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ABSTRACT 

• - 1 

The production of remnants from rat and'human TG-rfch l~poproteins by 
) 

the perfused r~t hear~was investigated. The rat heart i9 consistently able 
/ 

/ 

to remove more TG from rat and human chylomicrons than serum VLDl of either 
, ,II ~ 

species. When the catabo1ism of. rat a'nd human '125I_VLDL were compared. it 

was found that TG was removed to a gr:ater e~tent~,an protein, 1eaving 
, / 

remnants, sma11er in size. cantai~jng relatively ~re apaB and 1ess apoC. 
, (! Il ' 

The extent of TG remova1 from,t~e: rat pnd human V1DL was similar and 
r ! l' '\ /! 

appeared to saturate the liPOpr?tei:/liPaS~~h€ ,1055 of TG correl.ted 

with the 10ss of apoC. which ~as~~covered in t~e d =) .063 - 1.21 g/m1 

range of the perfusate, 'sugge~ting the formation of LpC. Phospholipi~ was 
1 

t~e dominant 1ipid of this fraction. Iodinated lipoproteins of d = 1.019 -
, 

1.063 g/m1 wére a1so prod,uced in the course ef VLOL degr~dafion, containing 

largely cholesterol and g'holesteryl ~ster. Very little of ~materia1 

however was 'produced from low ( physia1ogica1 ) concentrations of rat VLOL, 

most of the 1ipoprotejn being removed by the'heart by an apparent1y· specifi~ 

saturable process. L4poproteins of this density were formed from human VLOL 

at al1 concentr~tions. Human 1ipoproteins were a1so taken up by the heart 

by an apparently non-specifie process. Agarose gel filtration of the human 

VLOL heart perfusate lipoproteins 'revealed large aggregates containing 

LOL-like partic1es in size and apoprotein cbmposition, as we1~ aS,a 
j 

fraction confaining· predomin'antly apoC. 

The' subsequent uptake of the rat 1ipoprotein remnants by the [erfused 

liver was:significant1y greater than the uptake of those of the human, 

suggestîng some specificity in the hepatic uptake. These data suggest 

that at normal concentrations, rat VLDL are comp1ete1y catabo1ized by the 
l " 

heart and the ~iver without significant formation of LOL. Low density 

1ipoprotein i5 produced from human VLDL at al1 concentrations. 
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RESUME 

Par suite de la perfusio~d'un coeur de rat avec des l~poprqtêines 

riches en triglycérides provenant soit d~ l'homme. soit de rat, la forma-

" tian par l~ coeur de ,restes lipoproteiq~es a été ét~diée\.Le coeur du rat 

peut enlever davantage de triglycérides des, chylomicrons de l'homme ou'du 
, 

rat que des VLDL de l'une ou l:au~re espéce et ce, de façon consistant~'1 
\ 

L'étude du catabolisme des 125I-VLDL de l'homme ou du rat a montré qu'une' 

plus grande quantité de trig~ycérides que de pr~té;nes était-enlevée résul-. ~ 

tant dans la formation de restes lipoproteiques plus petits et ,contenant 
... ' 4" 

tela~ivement plus dlapoB et moins d'apoC. La même quantité de tri~lycérides 

est enlevée des VLDL du rat que"de celles de 1 1 homme et semble saturer la 

lipoprotéine lipa;e. La perte en triglycérides correspond ~ la perte en 

apoC. ApoC se retrouve datJr!:' 1 a fraction du perfusat ayant une d = 1 .0(3-1.21 
" , 

) 

g/ml ce qui tend à suggérer là formation de ~C. Les phospholipides sont, 

les principaux lipides~e' cette fraction. Pendant la dégradation des VLDL, 

des lipoprotéines iodinée~ ( d=l.019-1.063 g/ml ) çpn.,tenant principalement 
." . 

du cholestérol et des est~rs de cholestérol, sont aussi produites. Cependant 
r 

à de faibles ( physiologiques) concentrations de VLDL de rat il se forme 
'" 

très peu de ce genre de lipoprotéi~es, le coeur enleyant la majorité des 
\ 

lipoprotéines par un processus apparemment spécifique et saturable. Des, li-

poprotéines de cette densité sont cepondaryt formées à toutes concentrations 

de VLDL humaines. Les lipopro~nes humaines sont aussi assimilées par le 

coeur mais par un processus apparemment non-spécifique. La filtration su~ ... ' 

gel d'agarose'dlun perfusat de lipoprotéines obtenu après perfusion du 

coeur avec des VLDL humaines révèle la présence d'aggregats contenant des 

particules qul~ par leur dimension et par leur composition en apoprotéines~ 

s"apparentent aux LDL ainsi que la présence d'une f~action -contenant prin-

,> 
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'cipalement'apoC. 

, L'assimilation subséquente des résidus lipoprotéiques par le foie 

perfusé est significativement différente selon que ces résidus proviennent 
\ , 

de lipoprotéines d'homme ou-de rat se qui tend A suggérer une spécifï''cité . 
• f 

d'espèce pour l'assimilation hépatique. Ces données suggérent qu'~ des 
CI 

cQncentré!1i on,s normales, 1 es VLDL du rat sont catabolisées comp1ètement . \. 

par le coeur et le foie sans que soient formées des quantités significati­

ves de LDL, alors qu'~ toutes concentrations de VLDL humaines, des LOL sont 
~ ~-

produ i tes. _ 
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A. GENERAL LIPID METABOLISM 

CKAPTER 1 

l NTRODUCT 1 ON 

Lipids are not only the largest and most efficient ( 1 ) source of 

metabolic _energy available to the body, but also serve as the precursors 

of many important structural and regulatory molecules. It is essential 
-

then that dietary lipids be transported from their sites of absorption 
1 

and synthesis to sites of utilization and storage. It is als6 important 

that during periods of fasting, stored lipids be readily mobilized and 

delivered to tissDés in need. And finally, an organism should possess 

a mechanism enabling it to remove c'ertain lipids, such as cholesterol ,­

from tissues unable to catabolize them, to alternate sites for use or 

disposal. 

In the fasting state, the stored TG in the'adipose tissue is broken 

down by a cAMP-activated, hormone sensitive lipase and the fatty acids 

are released directly into the circulation, where bound to albumin, 

they can ~upply 50 - 90% of the body's total energy needs ( 2). As the 
-

turnover rate of the free fatty acids in the serum is very high, ,the 

bulk of the lipid in' the plasma at ar(y one time iS_PTesent as neutral 

lipid: TG, cholesterol and cholesteryl esters. To overcome the extreme 

" . insolubility of neutral lipids in aqueous media sueh as serum, they 

are transported in association with specifie proteins and polar lipids, 
... 

forming rather large lipoprotein complexes. A significant amount of 

car~ohyd~ate is a'so present in lipoproteins as part of the protein 
, 

( P 
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moiety. -There ar'e several classes of lipoprotelns present in the plasma, 1 
, 1 , 

reflecting the variety of the l ipids to be transported as well as the. 

function of the transport mechanism itself. 

During the fed state much of the lipid in the intestinal lumen is 

present as insoluble oily globules or emulsified particles. In addition 

to TG; cholesterol, derived chiefly from the diet as well as several ~ 

endogenous sources ( bile, saliva, gastric s~cretions and degraded mucosal 

cells) is present, mostly in the unesterified form. The action of 

pancreatic lipase on the surface of the TG emûlsions releases fatty 

acids and MG. The smalJ amoUnt of cholesterQl ester present is als? , 

hydrolyzed into cholesterol and fatty acids. When bile salts, secreted 

by the liver,1 are present in sufficient quadtities, the fatty acids, 

~1G, and smalh-amounts of DG are solubilized in mixed bile salt - lipid 

m'icelles. The presence of fatty acids and MG in turn en.hances the 

SOl~bilization of cholesterol and f~t-soluble vitamins in the micelle ( 3 ). 

The diameter of the micelles is about 40 - 50 Â ( 4 ), and thus the 

conversion of fats fro~ an emulsion phase to a micellar one provides 

an ap.proximately lOQ:fold reduction in particle diameter accompanied 
.'-, 

with an over lO,OOO-fold increase in surface area ( 5 ). 
1 

, The actual mechànism of the penetration of the micellar lipids into 

the mucosal cells is not firmly established. Their size enables them 

easy penetration of the intermicrovillous spaces. It seems\ unlikèly 

that the intact micelles penetrate. the ce11 membrane, since the uptake 

of lipids an~ bile salts occur in different regions of the small 
-

intestine ( 6 ). The close proximity of the micelle to the membrane 

however, provi des a hi gh concentrati on of 1 i pi ds necessary for, the 
\ 

maintenance of a concentration gradient, replacing lipid molécules 

" . 



, 1 

diffuslng from the intervening aqueous film into the Icell membrane ( 6 ). 

In the absence of micelle formation, as occurs during bile diversion or 

obstruction, absorption can proceed only through diffusion from the oily 

phase across the aqueous medium. The importance of the micellar phase 

for lipid absorption varies with the type and solubill~ of the li~id 

molecule. Thus cholesterol, which is insoluble in aqueous media, is 

totally dependent on micellar solubilization for absorption, while the 

medium and short chain fatty acids are virtual'ly independent of H. 

Following absorption, fatty acids and MG are reesterified by the 

mu~osal cells to TG. The reesterified TG is packaged together with 
t Q 

cholesterol, cholesteryl ester, phospholipid, and sorne specifie proteins 

into chylomicrons, which are secreted into the circulation via the , 

1 lymphatic system. Medium and short chain fatty acids and monosaccharides 

1 

enter the circulation via the portal system. Cnylomicrons can deliver 
\ 

their TG load ta any tissue possessing LPL. These include the muscle 

and heart tissue which uSé l1berated fatty acids for thei~' nergy needs; 

the mammary glands, utilizing fatty acids in milk product" n duçing 
, , 

lactation; and adipose tissue, which stores the fatty acids as TG. The 

physiological state of the organism determines the amount utilized by 
" ... 

each tissue. Significantly depleted of their lipids,/ the chylomicrons, 

at this stage usually referred to as remnants, deliver the remainder of 
\ 

'their lipid load ( TG., cholesteryl ester and phospholipids ) to the 

liver ( 7-9 ). 

In addition to, the ,residual lipids in chylomicron remnants, the 

liver also receives a load of carbohydrate and uses both to satisfy 

its own energy demands and synthetic needs, storing the excess as gly-
, 

cogen. Since the storage ,capacity of the liver is limited, glucose can 

1 

3 

/ 
/ 

/ 
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be converted into TG. Th!s endogenous TG is packaged with cholesterol, . 
, 

cho1esteryl ester, pho~pho1ipid and specific proteins into VLD~. When 

in circu1ation,'VLOl TG is a1so availab1e t~ ~jssues containing LPL. Most 

of it is , however, stored in the adipose tissue. 
" , 
,~ -

It is evident then that both chylomicrons and VLDL function to redis-

tribute lipids from the intestine and liver to adiposi tissue for storage 

or to other tissues for energy uti1izat{on,or membrane maintenance. Like 

4 

,/ , chylomicrons, VLDL are gooq substrates for the LPl; but while chy1omicron 

remnants are removed by the liver, the nature and fate of the VLDL catabo­

lites are more complex. Tracer experiments, usiryg 125I-labelled VLDL 

• 

? 

suggest that human VlOL are converted to lOL and HDL in the circulation 
, " 

( 10-13 ), possib1y after passing through an IDL stage ( 11 ). Rat VLDL , , 
on the other hand, may be rapidly cleared by the liver after the initial 

depletion of its, TG content without significant formation of LDL ( 14-17 ) .', 

In~eed, normallY,LOL is not a significant constituent of rat lipoproteins. 

Both LOL and HOL, the latter being a1so synthesized de no,vo by the 

intestine and liver, have cholesteryl esters and phospholipids as their 

major lipid components. The fate of these components is not clear, but 

it has been suggested that LDL and HDl may be the main suppliers of 

cholesterol to the extrahepatic tissues as well as shuttles for removing 
/ t 

the excess cholestérol from~hese tissues. -The rolé of these lipoproteins 

may be different in the human and rat, since unlike the human, in the 

rat HDl is the major cho1esterol-carrying lipoprotein. .. : 
While lDL appears to be associated with atherogenesis, HDL seems to 

1 

have a protective,effect ( 18 ). Since the catabolism of VlDL, at least 

in the human, results in the production of LD~ and HDl, the underlying 

\ 
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1 

mechanism ôf this process is of cO.Dsiderable interest. -Unfortunately, 
1 

the individual steps of VLDL catabolism and-the immediate products formed 

are difficult to isolate in.i.!!. vivo experiments using 12"':'I-labelled VLDL. 

The data obtained from these studies provide little 1nformation about 

ttie importance of the various organs, SÙdlf~ the 1 i ver, and the enzymes 
, " 

and various substances pre~ènt in the plasma that may act as acceptors of 

the protein and lipid moieties of VLDL in the process of its degradation. 

5 

The interpretation is fu'rther comp1icated by the exchange of some of the 

apoproteins and 1ipids between the lipoproteins present in the serum ( 19 ) .• 

.The use of puri fi ed LPL may ci rcumvent some of these probl ems, but the 

system is not physiological and the en~yme is very unstab1e ( 20,21 ) . ., 
To overcome these difficulties, our laboratory developèd a two-stage 

heart an9 liver perfusion system for the study of rat thoracic duct 

chylomicron catabolism (9.. This system was used in the present st,?dY 

to clarify sorpe-of the aspects of VLDL catabo1ism, after establishing 

its suitability for the study of the catabol ism of human and rat serum 

chylomicrons. While the kinetics of VLOL TG hydrolysis by the LPL have" 

been studied extensively ( 22-24 ), no attention has been given to the 

various products formed in this process. In the present study, attention 

is focused primarily on the products formed during rat and human VLDL 
, 

degradation by th~ action of LPL in a physio1ogical, membrane-bound state. 

The uptake of these catabol ic products by the perfused rat 1 iver was 

al so inveshgated and sorne prel iminary r.!esul ts are presented. 

, 
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B. NATURE OF LIPOPR01EINS. 

1. Analytical and Preparative Mèthods in L ipoprotein Isolation 

Lipoproteins ca~e isolated from the serum pnd separated from eaéh 

other for analytical and preparat-,ive purposes by ~everal techniques 
0......-_ 

that utilize their physico-chemical properties. The nomenclàture of 

,lipoproteins èvolved with the techniaues used to isolate or detect them 

and is descriptive of their properties. One of the quickest m~thods to ... 
.-" 

assess the lipoprotein composition of the serum is electrophoresis. 
- . 

This method is particularly useful for clinical applications. 

a) El eètrophores i s 

6 

1 .... 
The presence of many pol ar componen,ts in the li poprotei ns predi spose ' 

them to movement ,in an ,~lectric field. Their relative môbil~ies de pend 
r • _ ~ ... 

on the medium used. In paper electrophor~sis of serum ( 25 ), two pro­

tein fractions, the a- and B-globulins were greatly enriched in cho­

lesterol and phospholipid in comparison ~o the other protein fractions 

and were thus named a- and B-lipoproteins ( 26 ): Subsequently, two other 

TG-rich fractions were found, one at the origin and one at the pre-S 
, 

position, corresponding to chylomicrons and pre-B lipoproteins,(VLDL), ~ 

respectively. Electrophoretic sePÎration of lipoproteins has since been 

expanded to many different media: These include starch ( 27 ), cellulose 

acetate ( 28,29 ), agarose C 30,31 ) and Geon-Pevicon ( 32 ). While 1 
electrophoresis is a useful clinical tool, it is not suitable for pre-

, \ 

1 

parative purposes. The method of choice for large,-scale preparations \ 
1, ...... , 

of lipoproteins is ultracentrifugation. , '-.' 

b) Ul tracentri fu,gat ion 
, 

Analytical ultracentrifugation was first applied to serum lipoproteins 

1 
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by Gofman et al. 33 ) . T.hi s method takes advantage of the flotation 
r 

of l ipoprotei ns in a med,ium adjusted by the additio~'of salt ( NaCl ) , 

to a density higher than that of the lipoproteins. To quantitate the 

flotation characteristics of lipoproteins, the Sf value was introduced 

( 34 ), and defined as the rate of flotation of a lipoprotein undér unit 

centrifugal field in a solutio~ of d = 1.063 g/ml at 26°C. The'method 

7 

, was further refined when the Schlieren patterns, obtained by analytical 

ultracentrifugation were correlated with the densities of each lipoprotein J 

species ( 35,36). It was assumed-that the lipoprotein species resolved 

by the anal~tical ultracentrifuge represented metabolically and struc­

turally distinct species. Thus, four main classes of lipoproteins were 

distinguished, in order of increasing densities: c~ylomicron~, VLDL, 

LDL and HOL. The correspondence of these density classes of lipoproteins 

with those separated by agarose or paper electrophoresis is well 

established ( see Figure ~ ). 

