldlcate that changes in intllnal GAGs precede the development of 

atherosclerotIc plaques in diabetes and suggest that a decrease in HS:DS may be 

important in atherogenesls. These findings may be extrapolated to other conditions of 

atherosclerotic nsk. 

The results of our study will help in understanding the role of GAGs in atherog~nesis and 

will provide a new perspective of viewing HS:DS as a possible factor in the development 

of atherosclerosis. 

103 



REFERENCES 

Adams, D.H., Schoen. FJ. Contemporary concepts in athcrosclcrosls pathology. In: 

Atherosc1erosis and arteriosclerosis. (White, R.A., cd.), CRC Prc~s, Boca Raton, Fla. 

pp 49-86. 1989 

Alavi, M., Moore, S. The III VItro interactIons bctwcen ~Crlll11 ItpoprotCII1'i and 

proteoglycans of the neointllna of rabbit aorta after a single balloon catheter I\1jury. Am. 

J. Pathol. 134:287-294: 1989 

Alavi. M.Z., Richardson, M., Moore, S. G1yco~aminoglycan composItIon and 

biosynthesis in the endothelium-covered neolntIma of de-cndothellall/cd rahblt aorta. l:xp. 

Mol. Pathoi. 42:389-400: 1985 

Arbogast, B.W., Berry, D.L., Newell, c.L. InJury of artenal l'lulothelJal ce1Js \11 

dtabetic, sucro~e- fed and aged rats. Atherosc1erosls 51 : 31-45: 1984 

Arnon, R. Papain. Method enzymol. 19:226-244: 1970 

Austin, M.A. Plasma triglyceride and coronary heart diseasc. Arlcriosclcmsl~ Il :2-

14: 1991 

Averbook, A., White, a.H., Wilson, S.E. Epidemiology and analOllllC dl~tnbutlon of 

atherosclerosis in man. In: Atherosc1erosis and arteriosclcrosis. (WhIte, R.A., cd.), CRC 

Press, Boca Raton, Fla. pp 17-46, 1989 

Baynes, J. W. Role of oXldative stress 1I1 development of compltcatlOIl'i III diabctc~. 

Diabetes 40:405-412: 1991 

Beat y, N.B., Mello, R.J. Extracellular mammahan poly~acchandc~:glycosaminoglycans 

and proteoglycans. J. Chromat. 418: 187-222: 1987 

104 



Beeley, J.G. Laboratory techniques m biochemistry and molecular biology: Glyeoprotein 

and proteoglycan techmques. Elsevier, Amsterdam, The Netherlands, pp 90-94, 1985 

Uenditt, E. P., Bendltt, J. M. EVIdence for a monoclonal ongin of human atherosclerotic 

plaques. Proe. Nat!. Aead. Sei. USA 70: 1753-1756: 1973 

llennet, P. H. The diagnosis of diabetes: new internaI classIfication and diagnostic 

criteria. Annll. Rev. Med. 34:295-309: 1983 

llerenson, G.S., Radhakrishnamurthy, B., Dalferes, E.R.Jr., Srinivasan, S.R. 

carbohydrate macromolecule and atherosclerosis. Human Pathol. 2:57-79: 1971 

Berenson, O.S., Radhaknshnamurthy, B., Srinivasan, S.R., Vijayagopal, P., Dalferes, 

E.R. Proteoglycans and potentIaI mechanisms related to atherosc1erosis. Ann. N. Y. 

Aead. Sei. 454:69-78:1985 

Betteridge, D.J. Diabetes, lipoprotein metabolism and atherosclerosls. British Med. 