1 A variation'of this techni~ue, where the different lipoprofein 

\\ classes of increasing densities are isolated in a single run, is density 
,,~ - - , l" 
gradient ultracentrifugation ( 37-39 ), or rate zonal ultracentrifugation 

( 40-,). 

c) Other Techniques 

Over the past few years several other techniques have been developed 

and they will be briefly describe~. • -1 

, 

Agarose gel filtration can be used 'to separate the major lipoprotein 

classes on the basis of si1(e' ( 41-44 ), although when serum is fractio­

nated, cQnsiderable contamination of the smaller lipoproteins ( LDL 

and HOL ) by lar~e serum proteins occurs. Several precipitation' methods 

" 
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are available using polyanlonic polysaccharides such as heparin or 

dextran sulphate ( 45-47 ), or specifie antibodies ( ~8-50 ). 

2. ApoTipoproteins 

9 

As will be diseussed later, apoproteins play an important role not only 

in maintaining the structure of lipoproteins, but also in their catabolism. 

The existence of different apoproteins is a reflection"of their functional 

d;versity.\ Prior to the analysis of their physical and chemical properties 
j' 

as wèll as their quantitation ( in metabolic studies ), the apoproteins 

are I:lsually dissoeiated from the lipid. 1('>'10 - ~ 

a) Isolation and Purification 

Several methods of delipidation ~f lipoproteins are available. Organic 

sol vents can be used alone or in mixtures of varying proportions to dis--. 
solve the lipid and precipitate the protein. Each particular system has 

sorne advantages and disadvantages. The use of chloroform/methanol 

( 2:1, v/v' ), results in a complete C:1elipidation, but the protein • 

'precipitate is refractive ta solubilization in most aqueous solvents. 

The most commonly used solvent system is that of ethanol/ether in 
, 

\,various proportions ( usual1y 3:1, v/v), but sorne of the protein may 

be lost through solubility in ethanol ( 51,52~. Increasing the pro-

portion of ether minimizes the loss of protein, but a less complete 
" , 

delipidation may result~ Tetramethylurea, a denaturing agent, has a1so 
\ 

been used ( 53). This agent directly solubilizes.all but one of the 

apoproteins ( apoLDL). A recently developed technique utilizes a 

variety of organic solyents, such as acetone or isooctane to selectively 

solubilize some of the apoproteins pf VLDL ( 54). While this method 

may be excellent for preparative purposes, its suitability for analytical 

purpases remains ta be established. 
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" A variety of d~tergents have also been used to separate the lipid 

and prbtei n moieti es. Sodi um dodecyl 'sul phate ( ~DS ) and sodi um. 
~ 

deoxycholate remove lipids from LOL, avoiding the problem of the extreme 

insolubility of apoLDL f01l0Win-g"e~~tract~.on \'Jith organic solvents ( 55 ). ( 

The lipid and the detergent can be subsequently removed from the orotein , . 
by successive gel filtration steps. 

, 
The isolated protein moiety of the lipoproteins is usually solubilized 

in an aqueous buffer, containing denaturing agents such as urea, ~DS, 

guani di ne-Hel, or a mi xture of thec;e. l/hen submitted to PAGE or 

" isoelectric focusing, the protein moiety can be separated into several 

distinct bands, reflecting their extensive heterogeneity. "For large-

scale ~reparation of individual apoproteins, gel fjltratjon, ion exchange 

ch)'!o~at~graphy', preparative PAGE, and isoelectric fbcuSing can be used . 
.. J 

An introducti~n of the a~oprotein nomenclaturJ~ used will facilitate 
) "1 

further discussion of sorne of the known human and ra!>apoproteins: 

b) Nomencl;ature 

i: Carboxyl-Terminal Nomenclature 
) 

In this nomenclaiure, the C-terminal residue of a single polypepttde 

,chain becomes its pri~ipal nametag ( 56). For example, a ~mall poly­

peptide, found in both VLDL and HOL has aC-terminal residue a~anine, 

and is named R-ala, apoprotein-ala, or if the source is to be ~ndicated, 

apoVLOL-ala ,or apoHOL-ala. This nomenclature has some distinct dis­

advantaqes. It i s not on l y cumbersome, but errors in the C-ternri na 1 

resid~g can lead to confusion. The occurrence of more than one poly- ,. 
, -

peptide with the same C-terminal residue can be-solved by the use of . '. 

numbers ie. <tpoLp-aln-I and apoLp-aln-ÏI ), but this makes, the system 

o 

o 

/ 

. , 

. " 
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ev en more diffieult to remember. Furthermore, sorne apoproteins have 

proved ta be refra'ctive .to
O 

C-termin~l determination ( ego apoLDL )'. 

Many animal species have homologous apopro~eins with those of th~,buman, 

bu~ do net necessarily shar,e the C-terminal- res:fdue, making the eom­
\ 

oarison of the apoproteins difficult. 

d'i. ABC Nomencl ature o 

An alternate nomenclature has been developed, in which the various 
( 

apoproteins are assigned capital letters .. ~hus the major apoproteins 

11 

of the a-migrating liPoprotei~s ( HDL ) have been deS;gnatrd as apoA, 

while~that of the B-migrating lipoproteins ( LDL ) as apoB. Subsequently, 

further apoproteins were identified and named, in the order of their 
, . 

1 di scov~ry, by additi onal 1 etters.- The low mql ecul ar wei ght apoprbteins, 
1 ~ • ) ~ 1 

! found primarily but not exclusively in VLDL, were named apoC; the 
1 

"thiii:"line" peptide, aS90ciated with HDL was named apoD; and the 
; , 

lI arginine-rich" aooprotein, found in VLDL-, HDL and other, abnor1tlal 
• • 
lipoproteins aS50eiated with hypercholes~erohemia. was ~esignated as apoE. 

Reeently two more apoDroteins have been identified and isolated from 1 

" ~ ~ . , 

human HDL and designated as apof and apoG. Although thé apoproteins , . 
in the different groups are immunologieally distinct from those'in any 

other group; many of t~ese groups are composed of:~veral i~munologically 
" 

related, but not identieal polypeptides. Tryes~ are distinguished from 

~ach other by a roman numeral placed aft~r the letter. The apoA group 

is thus composed of àpoA-I and apoA-)f (which in the human was formerly 

efered to as apoLp-gln-I and apoLp-gln-II ), and the apoC group 
-. 

$on'sists of three polypeptides, apoG~I, apoC-II, and apoC-In. Poly-

~orphisni", encountered ;n several of the· polypeptides, can ,further be 
\ 
~esignated by the addi.tion of an arabie numeral. !he apqC-III 

\ 

\ 

-
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apoprbtein has for instance, severa1 polymorphie forms: apoC~III-1, 
o 

apoC-II{-2~,apoC-III-3, etc. Operationa11y this nomenclature is much, 

simpler and easiet:' to remember, than the C-;te.i.nal one, and offers the 

advaptage of a direct comparis~n between homologous apoproteins of 

different animal species, often differing in their C-termina1 amino acid. _ 
~ t~ , 

Because of these advantages and,its wider acceptance, the ABC 
" . 

nomenc1~ture will be ~sed throughout'this thesis. The re1ationship 

between the C~termina1 and ABC nomenclature of sorne apoproteins is 

1 shown in Table 1. 

... 

'1 
ln the next section the known human and rat apoproteins are briefly 

discussed, using the ABC nQmenc1ature., 
\ \ 

o 

3. Characteristies of Individua1 Apoproteins 
1 1 

a) Apoprotein A 
, \ 1 

Apoprotein A-I: ApoA-1 is a we11 characterized polypeptide:of 245 ( 57 ) 

or 243 ( 58 ) amino acid residues. The reasons for the differences 

in the reported amino acid sequences is unknown. Two polymorphie forms ~ 

with similar molecu1ar weights ( 27,000 ), amjno acid composition; and_ 

immunological properties have been récognized: apoA-I-l and apoA-I-2 
, , ' 

( 59 ). Since neither form contains detectable carbohydrate, the 
1 -

presence of an unidentified labile prosthetic group on apoA-I-1 has 

been proposed to accoun~ for the conversion of apoA-I-l to apoA-I-2 

on repeated ion exchange,chromatography in urea ( 59 ). ApoA-I 1 

tends to se1f-associate in aqueous solutions ( 60,61). It does not 

bind signifieant amounts of phosphb1ipid in t~ absence of apoA-II ( 62 ). 

It aècounts for over 60% of the human HDL proteins and has been isolated 

~ . from many other mamma1s, all having sirnilar rnoleèular weights and amine 

"\. 
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-TABLE l , 
, \ 1 

COMPARISON OF tHE CARBOXYL-TERMINAL AND ABC NOMENCLATURE 
. , 

OF SOME OF THE HUMAN APOPROTEINS 

\ 
, 

- CARBOXYL-TERMINAL ABC NOMENCLATURE -NOMENCLATURE , . , . 
1 

ApoA-I R .,;-'Gln-I ~~ 

Apoprotei n. A __ \ô 
ApoA-lI - ". \ ~ - Gln-II , 

--- :.._---- :._---- .. _- --- ,,------_. ---------------;---~ . ApoC-I R - Ser -
t l Apoc-11 R - Gl~ 

Apoprotein C. - [ 

Apoc-iU-l 
% 

R - Ala1 
ApoC-III-2 R - ,Ala2 -

\ 
.r -

r( 
\ 

.. 1 

\ 

-, , . 
",. 

o 

o 

\ 
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acid composition to human apoA-I, suggesting a major structural or 

physiologica1 ro1e. It is thoug'ht to be an activator of LeAT 63), 
1 

14 

and may have an important function in regulating the contents of membrane 
1 

lipids (64) andfluidity( '65). As with a11 the well characterized 

apoproteins, apoA-I lacks 10n9\ regions of hydrophobie and hydrophilic 

amino acid residu"es, 50 typical of most membrane proteins. 

Apoprotei n A- II: Th i sis the second major protei n of HOL and i sad i -

sulfide-linked dimer of identical Dolypeptide chains of 77 amino acid 
1 

res i dues ( 66 ). It ha 5 a hi gh a-he li ca l content ( 40')', ), and readi 1 y 

~ çombines with phospholipid S 67,68). Reduction of the disulfid~ bond 

does not affect its lipid binding, suggesting that the dimer form may 

not be absolutely essential. Indeed, apo-A-II exists as a monomer in a 

number of animals, such as the rat ( 69 ), as well as dog, rabbit and 

c~w, l~cking the half-cystine in position 6. 

Apoprotein A-III: This apoprotein isolated from human HDL ( 70 ), is, 

referred to by most investigators as apoD and will be·discussed as such. 

Apoprotein A-IV: The amino acid composition and the molecular weighi 
• 

( 46,000 ) of this_polypeptide, isolated from rat HDL, was recently 
-

reported 71). 1 nformat; on about sorne of the other properti es and 

possible physiological role of this apoprotein is not available. 

b) Apoprotein B 

Only one apoprotein belongs to this family to date, but it is so 

poorly charàcterized that the presence of more than one polypeptide has 
'. 

not been ruled out. The characterization of apoB has been hampered by 

• technical problems. It is extremely insoluble in aqueQus solutions and 
1 

detergents; dissociating agents and chemical modification have been 



necessary to_obtain soluble preparations of lipid-free apoB. Molecular 

weight estimates range fram 8,000 to 275,000 ( 72). A molecular weight 

of carboxymethylated apoB ~f 255,000 ± 5%, as determined by SOS electro-

filtration and equilibrium ultracentrifugation has been 

known polypeptides that belong ta th;s group of low 

15 ' 

Apopratein C-J: A single polypeptide chain of 57 amine acid residues ( 74 ), 

it represents less than 5% of the HOL protein, but along with apoC-II 

an~ apoC-III, 40-60% of apo VLDL. It tends ta self-associate ( 59 )oand 
- 1 

o 

forM aggregates in aqueous solutions ( 75 ). < It was reported to activate 

LCAT ( 63 ), as well as LPL ( 76 ), but these observations remain to be 

confirmed. 

Apoprotei~ C-II: This aDoprotein has 78 amine acids of known sequence 

and a calculated molecular weight of 8,835 ( 77 ). It is a potent . , 

activator of LPL froM both human and rat post-reparin plasma and bovine 

milk ( 78 ). 

Apoprotein C-III: This is a single polypeptide chain of 79 amine acid 
~ 

residues with a carbohydrate moiety attached to threonine-74 by an 

O-glycosidic linkage. The polysaccharide cantains one residue of 

. galactose and galactosamine followed by a - 2 residues of sialic acid 

{ 79 ), th us accounting for the microheterogeneity observed. Its 
,/ 

physiological functiofl'is not known, but an inhibition of LPL, not 
, 

reversible by apoC-II was reported ( 80). The inhibition however, 

occurred at higher than physiological concentrations. 

\ , 

" 
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d) Apoprotei n 0 \ 

ApoO~ so far the on1y.member of this group, was iso1ated from human' 

HOL ( 81 ). It appears to be a glycoprotein ( 18% carbohydrate ) with 
\ 

'-
a mo1ecular weight of about 28,000. A simnar "thi'n-1 ine" peptide was 

iso1ated from human HOL and designated as apoA-III. Thi~ designation 
\ 

was based on the fact that it was found in al1 fractions of HDC, together 
- 1 

with apoA-II. It was found to be a potent activator of LCAT ( 50 ), 

'although this cou1d not be confirmed later ( 63). A comparison of the 
\ 

amino acid analyses of apoA-III, and apoO indicates severa1 differences, 

inc1uding the a~sence of cystine in apoA-III. lri addition, apoA-III 

contains serine as the C-termina1 amino acid, while apoD is reported to 

have a blocked amino and carboxyl-terminal amino acid. If both apoA-III 

and apoO are homogeneous proteins, it appears that they must be dist~nct1y 

different apoproteins. Further studies a~e needed to establish the 

simi1arities or differences between these tW? ?poproteins and their 

physiologica1 significance. 

e) \Apoprotei n E 
1 

ApoE ~s the on1~ ~mber of this group, and in the past use~6 be 

referred to as the "arginine-rich," apoprotein. It was initially 

iso1ated from human VLOL ( 82 ), and further characterized ( 83 ). 

The molecular weight estimates range from 33,000 ( 83 ) to 39,000 ( 84 ). 

ApoE has a1so been found in rat HOL and its mo1ecular weight estimated 
~ 0 

to be 35,000 ( 71 ). ' The presence of several polymorphie forms of apoE 

has been reported in both the human ( 85 ) and rat ( 86 ). Ihe rea'son 
'" '- 0 

for, and the significance of this microhetero~ene;ty is not known, but the 

absence of one of the po1ymorphs ( apoE-3') has been reported in patients~ 

with ~amilia1 hypercholesteronemia ( 85 ). 



\ 
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f) Apoprotein F 

ApoF, one of the newest apoproteins identified, is an acidic apo-

protein pl = 3.7 ), having a molecular weight of 26,000,to 32,000 

( 87). It was found in human HDL, and the amino acid analysis revealed 

the absence of tryptophan. Immunologically, it does not cross-react 
1 

with any other known apoproteins, and in basic PAGE it migrates to a 

posit10n similar to that of aphD. 

g) Apoprotein G 

The latest addition to the collection of the known apoproteins, this 

apoprotein has been identified in qnd isolated from human HDL ( 88 ). 