Bulletm 45:285-311'1989 

Borch-Johansen, K., Kreiner, S. Proteinuria: value as predictor of cardiovascular 

1110rtahty in IOsul in-dependent dlabetes mellitus. Br. Med. J. 294: 1651-1654: 1987 

Bottcher, C.J. F., Klynstra, F. B. Acidic mucopolysaccharides in human aortic tissue: 

Their distribution al vanous stages of atherosclerosis. Lancet 2:439-440: 1963 

Bl'eton, M., Berrou, E., Deudon, E., Brahimi-Horn, M., Picard, J. Effectofinsulin on 

sulfated proteoglyean synthesis in cultured smooth muscle cells from pig aorta. Exp. Cell 

Res. 177:212-220: 1988 

Brownlee, M., Cerami, A., Vlassara, H. Advanced glycosylation end products in tissue 

and the biochemical basis of diabetic complications. New Eng. J. Med. 318: 1315-

105 



1321:1988 

Buddecke, E. Chemical changes in the ground substancc of the vcssel wall ln 

arteriosc1erosis. 1. Ather. Res.2:32-46: 1962 

Butler, W.J., Ostrander, L.D. Jr., Carman W.J., Lamphlcar, D.E. Mortahty from 

coronary heart disease 111 the Tecumseh study: long-tcrm effccb of lhabctes melhtm., 

glucose tolerance and olher risk factors. Am. J. Epidcmiol. 1 ~ i :541-547' 1485 

Camejo, G. The interactIOn of liplds and hpoprotcms wlth mtcrccllular malnx of artl'nal 

tIssue: its possible role in atherogenesis. Adv. Llpld Re!'>. 19: 1-53: 1982 

Campbell, G.R., Campbell, J.H. Smooth muscle phcnotyplc change~ 11\ arlerial wall 

homeostasis: Imphcations for the pathogenesb of athero~clcrow~. Exp. Mt' Palhol. 

42:139-162: 1985 

Castellot, J.J.Jr., Karnovsky, M.J. Heparin and the regulatlon of grnwth III the va~clllar 

wal1. In:Vascular smooth muscle in culture. (Campbell & Camphell cd.), CRC l'reliS, 

Florida. pp 93-115, 1987 

Cherchi, G.M., Coinu, R., Demuro, P. Formato, M., Sanna, Ci., Tldon:, M , 'l'ml, 

M.E., De Luca, G. Structural and functional modlticatlons of human aorta protcoglycan~ 

in atherosclerosls. Matrix 10:362-372: 1990 

Clowes, A. W., Theories of atherosclerosls. In: Athero.,clero'>l~ and arteno~clero'>ls. 

(White, R.A., ed.), CRC Press, Boca Raton, Fla. pp 3-15, 1989 

Cohen, M.P., Foglia, V.G. Aortic mucopolysacchande~ 111 cxperimcntal diabctcs. 

Diabetes 19:639-643: 1970 

Cotran, R.S., Kumar, V., Robbins, S.L. Robbins pathologlc basis of disease. Saunder<i, 

106 



f 
1 

" 

PhiladelphIa, PA. pp 553-594 and 994-1005, 1989 

Dalfcrc~, LR. Jr., RUIZ, H., Kumar, V., Radhaknshnamurthy, B., Berenson, G.S. Acid 

mucopoly~acchandes of fatty streaks in young, human male aortas. Atherosclerosis 

) 3: 121- 13 1 : 197) 

Dalfcres, E. R.Jr., Radhakrishnamurthy, B., Ruitz, H.A., Berenson, G.S. Composition 

ofproteoglycans from human atherosclerotic lesions. Exp. Mo1. Pathol. 47:363-376: 1987 

Davies, P.F. Biology of dlsease: Vascular cell interactions with special reference to the 

pathogcnesls of atherosclerosis. Lab. Invest. 55:5-24: 1986 

Doigov, V.V., ZaikIna, O.E., Bondarenko, M.F., Repin, V.S. Aortlc endothelium of 

alloxan diabetlc rabblts: A quantitative study using scanning electron microscopy. 

Diabetologla 22:338-343: 1982 

Oucimetiere, P., Eschunege, E., Papoz, L., Richard, LL., Claude, J.R., Rosselin, G. 

Rclationship of plasma insulin level to the incidence of myocardial infarction and 

coronary heart disease mortality In middle-aged population. Dlabetologia 19:205-

210: 1980 

Dup.·ee. E.A .. Meyer, M.B. Role of risk factors in complications of diabetes melIitus. 

Am. J. EpidemlOl. 112: 100-112: 1980 

Folch. J.. Lees, 1\1., Sloane-Stanley, G. H .• A simple method for the isolation and 

puriticatlon of totallipids from animal tissues. J. Biol. Chem. 226:497-509: 1957 

Fustcr, Y .• Badll11on, L., Badimon, J., J., Chesebro, J., H., The pathogenesis of 

coronary artery disease and the acute coronary syndromes. New Eng. J. Med. 326:242-

250: 1992 

107 



Ganda, D.P. Pathogenesis of macrovascular dlsease III the hUJ11an dlahettl'. Dlabell's 

29:931-942: 1980 

Garcia, M.J., McNamara, P.M., Gordon, T., Kanne!. W.B. Morbu.hty and mort,lltty 

in diabetics III the Fral11tngham population. Diabctcs 2.1: 105-1 Il: 1974 

Getz, G.S, An overview ofatherosclcrosls: A look to the future. Tnxlco. Pathol. 1~:n:B-

635: 1990 

Ginsberg, H. N. Lipoprotein physlology in nondtabetlc and diabctlc slatc\: Rclatlon~hlp 

to atherosclerosis. Diabetes ('are 14:839-855: 1991 

Glomset, J.A. The plasma lecithin:cholesterol acyltransfcrasc rcactlon. J. Llpid Re,>. 

9: 155-167: 1968 

Greene, D.A., Lattimer, S.A., Sima, A.A.F. Sorbitol, pho~pholl1o\lIldc\ and \Odllllll 

potassium ATPase \Il the pathogerc!>is of dtabetlc complication .... New Lng. J. Mcd 

316:599-606: 1987 

Hadcock, S., Richardson, M., WlIlocour, P.D., Hatton, M.W.C. Intllnal allcrallon~ 111 

rabblt aortas dunng the tirst 6 month~ of alloxan-induccd (ltabctc~. Artcno. Thromh. 

11:517-529:1991 

HaseaU, V.C. Proteoglycans: The chondrOlttn sulfatc/~cratan \ulfatl' protcoglycan 01 

cartilage. ISI Atlas Sci:Blochem. 1:189-198:1988 

Hassell, J.R., Kimura, J.H .• Hascall, V.c. Proteoglycan core protClIl lall1ll!e<." Ann. 

Rev. Biochem. 55:539-567: 1986 

Haust, D.M. The natural hlstory of human athero~c1erot\C le\lon~. In- Va'ocular InJlIry 

and atherosclerosis. (Moore, S., ed.) Marcel Dekker, New York, N.Y. pp 1-23 19XI 

108 



IIcincgard, D., Paul<,son, M. Structure and metabohsm of proteoglycans. In: 

Extraccllular matrix blOchelnIstry. (PIe:!, K.A. & Reddi, A.H., ed.), Elsevier, 

Armtcrdam, The Nethcrland<,. pp 277-328, 1984 

lIeinegard, D., Sommann, Y. IsolatIOn and characterization of proteoglycans. Method 

En7.ymol. 144:319-372: 1987 

IIcincgard, D., Oldberg, A. Structure and biology of cartIlage and bone matrix 

noncollagclHHI\ macTOlI1olcculec;;. PASEB J 3:2042-2051: 1989 

1I0llnmn, J., Thlcl, J., SchmIdt, A., Buddecke, E. Increased activlty of chondroitin 

sulfale-synthe~llIl1g enlymes dunng proliferation of artenal smooth muscle cells. Exp. 