Its reported molecular weight is 72,000 and ititQO] migrates to a 
\ 

position similar to that of apoD in basic PAGE. It conta1ns appreciable 
.;> 

17 

amounts of glucosamine. Nothing is kno~n about its possible physiological 

role as an apoprotein. 

h)\ Other Apoprotei ns 

In addition to the apoproteins that have been assigned to individual 

groups, several minor polypeptides of unknown physiological significance 

have been recently isolated. Th~se include the proline-rich peptide 

isolated from human chylomicrons ( 89 ), and the low molecular weight 
" 

glycine and serine-rich polypeptides isolated from human HDL ( 90 ). 

4. Chemical Compositi6Il, Size and Distribution of Lipoproteins 

Based on their densities and Sf values, the chemical composition of 
, 

the various lipoprotein classes and their distribution in the serum are 
'" 

shown in Table II and Figure l respectively. A brief discussion of the 

physico-chemical properties of the lipoproteins follows in the next 

section. 



e 

:;> 

• 
t 

...J 

• 

Chyl ami,crans 

VLDL 

LDL 

HDL 
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TABLE II· 1/ 

CHEMICAL COMPOSITION OF SERUM LIPOPROTEINS l HUMAN ) 

d 
gyml 

< 0.95. 

< 1.006 

1. 006 - 1. 063 

1 .063 - 1.21 

Ct 

Sf 

> 400 

20 - 400 

o - 20 

sediment 

Protein 

(J 

( % ) 

2 

10 

25 

50 

Triglyceride Cholesterol Phospholipid 
(%) - (%) (%) 

85 

55 

10 

<5 

- / 

5 

18 

~5, J 
18 , 

, c:/ 
lJ) 

8 

17 

20 

30 
1 

The compositional data shown represent averages. The published,values for each component may 
vary ( 124). Variations in the chemical composition of the âifferent subfractions of each 
lipoprotein class also exist and are poynted out in the text. 

The chemical composition 9f rat serum lip.9proteins is similar but sorne differences exist, which 
~re 8iscussed in the text. 
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a) Chylomicrons • 

Chylomicrons, the principal carriers of dietary TG, ~re synthesized 

by the intestine and reach the. circulation via the thoracic duct. How-

ever, certain compositional changes occur during the passage through the 

lymphatics. vJhen isolated from l)mph, chylomicrons have a diameter of 

750-10,000 Â, a molecular weight of 4-30xl0 9 daltons, and a flotation , 
\ 

of Sf = 400-15,000 ( 38). While normally absent from fasting serum, 

their concentration rapidly increàses after food ingestion, giving the 

serum a milky appearance. Triglyceride forms up to 8q-90% of the total 

weight of the human lymph chy1omicrons. Phospholipids make up about~ 
\ 

9%, cholesterol between 0.5-3%, and the protein moiety about 1-2% of the 

total weight. Rat lymph chy1omicrons have a very si~ilar composition. 

Both human and rat serum, chylomicrons contain a higher proportion of 

protein ( up to 3% ), cholesterol and phospholipid ( 91 ). Their TG 

conte~t is proportionately decreased and the appearance of pa~tial 

\ glycerides,is observed ( 92). Since chylomicrons have an extremely 

short half-life in serum ( 10-15 min. in human ~nd 2-5 min. in rats-) 
? 

( 93-96 ), sorne of these compositional thanges, accompanied by a genera1 

decrease in size i can be explained by the presence of partially 

catabolized.particles. 
, 

While the protein moiety represents a very small po~tion of the 

mo1ecule, the variety of apoproteins found in chy1omicrons is unrivaled 

by any other lipoprotein species. Th~ presence of all of the major 

apoproteins ( A, B, and C ) was suggested by Alaupovic et al. ( 97 ), , 
who showed that'human lymph chylomicrons gave a preci~itin-reaction with 

anti-VLOL, LOL, and HDL. More specifically, the apoprotein composition 

\ 
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of humàn lymph ( 98 ) or pleural fluid ( 99 ) chylomicrons, determined 

by gel densitometry and gravimetric 'procedures is as follows: 12-21% 
1 

apoB, 7-9% apoA-I, 4.5% aroA-II, and 50-68% apoC. Small amounts of 

apoE are a1so found. It shou1d be pointed out however, that scanning .. 
bands obtained by 'PAGE may not give true re1 qtive amounts of ea,ch apo-

protein due to théir different chromogenicities; and in light of recent 
. 

work, it is questionable whether a 100 cm column of Sephadex G-100 will 

separate the apooroteins well enough for quantitatibn. In these studies, 

de nova synthesized apoproteins were not distinguished from the ones ' 
~--, -

.acquirèd after the entry into the 1ymphatics oJ the pleural fluid. A 

good deal of chylomicron apoproteins are acquired from lipoproteins 

o already present in the lymph, but not necessarily synthesized by ~he g~ 

/ ,," Indeed, iodinated apoproteins ( apoA, B, and C ), injected into tne 

blood reach the lymph through the interstitial fluid ( 100). Studies 

where the inco'rporation of radioactive amino acids into chylomicron 

apoproteins was followed, indicate that the int~stine does not synthesize 

apoC ( 101,102 ) .. Recent studies have shown that in addition to the 

acquisition of the apoC peptides in the lymph and serum from HDL ( 103 ), 

a large. portion of the chylo~icron apoA is rapidly lost to HDL ( 99 ). , 
Recently, a proline-rich peptide ( PRP) has also been found exclusively 

in chylomicrons ( 89). The physiolog;cal significance of this peptide 
\ 

f'ema i ns obscure. \ 

b) Very Law Density Lipoproteins· 

Very low density lipoproteins are the main carriers of endogenous 
, ~ 

TG. Their average concentration in human plasma is 80 mg/dl for women 

and 150 mg/dl for men ( 104-). In male rats the VLDL concentration was 



f-
I • calculatfcl ~ be about 70 mg/dl ( 45 ). They are sma11er in size -than 

chylomicrons, having a diameter of 2()I)-1000 $.., with the bulk .of mat-e,rial , 

being,between 300-700 Â ( 105,106). They are usually isolated from 

21 

fasting serum ( to assure the absence of chylomicrons ), ~t d < 1.006 g/ml, 

with a Sf val~e of 20-LlnO. Several subclasses of VLDL of decreasing 

size can be isolated within these limits by density gradient ultra-

centrifugatJ-er\. As v.Jith chylomicrons, particles of decreasing size 
~l ) 

~ntain a de~reased proportion of 1ipid and an increased proportion of 
\ 

protein 107,108). 

The chemical comoosition of VLDL is given in Table II. Protein 
• 

reoresents about 8-10% of the VLDL mass while the remairiing 90-92% 

is lipid with trace amounts of carbohy rat~. Of the lipid, TG is the . 
major component, ~ccounting far phospholipid, 20%; 

and total cholesterol, 15-25~~. 

Significant sex differences in the ipid composit~on have been 

reported ( 109). Females have less VLDL-TG and cholesteryl ester and 

a higher proportion of phospholipid. Rat VLDL 'lipid composition is 

similar to that of human VLDL, containing an ev en higher proportion of 

TG ( 80%). Total cholesterol contributes about 5% and phospholipid 

15% ( 105 ). 

The elucidation of the protein composition of VLDL was difficult. , 

Initial studies suggested thqt VLDL contained only one'distinct protein, 

sîmilar to that of LDL ( 110,111). It soon became apparent that this 

was an oversimpli{ication. Today it is recognized that qualitative1y, 
-

human VLDL contains several apoproteins, including apoB, apoC-I, apoC-II, 

and several polymorphie forms of apoC-III and apoE, as well as trace 

amounts\'of apoA ( 40,85,112-116 ). 
\ 

The reported apoprotein composition 



of human VLDL is considerably variable: 40-60% apoB, 30-50% apoC, and 

10-15% apoE, with trace amounts of apoA. 

Over the years it became evident that rat apoprot~s ~re very 

similar to human apoproteins structurally and'functionally~nd th us 1 
direct comparisons can often be made. Recent reports on rat VLD~ 

a,poprotein composition established that it is qualitatively very 

similar to that of human VLDL ( 117-121 ). and contains 23-40% apoB. 

30-60% apoC, and ~ariable amounts ( 13-30% ) of apoE. 

, 22 

The values obtained in the various studiJs undoubtedly de pend on the 
. 

particular techniqu~ used and the size distribution of the VLDL particles 
. . 

analyzed .. Differences in size result not o'nlY., in variations in the total 

protein content of VLDL, but a1so in its apoprotein composition. With 
, , 

decreasing partic1e size the proportion of apoB increases whi1e that of 
) 

apoC decreases ( 116 ). It shou1d be noted that/even in normal individuals 

the apoprotein composition can be a1tered by diet ( such as cholesterol ), 

and that sorne of the disorders of lipoprotein metabolism are related to 

abnorma1 apoprotein composition. 

c) Low Density Lipoproteins, 

Serum LDL is operationa1'ly defined as the material iso1ated between 

û 

d = 1.006 - 1.063 g/ml. In ~he ~ast ~hey were referred to as B-lipoproteins. 

Even though LDL, with respect to size and composition, appear to be much 

more homogeneous than VLDL, they can be resolved into two major components: 

!DL or LDLl ( d = 1.006 - 1.019 g/ml, Sf 12-20 ), and a second fract; on 

cQr:tai~ing most of' thematerial '. called LDL2 ( d = 1.019 - 1.063 g/ml, 

Sf 0-12). The seéond frac~ion may also contain a minor HDL contaminant 

at the denser end of the spectrum ( Sf 0-3). The IDL isflintermediate 

between the VLDL and LDL 2in c~emical composition and SiZ~ also. 
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As determined py electron mi croscopy, normal human/lDl appears as 

a col1ectlon of almost spherical part~cles, 80% of which ara bètween 
'0, 

2;0-250 Â in diamet~r ( 123). The average serum concentration of lDl, 

~)'the most abundant lipoprotein in,the human serum, is 400 mg/dl and 
\ 

340 mg/dl in fasting adult males and females respectivel~ ( 124 ). 

The rat, like most other mammalian species, has very low levels of 

~s~rum lOL, about 70 mg/dl ( 45). Low density l;poprot~;ns carry the 

bulk of lipid in the human .plasma. They containapproximately 75% fipid 
'>, 

~nd 25% protein (,124). The lipid composition is shown in Table II. 

While'apoB represents'~bout 90%~of the total protein y small amounts of 

apoC, apoA and apoD ar,e a1so found in LDL ( 115 ). 
V1 

The contribution of th'e non-apoB proteins varies. In the fraction 

where aver 90% .of a11 the lDL apoB is found ( d = 1.019 - 1.05 g/ml ), 
- . 

-.23 

the contribution,of apoC and apoA is minimal. As expected, the signifi-

ca nt portion of apoC in lDl is found in the IOL region, and that of 

apoA in the rJgion overlapping with HOl ( d == 1.05 - 1.063 g/ml ) ( 115 ).1 

d) High Oensity Lipoproteins 

High density lipoproteins are isolated from the serum at d = 1.063 -

1.21 g/ml. They are a1so referred to as a-lipoprot~ins, based on their 

electrophoretic mobility in paper or agarose. Sma11est of the lipop'roteins, 

they have di ameters 0/ 90-120 Â ( 125 ). Thei r concentrati on i n normal 

human plasma ;s about 260 and 330 mg/dl in males and females'respectively ~ 

( 126). A similar concentratlon is found in the rat ( 45 ), where HOL 

is the major cholestero1-carrying protein. High density 1ipoprotein levels 
JJ 

are relatively high ( in comparison wi~h LDL ), in animals that are 
r 

resistant to artheroscle,:,osis, such as' dogs and rats, but are a1most 

non-exisent in the guinea pig, which is quite susceptible to this disease. 

.-

. , 

, Q 
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About 50% of the HDL mass is prote;n, 30% phospho1i,pia, and 20% cho1es-
" . 

terol. The ratio' of esterified to free cholesterol is about 3:1, 

Hi9h ... d~SitY liwroteins can be ~,:Vided into t~,o density c1a~sses: 

HDL 2 Cd = 1 ,063 - l, 125 gjm1;), and HOL 3 ( d = 1 .125 - 1,210 gjm1 ') 
) 

( 127). The latter contains ~ ~igher proportion of prote;n ( 55% ), 
, 0 

, 
and the ratio of esterified to free cholesterol is a1so higher. It is 

now well accepted that. these two fractions are not 

q~~facts, but their physiologica1 re1ationship and significance 

unknown. Heterogeneity within HOL can also be shown by ana1yticaland . 
preparative gel e1ectrofocusing ( 128,129 ) and ion exchange chromato~ 

gra phy ( 130 ). 

Thê protein moiety of HDL is composed of at least two groups of 

apoproteins: apoA and apoC: ApoA-I and apoA-II contribute about 90% of 
1) ~ t... ~J 

the total HOL protein, with a ratio of 3:1 in both HOL 2 and HDL3' ApoA-I 1 

and/or,apoD is a minor constituent of HOL ( 70,81 ). ApoC is pres~nt in 
" ,. 

the HDL fraction ih sma11 amounts, comprising 5-10% of HOL 2, and 1-2% of 

HDL3 protein ( 131,132 ), A11 three of the apoC apoproteins are present. 

It should be noted t~at in abso1ute amounts, the apoC present in HDL 

accounts for more than 50% of the total apoC pool in normal fasting plasma. 
, 

Small amounts of ~poE are also found in HOL. (' 

The apoprotein composition of rat HOL is similar-to that of human. 
\ 

Whil~ apoA-I represents ~O-60% of the protein moiety, only sma11 amouhts 

'. of the monomeric apoA-II are found. ApoC contributes 15-20%, while 

apoE and apoA-IV about 10-15% each, to the rat HDL apoproteins ( 71,120,121 ). 

Ultracentrifugally isolated HQL from most individuals contain, in the 
o 

d = 1.050 - 1.12 g/m1 fra2tion, sma11 but variable amounts of Lp(a) 
" lipoprotein ( 133). In 1ipid compos.Hion it is similar to LOL, but it 
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co~tains mdre protein. the distinguis~g.feature of this li~oprotein 
;s\that it contains, in addition to large a~ounts of apoB and variable 

(,/ a~~unts of other apoproteins, ~ specifie Lp(a) protein. This large'" 

~ 91tl:oprotei.f1 exhi bi, t50 high affi nit y fO; aRoB an.d/i 5 al 50 found in trac." 

am unts in the other apoB-conta i ni ng 1 i poprotei ns. It appsars to' be , , , 

" sy1thesized independently of the lipoprotein apoproteins, anç its role 
• 

is not known ( 134 ). 

It shou1d be pointed out that substantia1 amounts of apoB in the 

d = 1.060 - 1.21 g/m1, are found in the sera of patients with familial 
. 

L AT defi ci ency ( 135 '). An apoB conta i ni ng 1 }p0protei n has al 50 been 

i olated from rat 1iver perfllsates a;t d = 1.·075 - 1.175' g/m1 ( 136 ). 
~ " - ~ 

The' finding of apoB-c~n~aining lipoproteins in the HOL.density range 
1 

inlustrates particularly wel1 the shortcomings of isolating the va~ious 

\ -
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. ,\,poprO\ein sp~cies on. the ~asis of their ~ydrated densities. It is 

l'kely that the 'distribution of apoB and other apoproteins i.n the density , \ \ \ 

~. 