CcII Re~. 167:484-499: 1985 

Holhnall, J., Schlllldt, A., Bassewitz, O., Buddecke, E. Relationship of suifated 

glycosamll1oglycam and cholesterol content In normal and arteriosclerotIc human aorta. 

Arteno~c1ero<'ls 9: 154-158: 1989 

llronowsky, L., Anastasstades, T. P. QuantitatlOn and Interaction of gIycosaminogIycans 

Wlt alclan bille III dllnethyl sul fox Ide solutions. Anal. BlOchem. 93:60-72: 1979 

IIronowsky, L., Anastasslades, T.P. CharactenzatlOn of glycosaminoglycan-alcian blue 

complexes by elutlOn t'rom cellulose acetate utihzing different MgCl1 concentrations. 

Anal. BIOChcl11. 107:393-405: 1980 

Ichida, T., Kalant, N. Aortic glycosammoglycans in atheromaand alloxan diabetes. Cano 

J. Biochem. 46:249-:~60: 1968 

(verius, P.H. The interaction between human plasma lipoproteins and connective tissue 

glycosamInoglycans. J. BIOl. Chem. 247:2607-2613: 1972 

109 



Jenkins, A.J., Steele. J.S., Janus, E.D., Best, J.O. lncrea~ed plasma apolipoprotein(a) 

levels in IDDM patients with mlcroalblll11inuna. Dlabetes 40: 787-7l)(): 1 qq 1 

Kannel, W.B., McGee, D., Gordon, T. A general cardl<.wascular n~k profIle: The 

framingham study. Am. J. Cardiol. 18:46-51: 1976 

Kannel, W. B., McGee, W. L. Diabetes and cardiovasclilar dlllea~e. The Framingham 

Study. JAMA 241:2035-2038-1978 

Kannell, W. B., MeGee, D. L. Diabetes and glucose tolerancc as nsk factors for 

cardiovascular disease: The Framingham Study. Diabetes care 2: 120-126: 1974 

Kaplan, O .. Meyer, K. Mucopolysaccharides of aorta at vanous ages. Pmc. Sœ. Exp. 

Biol. Med. 105:78-81: 1960 

Kennedy, J.F. Proteoglycans-biological and chemical allpect<, III human life. ElseVier 

scientific publishlog company, Amsterdam, The Netherland~.1979 

Kjellen, L., Lindahl, U. Proteoglycans: Structures and interactlon'i. Ann. Rev. l3iochclll. 

60:443-475: 1991 

Klynstra, F.B., Bottcher, C.J.F., Van Melsen, J.A., Van Der Laan, EJ. Dlslnbution 

and composition of acid mucopolysaccharides in normal and atherosc1erotlc human aortas. 

J. Ather. Res. 7:301-303: 1967 

Kumar, V., Berenson, G.S .. RUIZ, H., Dalfercs, E.R.Jr., Strong, J.P. ACldlc 

mucopolysacchandes of human aorta: Part 2. Vanation with athefO'lclerotlc involvcmcnt. 

1. Ather. Res. 7:583-590: 1967 

Laakso, M., Sarlund, H., Mykkanen, L. Insulin resistance l~ associated wIlh Itpld and 

lipoprotein abnormalities in subjects wlth varying degree~ of glllCO~C tolcrancc. 

110 

, 



'. ~ . ... 

r 

Artcriosc1crosis ] 0:223-231: 1990 

Laakso, M., Sarlllnd, H., Salonen, R., Suhonen, M., Pyorala, K., Salonen, J.T., 

Karhaaa, P. Asymptomatlc atherosclerosls and insulin resistance. Arterio. Thromb. 

Il: 1068-1076: \99\ 

Lark, M.W., WIght, T.N. Modulation of proteoglycan metabolism by aortic smooth 

muscle cells grown on collagen gels. Arteriosclerosis 6:638-650: 1986 

Laws, A., King, A.C., Haskell, W.L., Reaven, G.M. Relation of fasting plasma insulin 

concentration to high density lipoprotein cholesterol and triglyceride concentration in 

men. Arterio. Thromb. 11:1636-1642:1991 

Lemp, G.F., Zwaag, R.V., Hughes, J.P., Maddock, V., Kroetz, F., Ramanathan, K.B., 

Mirvis, D.M., Sullivan J.M. Association between the severity of diabetes mellitus and 

eoronary artery atherosclerosis. Am. J. Cardiol. 60:1025-1019:1987 

Levitsky, L.L., Seanll, A.M., Gould, S.H. Llpoprotem(a) levels in black and white 

ehildren and adolescent Witt. IOOM. Diabetes Care 14:283-287: 1991 

Li, Z., Alavi, M., Wast y , F., Wang, P., Galis, Z., Moore, S. Comparison of 

proteoglyean synthesis by euItured smooth muscle eeUs (SMC) from rabbit aortas with 

SMC from neointima. FASEB J. 4:A770:1990 

Linden, T., Bondjers, G., Camejo, G., Bergstarnd, R., Wilhelmsen, L., Wiklund, O. 

Aftinity of LOL to a human arterial proteoglyean among male survivors of myocardial 

infarction. Eur. J. Clin. Invest. 19:38-44: 1989 

Loscaizo, J. Lipoprotein(a): A unique risk factor for atherothrombotic disease. 

Arteriosclerosls 10:672-679: 1990 

111 



-

Majack, R.A., Clowes, A. W. Inhibition of vasclIlar sl1100th muscle cell migratIOn by 

heparin-like glycosaminoglycans. j. Cell Physiol. 118:253-256: 1984 

Malathy, K., Kurup, P.A. Metaholism of glycosammoglycans 111 alloxan diabcltc rats. 

Diabetes 21: 1162-1167: 1972 

Manley, G., Changes in vascular mucopolysaccharides with age and blood pressure. Brit. 

J. Exp. pathol. 46:125-134:1965 

Mawhinney, T.P., Augustyn, J.M., Fritz, K.E. Glycosammoglycan-lipoprotein 

complexes from aorta of hypercholesterolemic rabbits. Athcro~c1croS1S 31: 155-167: 1978 

McGiII, H.C. Persistent problems in the pathogenesis of atheroscicrosis Artcriosclerosis 

4:443-451: 1984 

Moore, S. Thromboatherosclerosis in normolipidaemic rabbits. Result of continued 

endothelial damage. Lab. Inv. 29:478-487: 1973 

Moore, S. Injury mechanisms 111 atherogenesis. In: VasclIlar in jury and athcrosclcrosis. 

(Moore, S., ed.) Marcel Dekker, New York, N.Y. pp 131-148, 1981 

Morgelin, M., Paulsson, M., Malmstrom, A., Heinegard. D. Sharcd and distinct 

structural features of interstitial proteoglycans from different bovine tissues revealcd by 

electron microscopy. J. Biol. Chem. 264:12080-12090:1989 

Murata, K.. Oshima, Y. Chondroit1l1 sulfates 111 atherosclcrotic human aortas. 

Atherosclerosis 14:121-129:1971 

Murata, K., Yokoyama, Y. Acidic glycosaminoglycan, lipld and water contents in 

human coronary arterial branches. Atherosclerosis 45:53-65: 1982 

112 



{ 
Murata, K. DistributIOn of acidlc glycosammoglycans, lipld and water in normal human 

cerebral arteries at vanous ages. Stroke 16:687-694:1985 

Murata, K., Yokoyama, Y. Acidic glycosammoglycans in human atheroscleroticcerebral 

artcrial tISSUC~. Atherosclerosis 78:69-79: 1989 

Nakamura, T., Tokita, K., Tateno, S., Kotoku, T., Ohba, T. Human aortic 

mucopoJysaccharides and glycoproteins. Changes during ageing and atherosclerosis. J. 