J 

/ 

fracti?ns of ~he.serum is dètermined to a large extent by tne amount and 

îind ~f li Pi,d. it iS associated With .. Ultrnacentrifugally i~olated 1ipo-

'9roteins may thu~ qm~ain dif~erent 1ipoprotein species of the same 1 

hYdrated density. , "" 

e:.'·I;~ °ej Ot~ér: L iP~proteinOs r 

As a resu1t o~ {mproved 1iplprotein detection techniques, additiona1 

\lipoprotein species,"often, associated with, abnorma1 conditions have, peen 
\ 1 • .;t6 • 

,!iso1atep fram the,c,sera of humans and)Ome animal species, 

J
I,. i. Li"popro,tein(a) .' '" ' 

Even though this li'P.oprotein ,exhibits many 'of the properties of LOL, --
Lp!a) is considered a distinct'lipoprot~in species. It can be isolate~ 

" . 
. \ ~om plasmâ at d F 1.05 -.1.120 g/~l, and exhibits a pre-S mobility on 

• 

\ 

\ 
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agarose gel electrophoresis ( 134). Although its lipid composition is 

similar to LOL, its apoprotein composition is quite different~ it con-

tains 65% apoB; about 15% apoC, albumin and other, uncharacterizeg 
1 

proteins; and 20% is a specifie Lp{a l) protein \ 1:J7'~r39 ,). 
i 

studies, Lp(a) could,be detected in only a fraction of the 
" 

In ear1ier 
1 

normal popu-
" 

lation; howéver recent studies" using more sensitive immunologi-cal 
-

technique~, have shown the presence of this lipoprotein ,in over 90% of 

the norma l popu 1 a t'i o~. 
f 

A polygenic inheritance was su~gested to be 

responsib1e for its serum concentration, which did not corre1ate we11 
• 

with age, sex, lipid concentration, or occurrence of CHO ( 140-142 ). 

, 1 ii. Lipoprotein{X) 

This abnormal lipoprotein ~found in patients with biliary obstruc-
v 

tion and familial LCAT deficiency. The major protein components are ... 
; 

albumin and apoC. Phospholipid and unesterified cholesterol are ~he 
'i' 

predominant lipids ( 14'3-145). It may be iso1ated from LDL by zonal , . 

26 

• ultracentrifugation or hydroxyapatitè chromatography ( 146 ), and quanti-

1 tated by elect~ophoresis in agar ( 147). When exam1ned by electron 

microscopy, it appears to have a discoidal shape ( 148 ). 
1 

iii. B-Very Low Oensity Lipoproteins and High Oensity Lipoproteinsc 
These two abnormal lipo~roteins have been isolated from a variety of 

hypercholesteronemic animals, such as rabbits, guinea-pigs, dogs, monkeys 
" 

and rats ( 32,149-154). The hydrated density of HDLc depends on the 

amount of cholesterol, its major lipid component. The chief apoprotein 

component of HOL , are apoE and apoA- 1. 
( C 1 

h B-very low density lipoproteins are 'found in the VLOL density range, 
'\ • ~ #' 

but exhib,t abnormal, s-mobility in agarose electropnotesis. Cholesterol 

and small amounts of TG make up the lipid moiety of B-VLOL, while the 
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, 
major apoproteins are apoS and apoE, with small amounts of apoC. A 

similar lipoprotein has been isolated from humans with type III hyper-

lipoproteinemia J and it was suggested that they represent an accumula~ion 

of VLDL rernnants ( 155). The precise relationship between th~ B-VLDL 
. \ ' 

found in animals on a hign cholesterol diet, and that df type III hyper-

lipoproteinemia in the human i~ uncertain, but the possibility that B-VLDL 

;s also a VLDL remnant has been proposed ( 152 ). 

A recent study of apoB and apoC metabolism in several normal and 

hyperlipoproteinemic subjects ( 156 ), confirmed the stepwise delipidation 
~ ....... - .. 

of VLDL into IDL, and ultimately to LDL, ana suggested that in type III 

patients an increased synthesis ( two-fold ) of VLDL apoB, as well as 

sorne induced synthesis of IDL or LDl apoB occurs. The rate of VlDl 

catabolism was decreased and much of it was catabolizrd in a different 
." 0 

manner, producing an LDL-like partic1e of VLDL density,'S-'VLDl, remov~d 

from the circulation without lDL formation. 

In summary, perturbations in lipoprotein metabolism and the appearance 

of unusual lipoproteins can be caused by many factors, sorne of whic~ may 

be: the synthesis of lipoproteins of abnormal composition that may or 

, may not be catab6lized at a slower rate: a decreased catabolic rate o~ 

lipopro~eins due to a fault in their removal system ( for instance, the 

absence of specifie cell receptors ), resulting in the a~cumulationlof 

catabolic products; and a decreased rate of removal of a "faulty" 

degr~dation~ product, due to the absence of an additional enzyme(s) 

necessary for further degradatiàn or alteration prior to removal from 

the circulation. 
" 1 \, 
'--J 

\ 
\ 



5. Structure of Lipoproteins 

a) Triglyceride-Rich Lipoproteins 

While ùltracentrifugation studies have been particularly valuable in 

o defining such physical parameters as flotation and sedimentation rates, 

hydrated densities, and molecular weights of each lipoprotein species, 

they are of limited use in morphological and structural investigations. 

Electron microscd py is useful in determining the size and sorne morpho­

logical properties of lipoproteins, but it does not provide a'ny infor-

mation about the organizatipn of the lipid and protein moieties within 

the particle. Several spectroscopie techniques, such as Optical Rotary 

Dispersion, Circular Dichroism, Infra-Red Spectroscopy, as well ai 

Nuclear Magnetic Resonance a~èt small ang,le X-ray scattering, have been 

used in determining the structure of LOL and HOL. These techniques 1 

however, have limited application in determining the structure of 

chylomicrons and VLDL because of heterogeneity Mn size and composition, 

as wel1 as their significant turbidity in solution,. 

As early as 1962, a model was proposed for the JG-rich lipoproteins, 

consisting of a lipid core and surface film of protein and phospho~ipid, 
\"-

resembling a micelle-like structure ( 157). It was rea~oned that one 

possible manner in which chylomicrons could bec orne enveloped in a layer 

28 

of protein and polar lipid, was a process where a piece of plasma membrane 

was "pinched-off" during the extrusion of the 1 i-pid particle fram the 
1 

intestinal cells into the 'extracellular spaces. If this mechanism 

operates in. chylomicrons, one would expect to see !'unit membranes" 

adhering to the oil droplets. Such membranes courd not be visualized by 
" \ 

electron microscopy. However, an electron-dense surface mater~al, about 

20 Â thick surrounding the chylomicrons' was observed ( 158 ). 
1 

.l 
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Rep'etitive' freezing and thawing, or rotary evaporadon and rehydration 

techniques were utilizeq to separate the surface material from the lipid 

core. Eighty percent of this mat~rial \'las lipid, .-75% of which was 

phospholipid. Small amounts of TG, DG, fatty acids and cholesterol were 

also found, but no cholesteryl est'ers were detected. The lipid core' 

29 

on the other hand, contained TG and cholesteryl ester exclusive1y, without 
1 c 

d'etectab1e phospholipid ( 159-161 ). 

If one assumes that a surface layer of 20 Â is present on chylomicrons 

ànd VLDL, the portion of surface covered by protein is constant at about 

20%",while the s,;ze varies. The increase in the surface-to-volume ratio 

as partic1e size decreases, is compensated by an increase in the weight 

percentage of the protein ( 38). This progressive increase of the polar 

components in general, with the decrease in particle size and mo1ecular 
1 

weight, is a phenomenon common to both chylomicrons and VLDL ( 162 ). 

The,concept that TG and cholesteryl ester occupy the inner core of 

the V,LDL partic1e is nOI" well accepted, and is supported by theoretical 

calcu1ations ( 163). No distinction can be made between severa1 

structura l arrangements of the protei n wit~i n the, surface 1 i pi d .components. 
\ 

however. The prote~n moiety could orient itself in a monomolecular film 
~ , 

~ 

completely within, or completely outside the interfacial lipids, and 

;5 on1y partia1li capable of surrounding the lipid core. Alternatively, 

it cou1d form discrete units, or lIislands" within the surface lipids. 

The structure of VLDL is of particular interest, since there is good 

evidence that they are the precursors of LDL. E1UCijting the structural 

relationship between these two lïpoproteins would facilitate the under­

standing of the interconversion process. 

( 



\ 0 

30 

_ b) Low Dens i ty Li poprotei ns 
CI CI 

~hile at low magnifications normal human LDL appears spherical ,1 at 

higher magnifications the images reveal somè structural detail of the 

parti cl e surface. A three dimensi ona l. i sodens i ty map constructed from 

hiqh image enlatgement. revea1s an overall icosahedral symmetry consistent 

with a model in which the protein forms a network over the particle 

surface ~ \1 eavi ng open, s li ghtly twi sted pentagonal faces, fi 11 ed with 

phdspholipids ( 164). s~~ angle X-ray scattering (165,166) and 
, , 

NMR ( 167 ) studies have b~en ~ticularly useful. One model proposed a 

sphèrical phospholipid bilayer. with an average radius of 65 Â ( 166 ). 

The outer surface of the bi layer fs! covered by 60 pr~tei n subunits 

organized in an icos~hedral symmetry. Free cholesterol and cholesteryl 

esters are equally distributed on both sides of the bilayer. In this 
. 

model, the core of the particle, inside the bilayer, is protein. A 
-l~ 

similar model proposed l trilayer of lipid \Vith the phospholipid polar 

groups lacalized on both ~ides, surrounding a protein core ( 167 ). 
!. 

More recent small angle X-ray scattering studies led ta a modified 

model, cansisting of a hydrocarbon chain core with an outer shell sparsely 

occupied w;th protein molecules~ emerging from the lipid core. The core 
\ . 

lipids are organized in a micelle-like structure, with the steroid nuclei 

segreg~ted in regions di stinct from those occupied by the ,hytlrocarbon 

cha i ns ( l61;l,169 ). , 

The following organization of the LDL lipids was recently proposed: 

the core is occupied by cholesteryl esters, and a band of the apolar 

hydrocarbon chains is followed by a narrow band of the sterol rings. 

This structure is repeated once aga~~, possibly with a reverse orientation 

of the cholesteryl esters. The core is\then surrounded by a band of 
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protein ( 20 Â thick ), po1;~ groups of phospholipid, ana free cholesterol. 

An ordered liquid crysta1line structure of the core is ~bserved at 4~ C, 

but increasing temperature causes a thermotropic transition into a 

disordered state (J70 ). 

c) High Density Lipoproteins 

S~vera1 models for HDL have been presented in the liter.ature. 8ased 

on low angle X-ray scattering data, both HOL2 and HOL3 have two regions 

of different electron density; and thus a model with a central lipid 

core surrounded by a thin outer she11, containing phospho1ipid ànd protein 
"-

'is generally accepted ( 171 ). \The assignment of the phospho1ipid and , 
protein ta the outer she11 seems reasonable, as over 90% of the c - NH 2 , , 
groups of lysine in HDl are susceptible to succinilation,_and bath the 

protein and phospho1ipid of HDl are accessible ta proteolytic and 1ip~ 

lytic enzymes ( 172,173 ). 

Severa1 arrangements of the protein and phospholipid have been pro-

posed. In one mode1, about ha1f of the surface is covered by protein and 

the other ha1f by the polar head groups of phospho1ipids and cholesterol, 

organized in a monol~yer ( 174). In a different model~ the HDL protein 
1 

is depicted as an lIiceberg" f1?ating in a IIsea of 1ipids ll
, similar to the 

f1uid mosaic model of the membrane. The amphipathic portions of the 

ap~roteins may be oriented paralle1 to the fatty acid chains of the 

phospho1ipids, thus extending well into the neutral lipid c~re 175); 

or perpendicular to the fatty acid chains of the phospholipids ( 68 ). 

In this case the protein wou1d not extend far into the,core, wnich would 

be more consistent with the low electron density observe,d. 
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6. Lipoprotein Families 

While the A, B, C nomemclature and the concept of apoprotein families 

was described earlier in this chapter, it can be further expanded and 

applied to lipoproteins. It was Oncley i~ 1963 ( 176 ) who suggested that, 

c 
Il ••• there may be present among serum protei ns a li mited 
~number of apolipoproteins with highly developed binding 
capaci-ties for lipid, giving rise to lipoprotein 'families ' 
- each completely specific insofar as thefr protein moiety 
b~t eXhibiting considerable heterogeneity in regard to 
lipid content, lipoprotein density and size. 1I 

The fact that the'apoprotein moiety may be the only specifie and 

distinguishing mark of lipoproteins was also recognized by IAlaupovic. 

An attempt to integrate this c~ncept with the observed presente of ~evera1 

apoproteins in any one density region, has resulted in a definition of 

lipoprotein- fami1ies as polydisperse systems of lipid - apoprotein 

associations, characterized by the presence of a single, distinct apo-

protein or its constitutive polypeptides. Furthermore, depending on the 

composition and amount of lipid complement, each lipoprotein family may 

be found at various density regions and thus occur simultaneously in 

several segments of the density spectrum ( 177). ~or example, while 

HOL is normally thought of as a collection of particles in the density 

range of 1.063 - 1.21 gjml, each havi ng a eerta in heterogeneous apoprotei n .... 

and lipid compositi~n, one can also visuali~e it as a collection of 

several dist.inet kinds of lipoprotein partie,les, each composed of"a 

, specific apopr:otein or apoprotein fami1y with the appropriate amount of 

lipid for this denstty. 

, This concept further envisages the presence of free, primary lipo­

protein particle~ ( such as LpA, L~B, LpC, LpO, and LpE ) at ad> 1.030 
-~--~~--., 

gjm1; and secondary, associated forms, such as LpB,C,E, ( VLOL ) in the 
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. 
d < 1.030 g/ml regiOQl\of the serum ( 115). Clearly then, the "concept 

hinges on the demonstration of primary particles in the serum. Alaupovic. 
, 

and coworkers drew heavily on immunological techniques for this purpose. 

The identification of the two primary particles, LpA and LpB, was rela-, :1 
, 

tively easy due to c1ear nonidentity of these particles by immunodiffusion 

and immunoe1ectrophoresis. as well as to the ready separation of the two 

particles by ultracentrifugation ( LpB is confined to d < 1.070 gjml and 

LpA is found predominantly in d > 1.070 g/ml). Recently, other Erimary 
1 

lipoprotein particles have been isolated fromfthe HDL density range 

( 81,178). Similarly, the presence of primary and secondary ( free and q 

associated") lipoprotein$ in the rijt serum has al~o been suggested ( 179 ). 

Undoubtedly, a broader acceptance of this contept will de pend on 

demonstrating the presence and physiological function of the primary 

particles in the course of lipoprotein metabolism under phy~iolog;cal 

conditions. 

In the studies of VlDL catabolisrn reported in this thesis the concept 

of lipoprotein families will occasionally be useful in interpreting the 

results. The system utilized ta study VLDL catabolism ih the reported 

experiments is devoid of other lipoproteins capable of acting as acceptors 

for sorne of the apoproteins. If, as a result of VLDL catabolism in the 

absence of an acceptor, sorne of the apoproteins are removed from the 

VLDL, but retain enough lipid to have a d < 1.21 gjml, they could be 

thought of as primary li poprdtei\ns . 

\ 
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C. LIPOPROTEIN METABOLISM 

1. Syn~hesis of Triglyceride-Rich Lipoproteins 

It is be1ievid that the intestine and 1iver are the two organs 

invo1ved in the biosynthesis of 1ipoproteins. The synthesis of 1ipo­

protei ns by the perfused 1 i ver was demonstrated as ear1y as 1955 ( 180 ).' 

Since that' time numerous investigators have shown that the perfused 
l , 

() 

1iver 48,101,181-186), liver slices (187-189), and i-solated hepato-
• 

cytes ( 190,191 ) lare capable of synthesizing VLDL and HDL. Isolated , " 

rat liver ribQsomes can a1so synthesize lipoprotein apoproteins ( 192 ). 
, " 

The importance of the intestine in the synthesis of chylomicrons, VLDL , 

1 and HDL was established by Roheim et al. 

u~e of perfused intestine ( 101,102 ). 

193 ) and confirmed by the' 

The 1iver deve10ps as an outgrowth of the primitive foregut, and the 

hepatic parenchymal ~el1s share many morpho1ogical features with t~e 

absorptive cells of the small intestine ( 194). Thus the subceTlular 

pathways of chylomicron and VLDL assembly and secretion share many . , 

features which will be discussed together. 

In the intestinal cel1s, TG is resynthesized from the absorbed MG 

and free fatty acids from the intestinal lumen, and sorne fatty acids from 

the portal cG'culat;on.- There are two pathways for, the TG resynthesis 
, 

;n the mucosal cells. The MG pathway, peculiar to the intestinal mucosa 

and the adipose tissue ( 195 ), invo1ves the direct acy1ation of the 

absorbed MG with activated free fatty acids. The three enzymes necessary 

for this pathway are located in the microsoma1 fraction in the form of a 

multienzyme system, the TG synthetase (196d. The a-glycero-phosphate 

pathway, present in most tissues, including the liver, involves the acy-

1ation of the glycerophosphate to phosphatidic acid, dephosphori1ation 

'f 
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of phosphatidic acid to form DG, and further acylation to form TG. 

While the majority of the TG synthesis by the intestinal cellf 
1 

occurs via the,MG pathway~ the a-glycero-phosphate pathway, normail y 

inhibited by the'MG present ( 195 ), may contribute significantly, 

especially when an excess of free fatty acids is prlsented ta the cell 

and t~e amounts of MG are diminished. In any case, fatty acid utiliza­

tion for TG resynthesis requires its activation by the formation of a , 

CoA derivat~ve of the fatty acid. T~is energy-requiring reaction is 
-

catalyzed by an enzyme, fatty acid:CoA ligase which has a marked speci-

ficit; for long-chain fatty acids ( 195). Thus long-chain fatty acids 

appear in the thoracic duct TG while short and medium-chain fatty acids 

are trans~orted, bound to albumin, in the portal circulation. 

35 

The biochemical events in the liver differ from those in the intestine. 
\ 

,During feeding, glucose, amino açids, and short and medium-chain fatty 

acids rise in the portal circulation. Glycogen is synthesized from 

glucose-6-phosphate until the hepatic storage ca~acity is filled~ If 

portal input of nutrients persists, glucose is converted into fatty acids 

via acetrl CoA. Excess amino acids are deaminated and also cantribute ta 

the acetyl CoA and pyruvate pool. Part of the acetyl CoA undergoes 

further oxidation via the TCA cycle for energy production, but most of it 

is used for de novo synthesis of fatty acids or elongation of the short 
. , 

and medium-chain fatty acids. Another source of fa,tty acids and primarily 
Il 

dietary cholesterol are the partially catabolized chylomicrons remnQnts). 
_\ 

rapidly temov~d from the circulation by the livet ( 7,8,9 ). 
\ 

During fasting, the primary source of fatty acids for the live~ are 

,those released from the adipose tissue by the action of a hormone-sensitive 

lipase ( 197). Fatty acids released from the ad,ipose tissue are removed 

" 
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the liver in proportion to their concentration in the blood and serve, 

through their oxidation to ketone bodies, as an important source of energy 

for gluconeogenesis ( 198 ). Amino acids mobilized from the muscle~issue 

can also be used for glucose production. Because the liver is primarily 

involved in maintenance of blood glucose levels necessary for central 

nervous system functioning during fasting, TG synthesis is diminished 

markedly ( 198 ). 

Before the ~ecretion of TG by the intestinal and,liver cells can occur, 

it must be assembled together with cholesterol, phospholipid'oand the 

specifie apoproteins, into chylomicrons or VLDL. The point at which the 

newly synthesized lipids and apoproteins associate irtto lipoproteins 

during ~his assembly ;s uncertain. Large pohls of apoB and apoA-l, pos-

sibly in association with lipid, in the apical portions of the mucosal 
1 

ce 11 s, fa 11 owed by a further i ncrease throughout the ce 11 duri ng abso"rp-" 

tion, indicate trre presence of presynthesized apoproteins in the intes-

tinal cells and suggest an earlY,association with the lipid in chylomicron 

formation ( 199,200). As apoB appears to be essential for TG secretion 
't 

( in abetalipoproteinemi~the absence of apoB synthesis is accompanied 

by a complete absence of the usual TG-rich lipoproteins in the serum ), 

, and large pools,ofthe slowly turning over apoB are present in th~ intes-

tinal cells; inhibition of protein synthesis markedly diminishes the 
\ 

r~pidly utilized apoA, but does not have a pr\found êffect on chylomicron 

or apoS synthe~is ( 102 ). 

~e presence of large pools of presynthesized apoproteins in the liver 

cells is uncertain, since puromycin causes total inhibition of VLOL sec­

retion ( 201,202). However, a lag period between the administration 

of puromycin and the cessation of VLDL secretion indicates an early 
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association of the protein and 1ipid moities in VLDL assembly as well. 
l '" 

The lag period in amino acid i,ncorporation into VLDL apoproteins, but 

not their secretipn, a1so indicates early protein and lipid association 

( 182 ). 

The biochemical aspects of lipid and apoprotein synthesis in chylo­

micron and VLDL production were extensively investigated but the ultra-
l ' 

st'ructura 1 and morphol agi ca 1 aspects of thel r formati on and traqsport 
~ 

within~the ce11 and their extrusion has only become evident in the past 

few years. 
f 

The endoplasmic reticu1um represents a comp1ex intracellular 

.system~f tubular st~uctures, which channel biosynthetic products to other 

organelles, whi1e providing an environment that facilitates biochemical 

transformation of the transported substances ( 203). The rough endo-

plasmic reticulum is the site of apoprotein synthesis. Recent evidence 

suggests that phospholipids are also synthesized here, 'while the smooth 

endoplasmic reticulum is the site of TG synthesis ( 204). The apoproteins, 

together with the newly synthesized phosphol'ipids move along from the 

rough endoplasmic reticulum to the cisternea of the smooth endoplasmtc 

reticulum, where the synthesis of TG and possibly cholesteryl esters 

occurs. Indeed, immediately after fat ingestion, o,smiophilic,droplets i~._ 
\ 

great quantities ~ccupy the cisternea of the smooth endoplasmic,.reticulum \ 

( 205,206). This process results in the formation of an almost complete i 

1 

secretàry ~roduct. The nascent chylomicrons or VLDL are then transported 

within the channels of the endoplasmic reticulum, to the Golgi apparatut 
1 

in the-preparation for the final assembly ~nd secretion ( 205). It is 

evident from many investigations that the Golgi serve an essential function 

in the final assembly of celluTar secretory prooucts ( 203 ). In the case 

of lipoproteins, final assembly would involve the addition of the sugar 

/ 
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moieties to the apoproteins. 

The importance of the Golgi apparatus, specificany in glycosylation 

of g~ycOproteins has been demonstrated ( 207-210). The preferential 
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incorporation of glucosamine intp,chylomicrifns by isolated Golgi fractions 

in vitro ( 211 ). and increasing'glycosylation of hepatic VLDL during ~he 
• 1 

passage through the Golgi in vivo ( 212 ), support tllis hypothesis. It 

is ,of in'terest that orotic acid, known to cause'decreased hepatic leve1s 

of adenine and cytidine nucleotides ( 213 ), necessary for adequate 

sialylation of proteins, causes massive accumulation of VLDL in the liver 

cells ( 214 ); first within the Golgi and 1ater throughout the cell ( 215 ). 

Why orotic acid has little effect on the secretion of iRtestinal 1ipo~ 

proteins ;s not known. 
. 

The mechanism of the translocation of the secretory vesicles to the 
1 

plasma membrane is not clear. Recent evidence suggests that the mièro-

tUbular filaments. in addition to functioning during cell mitosis and 

having important cytoskeletal function i~ cell shape maintenance. may 

a1so be important in the directed movement of the secretery vesicles 
~ , 

towards the cell membrane ( 216 ). This concept i~ supported ~n the case 

of chylomicrons an~' VLDL in studies using colchicine, a known inhibitor a " 

of microtubular polymerization. This agent causes an açcumulation of 
~ 

chylomicrons and VLDL of normal apoprotein composition within the Golgi 

apparatus ( 217,218 ), and their excretion is great1y delayed. 

Recent e1ectron microscopie studies ( 205 ) demonstrated the occurrence 

of microfilaments in close proximity ta secretary vesicles filled with 
\ 

chylomicrons, but they were observed infrequently and n~t in a specifie . 
relationship to them. Additional work is required to assess the impor­

tance of these filaments in lipoprotein secretion. Fusion of the 
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secretory vesicle with·the plasma membrane, followed by exocytosis of 
,.' , ~ 

l -'chylomicrons has been observed ( 205 ), a 't i~ reasonable to assume 

that a similar process is responsible .. for VLD Isecretion. 

The appeprance of chylomicrons'i,n the ~tercellular space is followed 

by their'passage into the lamina propria thro~gh gaps or discont1nuities 

i,n the basement membrane, anclî nto the lymphati cs through gaps between 

the ove~lying processes of adjacent:endothelial cells ( 205). Hepatic 

VLDL are first secreted into the spa~e of Disse from which they reach 

the~1iver'?inusoids and the circulation ( 194 ). 

A1though direct demonstration o~ a precursor-product relationship 
~ . 

between VLDL~apoproteins in the liver Golgi and the serum was recently 

demonstrated, Golgi VLDL contain only trace amounts of apoC ( 218 ). 

Si~ce substantial amounts of this apoprotein are present in the liver 
c' 

perfusate VlDL ( 182 ), it must be acquired at a later stage of secretion, 

or.even in the space of Disse, Because the intestinal cells are not 

éapable of synthesizing apoC athall ( 101 ),..,nascent cnylomicrons must 

acquire this apoprotein whOe in circulation, from the large pool present 
1..... '''-

in HDL ( 103). In addition, most of the ap in nascent chylo-

microns is rapidlï lost to HDL in tbe circu1at . ' , 

~. Catabolism of"Triglyceride-Rich Lipoprotei IS 

The catabolism of the TG-ri ch lipoproteins is omp1ex due to the ~ 

é'~ t ' 
presence of several protein and lipid components. These are catabolized 
l " 

byo different ti'ssues, mechanisms, and at different rates. In addition, 

there is a dynamic equi1ibrium of sorne of the protein moieti~s between 
~ 

the différent lipoprotein casses. For instance, an ~ vitro e~change of 
> 

the apbC i~ association wit phospholipid has bee~ved between VLOL , 

and HOL ( 19). Law densit 1iPop~otJ;n does not participate in this 

" 1 ~ 

-~ . 
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process. Besides the rapid exchange of the apoC, there also exists a 

transfer of these apoproteins from HDL to the newly synthesized TG-ric~ 1 

Il . 

lipoproteins ( 103 ).' The magnitude of this transfer is determined by 0 

~the plasma TG concentration. 

a) Remnant Formation \ 
) 

The first,step in the catabolism of the chylomicnons and VLDL involves 

the action of LPL. Inhibition OfK)the enzyme with s~ecifi'c antibqdies 
\ 0 \ ~ 

prevents the ca tabo li sm of V'lDL ( 21 g. ). Under horma.~ phys i 01 ogi ca l 

conditions, the serum conta .. t~s onl~ tracbs of liPol~ic enzyme~. Injection 
\ . 

of heparin releases high amoun'tr''Ôf LPL; and t~e effect is particurarly 

dramatic when heparin iS injected into sUbjects during alimentary lipemia, 

which is characterized by a milky appearance of the plasma. Plasma 

clears within minutes, and thus t~e enzymes released by heparin were 

originally referred ta as the heparin-induced IIcl~aring factor lipase" 
\ , 

( 220)~ The release of LPL from the endothelial cells of the capi11aries 

can ~e inhibited' by con~navaline A and colchicine ( 2'21 ). '1....,. 00 

The ênzyme has been extracted and purified from a variety of sources, 

including numan and rat adipose tissue ( 20,222,223 ), heart ( 21,224 ), 

pig adipose tissue ( 225 ), and Dovine milk ( 226 ). The solubilization 

of,the rat heart LPL by heparin perfusion does not alter the kinetis 

properties of the enzyme ( 22). The rep?rted molecular weight varies 

from 60,000 to 70,00Ct" Rat POs.~-,heparin plasma"contfiins two LPL: one 

is a low molecular we~t ( 37,000 ), high affinity,LPL, released from 

the heart ( 227 ); and the other is a 1~1 affinity LPL, rel'eased from the 
.-

ad'ipose tissue ( 228 ). The low affinity LPL has a high molecular weight 

( 69,000), and different amino acid ancYhexosamine c'ômposition than the 
,> 

purified heart LPL. Both are inhibited by l M NaCl ancl protamine sulphate, 
\ 
\ 

o 
1 
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and require an activating fac,tor in VLDL ( 228 ). The activating factor , 

'y necessary for all LPL is now known to be apoC-II 78), while apoC-III 
, 

is believed to inhibit the en~yme at higher than phys;ological concentra-

tions ( 82). TG emulsions ( 229.) or even purified TG ( 230 ) can"be 

hydr ysed by the lPL only in the presence of serum. 

It seems likely that the activitYo of lPL corresponds t~ the phys;o­

.Jog; al requirements of the various tissues' and it may be ultimate~y shown 

that there are a number of lPl isozymes, related to the function of dif-
. - , 

-ferent tissues. \ For example, the low affinity LPL associated with the 

adipose tissue may function'when the suppl y of chylomicron~ and VLDL is 

high and fatty acids are stored, whereas the high affinity enzyme of the. 

heart functions when the supply of the circulating lipoproteins is low 

and enërgy is required. Thus the heart lPl activity is ,increased during 
'" starvation, and the adipose tissue LPL is increased in the post-prandial 

- 1 

stalte ( 231,232 ).' During suck1ing, the mammary gland is most efficient 
, 

in clearing chylomicron lipids, whereas in the non-suckling state, adipose-

tissue has the highest lPL activity ( 233 ). 

The post-heparin plasma contains two ~ipases, one having the charac-
_ c 

teristics of,lPl described above, andoa second one which does not require 

activation by a serum factor and is activated, rather than inhibited, by 

1 M NaCl ( 23~ ). The second enzyme has been 1.s01 ated from the 1 iver, 
\ -

and is not found in the post-heparin plasma of hepatectomized pigs ( 23~ ). , 
1 

It is usually referred to a~ the hepatic lipase. 
l 

In addition to the LPL 

and hepatic lipase already described, the presence of another lipase in 

post-heparin plasma has been reporteq ( 76). This enzyme is activated . .." 

by apoC~I and is not present in the adipose tissue or post-heparin plasma 
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\ of type l nyperlipoproteinemic patients. \ 

A number of observations suggest that the LPL is locat~d on the 

luminall surface of the endothelial cells of the capil,laries. Among them ! 
are: histo-chemical evidence of lipolysis in the capillary-lumen, electron 

- ' 

micrographs of partially digested adherent chylomicrons, and the rapid 

appearanc~ of this enzyme in heparin-containing perfusates ( 236,237 ). 
, , 

Rel~tive1y little is known about the mode of interaction of the TG-rich J 

lipoproteins with the membrane-bound LPL. 8ased on electron microscopy 

and biochemical studies, it has been proposed that the initial TG 
" 

hydro1ysis occurs within 1-2 minutes after attachment of the chy10microns 
1 

to the capil1ary endothe1ia1 cells, producirlg fatty acids, MG and DG. 

Some of the fatty àcids are released into the circulation. The mechanism 

by which the remaining hydro1ytic products cross the endothe1ia1 membrane 

and evéntuallY rea~h the surrounqing tissue is not c1ear. It has been 

proposed that they move from the chy1 omi crons to the endothe1 i al cell s' 

by lateral diffusion in a continuum created by the fusion of the chylo­

micron surfaca film and the external portion of the plasma ~nd intra­

cellular membranes of the cell ( 238). It is possible that the hydro-

lytic products are then carried within the cellular membranes to other " 
! - _--- a 

tissues surrounding the endo'ftiel ial ceU s,if a' concentration gradient 
" .. - --- -~ ---------

is prei€nt. It Sh6u]d_be--pointed out that little experimental evidence 

fs avai1able~:e to support this hypothesis. 

The action of LPL on chylomicrons and VLOL results in a production of 

remnant partic1es of considerably altered chemical and physical ~roperties. 
l ' 

Post-heparin plasma ( 239,240 ), supradiaphragmatic ( 105 ) and hepa-

tectomized rats ( 8,241,242 ) and perfused rat heart~ ( 9 ), have been 

used as a source of L~L to eva1uate the c~aracteristics of the rat TG-
"~ 

• 

\ 



rich lipoprotein remnants. Rat chylomicron and VLDL remnants show a 
'--­

considerable t decrease in size and TG and apoC content ( 9,105,240 ). 