Athero. Res. 8: 891-902: 1968 

Oegema, T.R.Jr., Hascall, V.c., Eisentein, R. Characterization of bovine aorta 

proteoglycan extracted wlth guamdine hydrochlonde in the presence of protease 

inhibitors. J. Biol. Chem. 254: 1312-1318: 1979 

Oldberg, A., Antonsson, P., Hedbom, E., Heinegard, E. Structure and function of 

extracellular matrix proteoglycans. Biochem. Soc. T. 18:789-792:1990 

Owerbach, D., Bmesbolle, P., Schroll, M., Johansen, K., Poulsen, S., Nerup, J. 

Possible association between DNA sequences tlanking the insulin gene and 

atherosclerosls. Lancet 2: 1291-1293: 1982 

Peterson, G. L. Determination of total protein. Methods Enzymol. 91 :95-119: 1985 

Piral1 J. Diabetes mellitus and its degenerJtive complications: a prospective ~tudy of 

4,400 patients observed between 1947 and 1973 Diabetes Care 1: 168-188;252-263: 1978 

Radhakrishllamurthy. B., Jeansonne, N., Berenson, G.S. Organization of 

glycosall1l11oglycan chains in a chondroitin sulfate-dermatan sulfate proteoglycan from 

bovine aorta. Blochem. Biophys. Acta 882:85-96: 1986 

Raij, L. Hypertension, endothelium and cardiovascular risk factors. Am J Med. 

113 



90(2A): 13S-18S: 1991 

Raskin, P., Rosenstock, J. Blood glucose control and diabetic complications. Ann. 

Intern. Med. 105:254-263: 1986 

Richardson, M., Alavl, M.Z., Moore, S. Rabbit modcls of athcroscIcrosis ln: 

Atherosclerosls and arteriosclerosis. (WhIte, R.A., cd.), CRe Press, Boca Raton, Fla. 

pp 163-205, 1989 

Robertson W.B., Strong, J.P. Atherosclerosis in persons with hypertension and dmbctcs 

mellitus. Lab. Invest. 18:538-551: 1968 

Roden, L., Baker, J.R., Cifonelli, A., Mathews, M.B. Isolation and characterization of 

connective tissue polysacchandes. Method Enzymol. 28:73-140: 1972 

Roden, L., Structure and metabolism of connective tissue prolcoglycans. In: The 

biochemistry of glycoproteins and proteoglycans.(W. Lennarz, cd.),Plcllum Press, New 

York. pp 267-371, 1980 

Ronnemaa, T., Laakso, M., Pyorula, K .. Kalho, V., Puukka, P. Hlgh fasling plasma 

insulin is an indicator of coronary heart dlsease in non-msulin-depcndent diabctes patients 

and nondiabetic subjects. Arterio. Thromb. Il :80-90: 1991 

Ross, R., Glomset, J.A., The pathogenesis of atherosclerosis. New Eng. J. Mcd. 

295:369-377: 1976 

Ross, R., The pathogenesis of atherosclerosis-an update. New Eng. J. Med. 314:488-

500: 1986 

Ruderman, N.B., Haudenschild, C. Diabetes as an atherogenic factor. Progrcss in 

Cardiovas. Dis. 26:373-412: 1984 

114 



1 

J 

Ruoslahti, E., Hayman, E.G., Pierschbacher, M.D. Extracellular matrices and cell 

adhesion. Arteriosclerosls 5:581-594: 1985 

Ruoslahti, E. Annu. Rev. Cell BIol. 4:229-255: 1988 

Ruoslahti, E. Proteoglycan In œil regulation. J. Biol. Chem. 264: 13369-13372: 1989 

Salisbury, B. G.J., Wadner, W. D. Isolation and preliminary characterization of 

proleoglycans dlssociatlvely extracted from human aorta. J. Biol. Chem. 1981:8050-

8057: 1981 

Salisbury, B.G.1., Hajjar, D.P., Minick, C.R. Altered glycosammoglycan metabolism 

in injured arterial wall. Exp. Mol. Pathol. 42:306-319: 1985 

Salisbury, B.G.1., Falcone, D.1., Minick, C.R. Insoluble low-density lipoprotein­

proteoglycan complexes enhance cholesteryl accumulation in macrophages. Am. J. 