Although the proportions of cholesterol, cholesteryl ester and phospho--. lipid increase, a net loss of these substances occurs during lipolysis 

( 9,105,240). Concomitant with these changes, the mass contribution 
1 

of apoB in the remnant part;cle increases, but the absolute amount does 

not change, suggesting that the apoB remains with the particle dur;ng 

the del{pidation stages ( 243 ). 

No information is available about the compositign of human VLDL and 
, 
r 
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chy10micron remnaruts, but the analysis of increasing;density fractions of 

VLOL isolated from normal serum àlso,indicate a gradual decrease in TG 

and apoC content, and increased proportipns of cholesteryl esters and 

, apoB as the parti~]e size decreases ( 243). The distinction between 

remnants and smaller, intact VLDL in the human serum is difficult ta make 

since no information is available about the variations 1n chemical com-

position of newly secreted VLDL of decreasing size. A precursor-product 

relationship has been observed for the ~ vivo transformation of large 

VLDL particles ( Sf > 100 ), into smalle; ones ( Sf 20-100) as a result 

of LPL action ( 244). A stepwise delipidation scheme was implied: the 

VLDL particles lose some of their TG at the delipidation site, and reappear 

in the plasma as VLDL particles of higher density and smaller size. 

It is of interest that in about 50% of ~ndividuals, VLDL particles 

of remnant-like characteristics can be isolated'electrophoretically 
\ 

( a slow pre-B mobility ), containin~a higher,proportion of apor and 

apoE with reduced amounts of apoC and much increased cholesteryl ester: 

TG ratio. While this slower migrating pre-B VLDL resembles remnant VLDL, 

it is not unlike' the abnormal, S-jigrating ~LDL ~resen~ in large concen-

1 

1 
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-
trations in patients with type III hyperlipoproteinemia ( 245). These 

observations led. to the hypothesis that in these patients, the abnormal 

B-migrating VLDL represents an accumulation of VLDL remnants. Indeed, 

recent studie~ bf apoB decay in the circul~ti6n o~f, type III patients 

suggest the presence of an alternate pathway for VLOL degradation, pro-

ducing B-VLDL ( 156,246). A precursor-product re1ationship between the 
, \ 

normal and S-VLDL TG ( 247 ) and\ apoB ( 246,248 ) has been shawn. 
\ 

\ 
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Interestingly, none of the injected 125{ - VLDL apoE transfered to B-VLOL 

in type III patients, in spite of the fact that apoE ;s a major constit~ent 

of 8-VlOL ( 248). Thus, direct hepatic synthesis of 8-VLDL· cannot be 

ruled out "at this time. 

A sizable reduction of the TG-rich lipoprotein core during lipolysis 

must be accompanied by ~ reduction of the surface cornponents as wel1, if 
"-

the spheriqal shape is to be preserved. Whi1e the 10ss of apoC, phospho-

lipid and cholesterol may account for sorne of the reduction, the possibil1ty 
. , 

also exists that the action of a second enzyme, the LeAT, which is normally 

present in the serum and responsib1e for cholesterol esterification, is 

necessary ( 249). Support for this hypothesis cornes from observations\ 

of abnormal LDL particles with seemingly excessive surface coat in patients 
, \ 

with familial LeAT deficiency. Upon incubation of the·patients· serum 

with LeAT, much of the excessive coat disappeared. This was accompanied 

by a net transfer of chelesteryl est~r to LD~ and VLDL ( 135). Sinte 

LeAT does not react directly with VLDL ( 250 ), the 'increment in choles-
\' 

teryl ester content of VLDL may occur through a transfer of cholesteryl 

esters from HDL, possibly,mediated by apoE. The apoE content of VLDL of 
, . 

the LCAT-deficient patients increased-on incubation with LeAT, at the 
. 
expense of apoB a~d apoC ( 135). It is possibte that the apoE-choles-

\ 
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teryl ester complex displâces the apoC-phospholipid complex, resulting in 

a significant decrease in the surface to coat ratio. 
) 

\ 
The catabolism of the TG-rich lipoproteins thus appear to fol1ow a , 

common initial pathway of TG dep1etion. This is accompanied"by sorne 

significant changes in lipid and apoprotein composit10n as well as a 

decrease in the mean pàrticle size. At t~is point however, the fate of 

chylomicron and VLDL remnants diverge and will be discussed separately. 

b) Fate of the Chylomicron Remnants 

Rat chylomicron remnants produced by the action of the extrahepatic 

LPL are rapidly removed from the circulation by the liver. Chylomicron 

remnants prepared by incubation with post-heparin plasma, perfusion 
1 

'1 , 

through rat hearts, or isolation from hepatectomized rats are\rapidly 

removed by the liver of the intact rat, iso1ated perfused liver, or 

hepatocyte suspensions ( 8,9,239,241,242). The uptake of chy1omicron 

remnants by the perfused liver or hepatocytes is significantly greater 

thart that of intact chylomicrpns ( 9,239,241,242 ). 

The reason for the preferential uptake of the remnants and the nature, 

of this process has been investigated. _ It was found that neither size 

nor gross 1ipid composition alone, at least as manifest by the total 

lipid to cholesterol ratio, was of major importance in determining the 

rate of hepatic uptake of the particle ( 251). Furthermore, two types 
( 

of hepatic uptake of chylomicron particles were found. The first of these 
, ' 

was a low velocity transport system capable of clearing intact chylo­

microns from the perfusate. The rate of uptake was linear with time, 

and independent of the size of the chylo~icrons. This process presumably 

reflects nonspecific endocytosis of unmet~bolized chylomicrons by the 

liver, and is of such low velocity that it plays a sma~l physiologidal 

\ 



o 

\ 

46 

role. The sêcond transport process involves the uptake of remnant 

particles. The uptake was linear and~showed appare~t saturation kinet;cs 

with respect to concentration. The particles appeared to be taken up 

intact by a process having a very high activation energy. This suggests 

an attachment of the partic1es to a finïte number of receptor sites on 

the sinusoïdal membrane, followed by a tra~slocation by a process such as 
\ 

endocytosis ( 251). Indeed, the removal of the whole remnanLparticle 

h~s been suggested by other investigators ( 9, 239). The remnant-

derived cholesterol causes a significant suppression of de ~ cho1es­

tero1 synthesis \'Ii~hin the liver cells ( 252 ). 

Although the outlined pattern of chylomicron' catabolisrn has been 

observed in the rat, it has not 'been directly demonstrated in the human. 

Recent work by Sc~aeffer et al. ( 99 ) represents an initial attempt to 

follow the fate of the chylomicron apoproteins in the human. Using 125 1_ 

labelled chylomicrons injected directly into the circulation and cor-

recting for the initial rapid equi1ibration of some of the apoproteins, 

they found that the apoA-I radioactivity was rapidly removed from the 

c~ylomicron fraction and recovered in t~e HDL. Th: decline ~n the 

chylomicron apoC activity was significantly slower than that of apoB, 

reflecting the continuous reassociation of the apoC with the newly secreted 

chylomicrons. While only a sma1l proportion ( 18% ), of the chy1omicron 
, 

apoB was'recovered in the LOl density range, no ,attempt was made to 

explain si~ilar recoveries of this ~poprotein in the VLDl and IDl 

fraction. If huma'n VlDL catabo1ism results in LDl production, presumably 
. 

through IOl ( 10-13 ), then in fact the chylomicron apoB found in VLDL 

and IDL may also be converted into LDl apoB. It/iS inter~ting that the 

decay of chy1omicron apoB from the VLDL density range appears to be 
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slower than that reported for VLOL apoB ( 156,246). It is possible 

that the chylomicron particle is metabolized in the human in a more com~lex 

manner. While the 1abelled lipid is rapidly removed from the circulation, 

a significant portion of the chy1omicron apoB temains in the circulation 
• 

for prolonged periods. The posibility that a 'significant portion of the 

chyiomicron apoB is catabolized to LDL or,remnants of densities similar 

to VLOL, IOl, or even LDL cannot be excluded. Obviously, additional 
\ 

experimental data are required to establish the fate of human chylomicron 

apoproteins in the circulation. 

c} Fate of the Very Low Density Lipoprotein Remnants 

On the basis of the experimental evidence presented in the previous 

section, the catabolism of chylomicrons, at least in the rat, can be 

divided into two distinct stages: one of extrahepatic hydrolysis or the ., 
TG, followed by the hepatic uptake of the res~lting remnant. ' 1 

J 
Very 10\'1 density liPopro~einsl share with chylomicrons the first stage/ 

of the catabolism ; the extrahepatic removal of much of their TG and 1 

considerable amounts of cholesterol and phospholipids. Significant 

changes in the apoprotein composition, already describ~d, also occur. 

Since the exposure of both chyl omi crons and VLD.L to LPL rgsults in 

qualitatively similar compositional chang~s in the particle, the term 

remnant has been applied to both of them. 

Although the remnant designation for VLDL may be arbitrary, it is ~ 

based on several,observations. Very low density lipoprotein particles 

of decreased size and flotation rates ( 300-400 Â, Sf ~ 30 ), accumulate 

in hepatectomized rats and incubation media containing LPL, without 

further significant TG hydrolysis ( 105,240 ). A rapid in vivo trans---" 

formation of VLOL apoB from ~he Sf 100-400, to the Sf 20-60 fraction 
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ViaS observed in humans after heparin injection ( 13 ). Recent in vivo 

kinetic studies also indicate that the formation ,of VLDL particles of\ 
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Sf 12-60 fram Sf 60-400, is relatively rapid when compared to the further / 

degradation into higher d~nsity regions ( 246 ). 

The experimental approach used to study VLDL catabolism has 50 far 

been quite different from that used for chylomicrons. 111e physical and 
j 

al pr perties of VLDL remnants have already been described, but 
" l': 1 . 

'is known about the fate of the remnant particl~. Most investigators 

fate of the VLDL apoproteins!after injection of 
1 

ra io-labelled VLDL into humans or intact animals. Although these methods 
, 

gi e ample infor~ati9n about the temporal movement of the various apo-

pro ins of VLDL within the different density fractiOns, little insight 

is obt ined about the actual mechanism of these transformation~ and the 

importance~f the various serum and tissue components in this 

process. l<Iith this experimental' design, the individual catabolic steps~ 

and the immediate products formed, are impossible to iso1ate. The 

interpretation of the results is comp1icated by the exchange of the 

variOU5 apoproteins and lipids of VLDL with those present in the other 

---1ipoproteins of the serum. 
1 

Recent i!!. vivo work, utilizing 125I-VLDL injected into the circula-

- tion ( 11-13 ), confirm and expand the early observations of a precursor­

prod~ct re1ationship between VLDL and LDL apoproteins in the human ( 10 ). 

Injection of 125I_VLDL into.humans was fo11owed by an immediate rise of 
1 

radioactivity in HDL accompanied by a rapid decrease in the VLDL. This 

phenomenon can be attributed to a rapid equi1ibration of apoC,'freely 

exchangeable between VLOL and HDL ('19). The initial and vèry rapid 

1055 of VLDL radioactivity recovered in HDL, was followed b~ a gradual 

/ 
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transfer 0' radioactivity, first to IDL and then'to LOl. 'OUring this 

second, slow phase of VLOL radioactivity decay, the decline of the apoB 
, 

portion of the VLDL far exceeded that of the apoC ( 11). Though in 

this study no specifie activity data were obtained, the time sequence 

of the transfer of the radioactivity from VLDL to LDL suggested a 

precursor-product relationship betw~en them, presumab1y through the IOL. 

Indeed, there is ample evidè~ce today that the rate of removal of apoB 

far exceeds that of apoC ( 156,248). This seemingly paradoxical'obser-

vation can be explained as fo11ows: as VLDL moves tHrough the progressive 

stages of del ipidations s apoC is transferred to HOL, while the apoB is 

retained. Thus by the time VLDL becomes IOL, most of its apoC is lost 

and it is greatly enriched in apoB. The apoC however s transfers again 

from HOL to the newly systhesized VLDL. Thus whi1e the overall specifie 

ac.tiV?y of apoS in the VLOL fraction is dfclining at a fairly rapid 

rate, the constant reassociation of 1abelled apoC from HDl, wi~h the 

new1y systhesized VLOL, results in a slower decline of the.specific 

activity of VLDL apoC. In the human, under normal conditions, LDl is the 

final product of VLOL catabolism, and all of the apoB it cOQtains is 

derived from VLDL ( 156,246,253 ). 

tJ 

The transformation of large VLDL into smaller ones as a result of 

lipoprotein lipase actibn has been described o ( 13,244), but the mechanism 

of conversion of the small VlDL particles into IDL and u1timately into 

\ LDL is not known. It Ihas been 9bserved that \1hen the VLDL of patients' 

with LCAT deficiency is. incubated with LCA,T, sorne of the apoB-contain~ng 

material is lost from VLDL and récovered in the IDLland LDL region ( 250 ). 

The LCAT reaction may contribute to the formation of LDL in vivo, but 

clearl~, other mechanisms of greater significance must be involved, since 
\ 

\ 
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even in patients with LeAT deficiency, LDL of almost normal composition 

i s found. 
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ln spite of the observed low levels of circ~lating LDl in t~e rat, 

conversion of sorne VlDL into LQL has been reported. Injection of 125 1_ 

VL~l caused an immediate rise i~HDL radioactivity ffnd a slow increase in 

the IDL range, followed by a slow ( 30 - 60 minutes) increase in th~ 
, 

lDL'radioactivity ( 254). In another study, the disappearance curve of 

injected 12~-VLDL apoprotein radioactivity in the rat plasma was triphasic: 

an initial rapid clearance of 20-30% was follow~d by a second phase 

( 5 - 12') minutes,), \l/here up to 85% of the remaining radioactivity was 

removed. The remaining 15% of the radioactivity ~ad a slower rate of 

disappearance. The peak of apoprotein activity in LOL occurred at 15 -

20 minutes after injection, and did nO,t exceed 2.5% of the inl~cted 
_ Il,,; ,_, 

dose ( 14 ); in direct contrast to human VLDL metabolism, irtwhïch a 

much larger proportion of the initial VLDL radioactivity is recovered 

in LOL ( 13 ). 

Similar results were reported using ~ vivo 1abelled VLOL ( 17 ). 

InjectioR of 3H-lysine into rats resulted in maximal apoB specifie 

activity in VLOL and LOl, 1 and 1.5 hours later respectiyely, in a manner 
\ 

consistent with a precursor-product relationship. When such label1ed 

VLDL was reinjected into rats, the relationship of the specifie activities 

again indicated that the apoB of the VLDl may be the sole preeursor of 

LDL apaB. Neverthe1ess, less than 10% of 1abelled apoB in VLDL was 

reported to have been recovered in LDL, whereas the uptake of label in 

the 1iver was substantial ( 17 ). 

The extensive hepatic uptake of bath VLDL cholesteryl esters ( 16 )~ ~ 

and apaB ( 17 ), may thus explain the characteristically 1aw conce~tra-
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tions of plasma lDL in the rat. On the basis of these observations it 

would appear that in the rat, the VLDL is only partially depleted of TG 

\ before removal by the liyer, or possibly other tissues ( 17,255,256 ). 

• 

The extent of the fLDL TG hydrolysis necessary for the removal of the 

remnant from,the circulation is not known. 

Very little is known about the fate of the apoE of both human and 

'rat VLDL. The study of the apoE' removal from the circulation has been 

hampered by the relatively small incorporation of ,125 1 into this apo­

protein. The specifie act;'vity of _VLDL apoE following injoection of 

1251_VLDL into humans, closely resembles that of the apoC; having an 

irregular, slow deeay with intermi~tent rises ( 248 ). This beha~ior 

w@uld indicate that the apoE was sequestered from the VLDL pool ana 

.later reassociated 'with it. The nature or even the necessity of the 

temporary acceptor is uncertain. While the disappearance curves of 

apoE and apoC were similar~ they were out of phase, indicating that the 

apot does not leave and reenter the particle as a unit with apoC. This 

work was carried out with one patient only, and the results should be 
" 

interpreted with caution. 