Pathol. 120: 6-11 : 19~5b 

Sato, Y., Shiraishi, S., Oshida, Y., Ishiguro, T., Sakamoto, N. Experimental 

atherosclerosis-like lesions induced by hyperinsulinism in Wistar rats. Diabetes 38:91-

96: 1989 

Schwartz, N.B., Smalheiser, N.R. Biosynthesis of glycosaminoglycans and 

proteoglycans. In: Neurobiology of glycoconjugates. (M~rgolis, R. U. and Margolis, R.K. 

ed.), Plenum publishing Corp., New York. pp 151-186, 1989 

Simmons, D.A., Winegrad, A.I. Mechanism of glucose-induced (Na+,K+) ATPase 

inhibition in aortic walî of rabbits. Diabetologia 32:402-408: 1989 

Sirek, O.V., Sirek, A., Cukerman, E. Arterial glycosaminoglycans in diabetic dogs. 

Blood Vessels 17:271-275:1980 

115 



1 
Smith, E.B. The mfluence of age and atherosc1erosis on the chcmistry of aorllC 1I1lima: 

Part 2. collagen and mucopolysaccharides. J. Ather. Res. 5:241-::!48:1965 

Smith, E. B. Acid glycosaminoglycan, collagen and clast1l1 content of nOI mal artery, fatly 

streaks and plaques. Adv. Exp. Med. Biol. 43: 125-139: 1974 

Smith, E. B. The relationship between plasma and tissue liplds 111 human atherosc1erosls. 

Adv. Lipid. Res. 12: 1-49: 1974b 

Srinivasan, S.R., Dolan, P., Radhakrishnamurthy, B., Berenson, G.S. Isolation of 

lipoprotein-acid I11ucopolysaccharide complexe!: from fatty strcaks of human aorlas. 

AtheroscIerosis 16:95-104: 1972 

Srinivasan, S.R., Radhakrishnamurthy. B.. Dalferes, 1:. RJr.. Berellson, G.S. 

Collagenase solubilized lipoprotem-gl ycosammoglycan complexes of human aorlic tïhrou!. 

plaque lesions. Atherosclerosls 34: 105-118: 1979 

Stal'Y, H.C. Atheroma arises in eccentric intimai thickening from concurrent fatty strcak 

lesions. Fed. Proc. 46:418:1987 

Steele, R.H., Wagner, W.D., Rowe, H.A., Edwards, 1.1. Artery wall dcrived 

proteoglycan-plasma lipoprotein interaction: Lipoprotem bindmg capacity of cxtractcd 

proteoglycans. Atherosclerosis 65:51-62: 1987 

Steinberg, D. Lipoprotein and the pathogenesis of atherosclcrosis. Circulation 76:508-

514:1987 

Steinberg, D. Arterial metabolisrn of lipoproteins in relation to atherogenesis. Ann. N. Y. 

Acad. Sel. 598: 125-135: 1990 

Sternberg, M., Cohen-Forterre, L., Peyroux, J. Connective tissue in diabete~ mellitus: 

) ) 6 



Biochemical alterations of the intercellular matnx with special reference to proteoglycans, 

collagens and bascmcnt membranes. Diabete & metabolisme Il :27-50: 1985 

Stevens, R.L., Colombo, M., Gonzales, J.J., Hollander, W., Schmid, K. The 

glycosaminoglycans of the hum.m artery and their changes in atherosclerosis. J. Clin. 