3. Low Density Lipoproteins 

,a) Synthes i s 

In vivo kinetic studies have established that in the human all of 

the LDL is derived from VLDL catabolism ( 156,246,253). Catabolism of 

rat VLDL on the other hand, results in the production of on1y minimal 

'amounts of LDL ( 14,17 ). -This finding may explain ,the low levels of 
1 i 

circùlating LDl in tois animal. Direct hepatic synthesis of sorne LDL 

in the .rat and ot~er animal species has not been ruled out, however. 

1 
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1 
.Ind,eed .• the appearance of sorne material in the LDL density range has been 

consistently reported';n rat ( 182.184 ) and pig ( 185 ) liver perfusates. 

The sma11 amounts found tn this density range p~ecluded their full chemica1 

characterization. and the possibility that this mater;a1 may represent a b 

~LOL,contamination produced during the ultracentrifugation has been 

pointed out C 184 ). In vivo experiments in rats suggest that the LDL ---
fraction of Sf 0 - 5, representtng the bu1k o( LDL in this animal may be 

produced independently of VLDL catabolism ( 257 ). 

b) Catabolism 
, ~ 

WhiTe in the rat VLDL remnants are removed by the liver and possibly 
1 

other tissues without significant formation of LDL ( 14,17 ). in the human 

the TG-rich VLDL becomes the cholesteryr estèr-rich LDL. Since LOL is 

associated with athero~clerosis, there is considerable interest )n the 
\ . " catabolism of this mOst abundant lipoprotein in the human serum. 0 

\ 

J In spite of the earlier observation that the perfused rat liver is 

capable of removing a significant portion of LDL·( 258 ) ( the LDL · 

fraction investigated contatn~d a significant amount of VLDL remnants~ 

probably accounting for ~he appar~nt uptake of LDL) , there is increasing 
1 

eVidence that the liver does not play a major role in LDL catabolism. 
\ 

Among these is the observation that the catab01ic \rate of LDL is not 
\ 
1 

decreased in hepatectomized anima1s ( 259 ). Similarily, minimal hepatic 
, \ 

contribution ta rat LDL catabolisrn was'recent1y shown in studi~s of LDL 
\ \ 

- , 1 

degradation b:Y the perfused rat liver and the ;ntact\~nimal ( 260 ). 
\ 

Instead, the catabalism of LOL ;s now thought ta occu~ in the extrahepatic 

tissues. as_ indicatf!d by th'e presence of specifie bind\ng sites on the 
') \ \ 

surface of a variety of cultured ce~ls. ' 

The difference between cell cult~res and in vivo con~itions must be 
\ --- \ 

\ , 

• 



e, 

1 

, 

53 

kept in mind when evaluating the data pre~ented. Cu1tured cel ls are not 
" " 1 

organized into specialized tissues and cell density is markedly lower than 

in the intact ant~ven .houg~ plasma is the s~urce of nutrients and 
D 10 

gro~th~;actors in vîvo, seru is the source used almost universal1y in 
~I, 

culturce media. Moreover the concentration of nutrients in tissue culture 

may be quite djffer~nt from that present in vivo, because of cell- to cell 

interactions. For example, the effects of the arterial end'othelial mono-
1 

)ayer on the composition and concentration of plasma cd~ponents"mainly . 
~ 

lipoproteins, reaching the underlying smooth muscle cells in the aorta 

',/ :- are unknown but certai (lly important. Despite these compl i cati ons aQ,d 

l~mitations, the ~nvestigation of the effects of lipoproteins in tissue, 

tU1ture'has produced important concepts and insights into the regulation 

of lipid metabolism in general, and LDL çatabolism in particular. 

" 
, 1 

~ 

The finding of high a'ffjnity receptors on human skin fibroblasts has 

led to the develupment of a model for the extrahepatic catabolism of.LDL 

( 261). While the model is described using fibroblasts, the most exten-
" 

sively stad1ed cells, a similar sequence of events has been described 

for lymphocytes, arterial smooth muscle cells, and endothelial cells 

( 262-264 1. The follo~ing events,are suggested to ta~e place during 

the uptake of LDL: binding of LDL to',a speci'fic receptor is followed by 

its incorporation into an endocytotic -vesicle, and uptake?y the cell.·' 

The LDL-cont~ining vesicle fuses w1th lysozome~~ the cholesteryl ester 

and .rote~n Âhe LDL are ,hydrolyzeç:l, and the free cholesterol is " ... ~~/ 
c 

transferreo to the cell membrane. The accumulating cholesterol inhibits 

the HMG-CoA reductase, a rate-limiting enzyme for the biosynthesis of 

cholesterol by the cell. A concomitant activation of cholestéryl ester 

formati on by the membrane-bou"nd acyl-CoA cholesterol acyl transferase 

". 
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" 

occurs. As the cholesteryl ~ster accumulates, synthesis of the LDL 
.. ' 

receptor sites is ;~ppressed and additional LDL uptake is ~nhibited, 

resulting in an effective control of the cell's cholesterol content. 

The suppression can be overcome ~y incubating ,the fibroblasts in a lipo­

protein-free medium, but the restoration can be prevented by the presenlce 
. 

of an inhibitor of protein synthes~s or transport, such as cyclohex~mide 
" , 

or ~ol~icine. Treatment of the cells with p~onase also pre vents LDL 
.., 

birÎding ( 265 ). l 
{ 

Studies of LDL Cafab?liSm by~fibroblasts obtained from ~atients with 

familial hypercholesteronemia "have produced a number of interesting 

observations and some insight into thé genetic aspect of this disease. 
-""''l. 

Fibroblasts deriyed from heterozygous hypercholesteronemics have been ' 

shown to express about one half of the normal number of the LDL receptors 

under conditions Ithat should el icit a maximal r~ of receptor synthesis 

( 266 ). Examinations of the f~broblasts obtained from homozygous 
t \ \ ' .. 

hypercholesteronemics indicate at least three mutant classes. On"e class Il 

of mutant fibroblasts, termed re~ptor negative" completely lacks the 

c.el.l' surface receptors ( 26I. ). 

defective,o exhiblts a detecta'e 
\ 

The secoDd cl~ss, termed receptor 

ability to bind LDL, but the apparent 

" number ,of. functional receptors is greatly reduced ( 267 ). Since in "both 
1 • 

,of these types ~f ~u!ant cells LDL does not bind in normal amounts to the 
, 1" 

cell surface, tn~ subsequent internal ization 'of the lïpoprotein.çannot 
, l , 

occur at normal rates, and de,fective regulation of cho~esterol metabolism 

ensues ( 268). Recently, a third class of mytant fibroblasts has been 

- detected. This mutant appears to have the usual number of functional 
, " ' \ l 

LDL receptors, but thé receptor-bound LDL cannot be internalized, pos-

sJbly due to a mutation in a protein mediating this p~ocess ( 269,270 ). 

, --

1'", 
1 
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The existence of at least tnrée types of mutations that can produce the 

clinical phenotype of homozygous familial hypercholesteronemia, raises-
~ 1 

the possibility of extensive genetic heterogeneity among phenotypic homo-
[ lJ 

zygotes, as well as heterozygotes wi~h this syndrome. 

The nat~re of the receptor specificity is uncertain at this time. 
"-The concept that the receptor is specific for the apoB of LOL cannat 

exp 1 ai n the i nabil ity of tJf fi brob 1 as ts ta degrade normal VLOL. l ndeed, 
, ' 

recent studies with lipoproteins from cholesteroî-fed dogs and pigs, 

indicate that not only apoB, but also' the apoE might be involved in Ithe 

interaction of lipoprateins with fibroblasts and arterial smooth muscle 

cells. The choleste~ol-induced HOLc of the dog, which contains onl~ apoE, 

or the HDLc of the pig, which contains apoE and apoA-l, are as actively 
'1 

taken up as LOL. Selective modification of the arginyl residues of LOL 

or HOL with cyclphexanedione abolishes their uptake by the cells ( 271 ). c ' 

Removal of cyclohaxanedione regenerates the original activity of these 

lipoprotei~s. lt t~us appears that the specificity for binding of plasma 
" 

lipoproteins to the cell surface and their uptake, resides with the apo-

proteins and that bath apo~ and apoE are capable of reacting with the 

receptor. ~lt also appears that the arginyl residues are a functional,ly 

significant part of the recognition site. The importance of a particular 
.. 

protein-lipid configuration on the surface of these lipoproteins has not 

been ruled out. 

, Studies to date indicate that the receptors may exhibit specificity 

~ towards certain apoproteins, such as apoS and apoE, but they appear to 

l ' 

, 

have little or no sp~cies ~peCi,:Vfity. The presence/of receptors on the 

cell types investigated appears to be universal. Significantly however, 
, 

cultured rat hepatocytes do not have a high affinity reêèptQr for LOl; 
" 

\ , 
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whereas VLOL and HOL increase the acti·vity- of hepatic HMG-CoA reductase, 

LOL has no effect on this enzyme. On the other hand, 1ipoproteins rich 

1 in apoE from the hypercholesteronemic rat inhibited the hepatic HMG-CoA 

reductase ( 272). Thus it appears that rat hepatocytes have a receptor 

for cholesteryl ester and apoE-rich lipoproteins, which would include 

VLOL remnants. The R~ecis~ mechanism of the lipoprotein-receptor 

interaction awaits further characterization. 

The significance of extrahepatic degradation of LOL as well as its 

56 

. , ~ 

reaT role in the intact organism i5 a matter of speculation at this time, 

but the observations presented are consisteht with the view that LDL -

serve to transpor~'cholesterol to the extiahepatic tissues, and p~~j an 
\ 

important role in their regulation of cholesterol synthesis. 

1 

4. High Oensity Lipoproteins 

a) Synthesis 

The synthesis and secretion of HDL by the intestine and the liver has 
\ 

been demonstrated ( 101,182-184,193 ), but t~e relative contribution of 

these organs to total serum HDL levels is not known. While the presence 

of HOLcapoproteins has been suggested in sonicated Golgi fractions ( 194 ), 

the subcellular pathway for HDL assembly and secretion is not clear. 

For lack of more evidence, it is oresumed to be similar to that of the 

TG-rich lipoproteins, but many observations ~re inconsistent with thi~ 

assumption. Thus~ alt~ough orotic acid, colchicine, and protein synthesis 

inhibitors have a profound erfect on VLDL assembly and secretion, they 

effect HDL sécretion to a lesser extent ( 273-275 ). 

The natur~ of the"assembly of the HDL apoproteins into the1nascent 
, 

particle is far less defined than that of the VLDL particle. While 

" 
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/"~\" ) 
HDL particles appear in l.iver perfusate and intestinal l~~, the'y-have 

,1 (_ 

not been visùalized inside the liver orl intestinal cells. -Thè possibil.ity' " 
1 

that the HDL apoproteins 'are synthesized individually and each secreted 
i 

with its complement of lipid, as LpA, LpE a~d LpC has not been excluded. 

Secretion of apeC may be a go~d case in point. As indicated in the 
. " 

section dealing with VLDL synthesis, nascent VLDL isolated from the Golgi 
, 

contained only minimal amounts of apoC ( 218 ). Furthermore, it was 

pointed out that the association of apoC with the VLDL particle probably 

takes place at very late stages of secretion, or even in the space of 

Disse. As both perfusate VLDL, and·to a lesser extent HDL (182 ) 

contain apoC, sevèral possibilities exist which at this point are 

difficul,t to distinguish. Apoprotei n C may be attached to VLDL and HDL 
, , 

independently, just before secretion. It also may be secreted exclusively 

with one of these lipoproteins, but rapidly redistrib t~d betwee~ VLDL ' 

and HDL after excretion, in the space of Disse. A poss~ble alternative 

is the direct and independent syntHesis and secreti C protein with 

lipid ( LpC ) or without ( apoC ), into the se where it 

rapidly associates with the nascent VLDL or HDL dependinq on its relative 
. . 

affinity for ~ach of these lipoproteins. Liver perfusion studies suggest 

VLDL as the main carrier of apoC into the circulation ( 182 ), but a 

recent ~ vivo kinetic study in humans was in faveur of HDL as the major 

route of apoC entry ( 156). It is of interest however, that in patients 

with Tangi~ disease, almost completely lacking HOL, normal or slightly 

less than normal levels of circulating apoC are found ( 276 ). 

Regardless of the form in which the major HDL i'lPoproteins are secreted 

into the space of Disse, distinct HDL particles appear in the liver per­

fusate. To study the nature and composition o~this particle in the 

\ 
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liver perfusate or intestinal lymph, it 'lIas necessary to inhibit LCAT, - , 
, 

an enzyme 'Ilhich rap'ldly alters nascent HOL. In the presence-of the LCAT 

inhibitor, DTNB, nascent HDL particles originating from the 1iver or 

intestine appeared to be disc-shaped, with d~mensions of 50 x 190 a. 
1 

While the major apoprotein of hepatic HOL was apoE, apoA-I was the major 

component of intestinal HDL ( 186,277). The relative amount of apoE 

and apoA-I in the hepatic HDL was a function of the extent of LeAT 

inhibition ( 278). The proportion of the ch~lesteryl ester, phospho­

lipid and apoA-I in HOL, in the absence of DTNB-were significantly higher 

than in the HDL secreted in the presence of the inhibitor. It is 

interesting that while the presence of DTNB had no effect on the total 
\ 

apoA-I secreted by the perfused liver, a larger amount of this apoprotein 

was found in the d > 1.21 gjml. fraction of the perfusate. The inhibition 

of LCAT on the other hand, decreased the total amount of apoE secret~d. 

Virtually nothing is known about tb~ secretion of the other apoprotein 

components df\serum HOL, such as apoA-II and apoA-~V. 

The appearance of HDL particles of normal spherièal shape is observed . 
l " 

if the LCAT, synt~ized by the liver (,279 ), ;5 not inhibitéd ( 186 ). 

It appears that the LCAT acts on the nascent HDL particles, its preferred 

substrate, without,del~y. This enzyme catalyzes the transfer of the C-2' 

fatty acid from lecithin tG> cholesterol and is .respon'hible for the forma- ( 

·tion of most of the cholesteryl ester in the circulat,ion. For full 
l ' 

activation the enzyme requires small amounts of apoA-I ( 63 ), already 
1 

present in the nascent HDL. In the course of the reaction, HDL choles-

terol is esterified and moves into the center of the bilayer structure. 
1 

As ~ore cholesteryl" ester is formed, the HOL molecule expand$(until it 

, becomes completely spherical, as found in the normal serum ( 186 ). 

\ , 
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b) Catabo1ism 

The in vivo study-of HOl catabolism is extremely complicated by the 

exchange of many of its protein-and lipid constituents with those of the 

other lipoproteins or cell membranes. The half-life of HOl apoproteins 

in the normal human was estimated to be 4 days ( 10 ), and was the same . , 
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if injected as whole HDl 6r purified apoproteins ( 280). In contrast, 

whole rat HOl was shown to have a shorter half-life. about 11 hours ( 281 ). 

From the limited observations availab1e, it appears that al1 of the HOl 

apoproteins in the rat are removed from the circulation at simi1ar rates~~ 
\ 
\ \ . 

8 - 12 hours ( 282). In the human, the apoA-I and poA-II ~lso decay' 
\ 

from the circulation at similar rates ( 133). The fate of HOl apoprotein 
1 • 

has been studied in the rat, and the l1ver was found to be the major 

site of removal ( 281). In studies combining electron microscopy and 

radioautography, it was found that 6 hours after the injection of 125 1_ 

HOl, thet1abel was located predominantly ;n hepatocytes, mainly over 
,1 

secondary lyso~omes. Over 80% of the protein had already been degraded, 
~ 

as determined by anti-HOL serum ( 283). Recent studies indicate that 

non-parenchyma1 ( Kupffer ) cells possess a considerably higher capacity 
, 

to degrade HOl per mg of cell protein. but their numbers are 1imited 

( 284 ). 

Increasing evidence about the protective role of HOl in CHO has 1ed 

many investigators to study the interactions of HDL with the extrahepatic 

tissues. The ro1e of HOL to transport cholesterol from the extrahepatic 
\ 

tissues back to the liver was proposed years ago ( 285). In accordance 
r 

with this concept, the release of chQlesterol from cultured human skin 
1 

fibrobla~ts is markedly enhanced by the presence of whole HOl or even an 

apoHOL-sphingomyelin or lecithin mixture in the incubation medium ( 286 ). 
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A recent study reported.that prolonged incubation of human skin fibro-

blasts with HOL produced an enhanced uptake of LOL. The effect-was due 

to the induced synthesis of LOL recpetors by promating the efflux of 

cholesterol from the cells ( 287 ). 