Invest. 58:470-481: 1976 

l'ammi, M., Seppala, P.O., Lehtonen, A., Mottonen, M. Connective tissue components 

ln normal and atherosc1erotic human coronary arteries. Atherosclerosis 29: 191-194: 1978 

l'ejada, c., Strong, LP., Montenegro, M.R., Restrepo, C., Solberg, L.A. Distribution 

of coronary and aortic atherosc1erosis by geographic location, race, and sex. Lab. Invest 

18:509-526: 1968 

l'ybjaerg-Hanscn, A., Gerdes, L. U., Overgaard, K., Ingerslev, J., Faergeman, O., 

Nerup, J. Polymorphism in 5/ tlanking region of insuhn gene: Relationship with 

atherosclerosis, hpld levels and age in three samples from Denmark. Arteriosclerosis 

10:372-378: 1990 

Vijayagopal, P., SriOlvasan, S.R., Jones, K.M., Radhakrishnamurthy, B., Berenson, 

G. S. Complexes of low-density lipoproteins and arterial proteogl ycan aggregates promote 

cholesteryl ester accumulation in mouse macrophages. Biocrem. Biophys. Acta 837:251-

261: 1985 

Vijayagopal, P., Srinivasan, S.R., Radhakrishnamurthy, B., Berenson, G.S. Studies on 

the mechanism of uptake of low density lipoprotein-proteoglycan complexes in 

macrophages. Biochem. Biophys. Acta 1092:291-297: 1991 

Volker, W., Scmidt, A., Buddecke, E. Mapping of proteoglycans in human arterial 

tissue. Eur. J. Cell Biol. 45:72-79: 1987 

117 



Volker. W., Scmidt, A., Buddecke, E. Cytochemical changc~ in human .trterial 

proteoglycan related to atherosclerosis. atherosclerosis 77: 117-130: 1989 

Wagner, W.D., Salisbury, B.G.J. Aortic total glycosamllloglycan and dermatan sulfate 

changes in atherosclerotic Rhesus monkeys. Lab. lnvest. .19:.332-328.1978 

Wagu l', W.D., Salisbury, BJ.G., Rowe, H.A. A proposcd structure of chondroitm 6-

sulfate proteoglycan ofhuman normal and atherosclerotlc plaque. Artcnosclero~ls 6:407-

417: 1986 

Weingrad, A.l. Does a common mechanis111 indllce the diverse complications or 
diabetes? Diabetes:36:396-: 1987 

Welborn, T.A., Wearne, K. Coronary heart disease incidence and cardiov.lscular 

mortality in Busselton with reference to glucose and insulm concentration. Diabetcs ('arc 

2: 154-160: 1979 

Wight, T.N. Cell biology of arterial proteoglycans. Arteriosclerosis 9: 1-20: 1989 

Yamagata, T., Salto, H., Habuchl, O., Suzuki, S. Purification and propcrtlcs of 

bacterial chondroitinases and chondrosulfatases. J. BIOl. Chem. 243:1523-1542:1968 

Ying-Shall, C., Chllng-Ling, Z., Pel-Zhen, Z., Zhllo-Lin, l). Human aortic 

proteoglycans of subjects from districts of high and low prevalence of atherosclerosis 111 

China. Atherosclerosis 86:9-15: 1991 

Yla-Herttuala, S., Sllmuvuori,H., Karkola, K., Mottonen, M., Nikkari, T. 

Glycosaminoglycans in normal and atherosclerotic human coronary arteries. Lab. Invest. 

54:402-407: 1986 

Yomantas, S., Elner, V.M., Schaffner, T., Wissler, R. W. Immllnohistochemical 

118 



( 

( 

locahzatlon of apolipoprotein B in human atherosclerotic lesions. Arch. Pathol. Lab. 

Med. 108:374-378: 1984 

Zavaroni t 1., Borona, E., Pagliara, M., Dall'Aglio, E., Luchetti, L., Buonanno, G., 

Bonati, P.A. Risk factors for coronary artery disease in healthy persons with 

hyperinsulinemia and normal glucose tolerance. New Eng. J. Med. 320:702-706: 1989 

119 