The nature of the HDL interaction with the extrahepatic tiss~es and 
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its precise physiological role in the organism remains ta be established. 

Nevertheless, a few interesting observations, with respect to its possible 

role in atherogenesis are presented. As previously mentioned, high plasma 

concentrations of\ .. LDL are correlated with high risk of CHO, and low HDL 

levels seem to be)cin additional and inqependent risk factor. Pla~a HDL 

levels are reduced in s~veral conditions associated with increased risk 

of CHO, namely hypercholesteronemia, hypertriglyceridemia, diabetes mel­

litus, obesity, physical inactivitr, and male sex. The prevalence of 

CHO in middle-aged and elderly people is inversely related to plasma HDl 

cholesterol concentrations. Evidence is also accumulating for the pro-
, 
tective effect of high plasma HOL levels against atherosclerosis. The 

relative freedom of pre-menopausal' women from this disease would be ;n '). 

accordance with this hypothesis. It is also known that peopleowith 
. 

familial hypera-lipoproteinemia have an above average life expectancy. 

Eskimos in rural Gre~nland have higher HOL levels ànd lower CHO mortality 

than men ~in Oenmark. Genetic factors may be important, as suggested by 
, . 

a recent follow-up on the Framingham study, showing that children of 

CHO patients have lower plasma HOL cholesterol concentrations than 

children of healthy parents ( 288-291 ). 

\ 
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CHAPTER II 
- , 

METHODS AND MATERIAL5 

A. METHODS 

1. Organ Perfusions 

a) Hea rt Perfus ion 

Hearts, obtained fram male hooded rats weighing 200 - 250-9 and 

fasted overni ght, were perfused by the method of 81 eehen and Fi sher 
,} 

( 292 ) in a modification of the apparatus of Miller et al. ( 180 ), with 

a Silastic tUbing oxygenator ( 293 ).' The recirculating perfusate can­

sisted of Krebs-Ringér-bicarbanate buffer, pH 7.4~ containing 0.22 M Ca++ 

and 0.1% glucose. The gas phase was 95% oxygen and 5% carbon dioxid~. 

The hearts were cannulated through the aorta and perfused with t~e 

buffer ta remove the residual blood pr;or to the,ir installation in the 

apparatus.- The substrate ( chylomicrons or VLDL ), was added to the 

perfusate in tbe appar,atus. The he arts were changed every 40 minutes 

and beat steadily ( > 175 beats/minute). Albumin was omitted from the 

perfusate, producing a more rapid and regular heart beat. The omission 

of al bumi n had no effect on the extent of TG hydro 1 ys i s, wi th the 

exception that the fr~e fatty acids accumulated in the perfusat~ in the . 
" presence of albumin. After the perfusion, the hearts were fl'ushed with 

30 ml of the perfusate buffer alone, ynder pressure, to remolle any '-

lipoproteins trapped in the vascular system. 

The control experiments consisted of circulating the ,perfusate, 

containing the substrate, through the apparatus in the absence of hearts. , 

61 " 
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b) Liver Perfusion 

Livers, obtained from male hooded rats weighing 200 - 250 9 and 

fasted overnight, were perfused by the method of Miller et al. ( 180 ), 

using a Silastic tubing oxygenator ( 293). The gas phase was 95% oxygen 

and 5% carbon dioxide~ The 1iveç perfusate consisted of Krebs-Ringer­

bicarbonate buffer, pH 7.4, containing 20% ( v/v) washed { four times 

human erythrocytes, 3% albumin, 0.1% glucose and a~l% mixture of essential 

amino acids ( 294). Ca++ was omitted from the perfusate. 

The pe'rfusate entered the 1 i ver ~hrOugh the cannul a ted portal vei n 

and "left via the super"ior ven a cava, cannulated above the diaphrag"!. 

Residual blood was removed from the liver by preperfusion with the buffer 

alone and the substrate was added to the recircu1ating perfusa te in the 

apparatus on1y when it was visually apparent that the liver preparation 
1 \ 

was vi able. In so~e experiments the viabil ity of the li ver at the end 

of the perfus i on ( l hour ) was mon i tored by measuri ng the oxygen and 
, 

carbon dioxide content of the perfusate entering and exiting the liver. 

The p02 of the1perfusgte significantly decreased and the pC02 slightly 

increased during passage through the liver, indicating active metabolism. 

All g1assware used in bath the heart and 1iver experiments were 

siliconized prior to use ta prevent the substrate from binding to the ., 

gl ass surface ( 295 ).' 

2. Lipoproteih Isolation 

All initial lipoprotein isolation~ by ultracentrifugation were done 
, 

in Beckman L5-50 or L3-50 ultrac~ntrifUge~, using the SW-41 or SW-27 

rotors at 33,000 and 27,000 rey/min respective1y. For large ama'unts of 
> 

, 

plasma, the Ti-50.2 fixed-angle rotor was used and the lipoproteins were 
1 

removed by tube slicing. Reisolation of the lipoproteins pridr to or -. 
\, 

\ 

Il 
{' 



after the experiments was done in the SW-41 rotor and the lipoproteins 

were removed by Pasteur pipette or by tube slicing. Both methods gave 

>95% recovery of fresh, 125I-labelled VLDL. 

a} Chylomicrons \ 

63 

Rat chylomicrons were obtained from male hooded rats from cannulated 'w 

thoracic ducts following intubation with corn oil. During collection of 

the lymph the rats were kept ;n restraining cages and fed a standard diet 

saturated with corn oil, ad libitum. lymph was collected overnight on 

ice, in tubes containing 10 mg~dl disodium EOTA. Chylomicrons were also 

obtained from fresh citrated rat or pooled human blood. The fresh plasma 

was always adjusted to 0.01% disodium EDTA, pH 7.2 . 

> The chylornicrons were isolated fram rat lymph.or plasma, or human 

~lasma'b)/a l hour ultracentrifugation at 33,000 revjmin at 5 oC. The 

\ isolated chylomicrons were washed twice by anlident~al procedure, by 
\ 

isolating them through large volumes of layered NaCl solution, ô = 1.006 

g/ml, containing 0.01% djsodium EDTA, pH 7.2. After the iodination of 

washed chylomicrons, the particles of Sf > 3,200 were isolated ( 38 ) 

and used for the perfusion experiments. At the end of the he art perfusion 

a 0.1% disodium EDTA solutiop in O.l~ M NaCl, pH 7.2 was added to the 

perfusate to obtain a final concentration of 0.01% EDTA. The chylomicron 

remnants ( Sf > 400 ) were then iso1ated in saline ( _d = 1'",006 Mml ) ;" 

by a single, 1 hour ultracentrifugation at 33~000 rev/ min. 
~ 

b) Very Low Density Lipoproteins and Other Perfusate Lipoproteins 

Citrated plasma was obtained from male hooded rats by aortic or 

heart puncture. or fram fresh, pooled and ci~rated human blood. Chylo- 1 
microns were removed as described above, and VLDL were isolated by a 

modificat1on (19) of the method of Havel et al. (36'), at d < 1.006 
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,.~/ml, at 33,000 rey/min for 18 hour~. Ouring the isolation procedure, 
" 

VLDL, as all other lipoproteins, were always kept in solutions containing 

0.01% disodium EOTA, pH 7.2, removed just prior to the perfusion experi-

ments by dialysis. Isolated and washed VLDL were iodinated and ultra-
\ 

centrifugally reisolated for the perfusion experiments. At the end of the 

perfusion, after ~djusting the perfusate to 0.01% disodium EOTA, pH 7.2, 

VLOL remnants were initial1y reiso1ated at d < 1.006 g/ml, and 1ater' at 

d < 1.019 g/ml, at 33,000 rey/min for 18 hours; as the proportion of the 

d = 1.006 - 1.019 g/ml fraction did not increase during the heart perfusion. 

Higher density lipoproteins were iso1ated frnm ~he perfusate by 

ultracentrifugation after the addition of soliJ NaC1 ( d = 1.063 g/ml, 

at 33,000 rey/min for 24 hours ) or'solid NaBr ( d = 1.21 ,g/ml, at 33,000 

rey/min for 48 hours). In each case the adjusted perfusate was layered 
,Ii> 

with a solution of appropriate density and the reisoTated lipoproteins 

in the top l ml f;acti on were removed by ,a Pasteur p'~?ette. For further 

chemica1 analysis, each density fraction was exhaustively dialyzed ~ 

ag,ainst 

ferent columns: 

NaCl, containing 0.01% disodium EDTA, pH 7.2 . 

the perfusate fol1owing the heart perfusion 

by agarose gel filtration using two dif-

.5 x 60 cm co1umn, containing Bio-Gel A-150 m in the 

bottom 25 cm, Bio-Gel A-50 m in the next 25 cm, and 10 cm of Bio-Gel 

P-10 polyacrylamide gel at the top to retard any free iodine entering 

the agarose. For better resolution and larger scale preparation, a 

4 x 100 cm column, packed with Bio-Gel A-150 m and Bio-Gel A-50 m in 
\ 

similar proportions to those in the smaller columns were used .. In this 
\ 

column however, the top 20 cm was made up with Bio-Gel A-0.5 m. The 

columns were packed'and equilibrated in 0.18 M Tris buffer, pH 8.5 or 



\ 

65 

0.15 M NaCl, pH 7.4 solution, both containing 0.01% disodium EDTA and 

0.02% sodium azide a~ a preservative. The different composition and 
• 

pH of the two buffers used did not have any effect on the elution profile 
-

of the lipoproteins. The latter buffer was 4sed in the majority of the, 

experiments because of its more physiologica) pH. 

Two ml fractions ( or 8 ml for the large column ) were collected and 

théir radioactivity monitored. In sorne experiments the lipoproteins from 

an aliquot of eaeh fraction were applied to filter paper dises, preeipi­

tated in'lO% trichloroacetie aeid and delipidated in ethanol/ether 

( 3:1, v/v), and the protein-bound radioactivity counted. The shape of 

the elution pattern obtained in this way was similar to the one obtained 

by monitoring the total radioactivity in each fraction with the exception 

that the \mal,l peak ~f free 125 1 eluting at ,.the bed volume of the eolumn 

was removed: , 

3. Iodination of the Lipoproteins 

Rat thoracic duet and rat and human serum ehylomicrons were iodinated 

,using carrier-free Na 125 I, by a modifièatio~ of McFarlane's method ( 296 

as previously described ( 9). The iodination of VLDL, and in some 

experiments of LOL. d = l .019 - 1.050 g/ml, was 'Carri'ed out as above except 

thatv,the ratio of nmoles of lel j nmoles of protein was changed to 8, 
>~ 

Cin order to maintain an IjP ratio of ~l. To r~move free iodine, the 

iodinated lipoproteins were filtered through a 1.5 x 25 cm column of ' 

Sephadex G~50 and dialyzed overnight. 
, 

The small amounts of iodinated 

lipopr:otei~.rwere combined with the remainder of the equivalent unla,belled 

lipoproteins and ultracentrifugally reisolated at the appropriate 

densities prior ta the perfusion experiments. 
f • 

r:f,r 
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4. Purification bf the Apoproteins for Production of Antibodies 

Very low density lipoproteins were isolated from po~ed fresh human 

plasma, washed twice, dia1yzed against a solution containing 0.01% disodium 

EOTA, pH 7.2, and lyophiÎized. The dried lipoprotein was de1ipidated with 

'« ett-lanoljether ( 3:1, vjv ) in large volumes. The precipitated proteins 

were washed in cold ether and thoroughly dried.' They were then dissolved 
~ , 

in a·0.2 ~1 Tris buffer, pH 8,~,'~ containing 4 M g,~anid,ne-HC1,' q.l% azid.e, 
• 

and 5 mM dithiothreitol and separated on two joined 2.5 x 100 cm columns 
'. . 

packed with Bio-Gel A-l.S agarose. The co1umns were prewashed and the 

apoproteins were separated with the same buffer. A typica1 separation 

is shown in Figure 2. The fractions containing-the apoB and.apoC were 
. 

collected and pooled sep~rately, dialyzed against 5 ~M NH4HC03 and 

lyophilized. Both the apoB and apoC fraction appeared to be free of any 

'·other apoproteins when analyzed by PAGE ( see inset, Figure 2 ). 

The antisera to purified apoB or apoC were prepared by injecting the 

apoprotein~~ emu1sified in Fieund'~ complete adjuvant into white New 

Zealand rabbits. The antigen was injected at 50 ~g/kg rabbit weight in a 

less than 1 ml volume intradermally in several spots on the upper back. 

The injections were re~eated three more times, 14 days apart, using 

Freund's incomplete adjuvant. One week after the f~nal injection, the 

rabbits were bled by an ear vein puncture. The y-globulins were i~olated 

by (NH4)2S04 precipitation ( 297 ), and the specificity of the antisera " , 

was checked by double immun~diffusion and immunoe1ectrophoresis ( .178 ). , ' 

- The antisera were dissolved in 0.15 M NaC1, containfng 0.02% azide, and 

frozen at -20°C in small a1iquots • 
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5. Analytical Procedures 
, 

The radioactivity of the perfusate ur each lipoprotein fraction was 
- , ~ 

d~termined by applying an aliquot ( 50 - 100 ~l ) to a 2 x 2 cm Whatman 

# 3 fi1ter paper dise. The paper dises were air dried and eounted in'a 
/ 

Packard'model 3002 gamma' counter. The radioactivity of the protein mOiety 
" . 
of eaeh a1iquot was determined by preeipitating the lipoproteins on the 

paper dises in 10%otrich1oroacetic acid and de1ipidating them overnight 

in 1a~e volumes' of et~anol~ether ( 3:1, v/v) at -lOoe. The dises were 
~ , 

then washed in col~ther for two hours, thoroughly dried and çpunted. 
'" 1 ..... 

To analyz~ the separated apoproteins b, PAG~, aliquots of the ltpo-. " , .. 
. protein fractions w~re first de1ipidated'in at least 50 volumes of 0 

ethanol/ether ( 3:1, V/'iJ,):, s'haking overnight a! -10°C. The preeipitated 

apoproteins were washed in co1d ether, dried, and dissolved in O.O('M 1 

....-- ' 

'Tris, 0.05 ~ glycine buffer, p~ 8.9, conta~ning 7 M urea and 1% SDS. 
, 

No SDS was present in the polyacrylamide gel or the running 
, , 1 • " 

apoproteins were sèparated by electrophoresis in a 7 M ureâ 
, , .-

pOlyacrylamide g~l witb a 3% stac~ing gel, as previously descr;be~ ( 21~ ). 

The gels were- stained with 1% ami'do b'lack in 7% acetic 'aciçl for 15 mjnutes, 
, .. ~ iJ, • 4 

and destained overnight in 7% aeetie acid. Sorne of the stained'gels were 

sçanned in a Beckmanl Scanning spectrophotometer at 650 nm. The protein 

bangs were ~hen cut out, and tthe radio.activity of the' bands and the 

intervening areas counted in the Paekard gamma count~r. 
, 

, Th~ 125I-label1ed 'protein in the cardiae tissue was estimated by 
\\ ' 

homogenizing al1 the hearts used in a single perfusion experiment, in 

10~'trich1oroacetic acid. The pr~cipit~ted tissue was wash~d three~imes' 
, 

in 10% trich1oroacetic acid and deljpidâted·three times with çh)oroforml , _ J 

méthanol ( 2:1, v/v). The resid~e WJS t~ried. and the radioactivity 
1 

- q 

) ,. 

, , 
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. . 
of a weighed aliquot ~etermined. A ~econd a1iquot was dissolved in l M 

N~OH, the.dissolved protein applied to a filter paper disc, which was 
,. 1 

:~ 

then dried and counted. These two procedures gave similar results. 

Protei n was. determined by the method of Lowr:y et al. ( 298 ). When 
~ 

intact lipoproteins were assayed, 5% d~oxycholate was added to augment 

the delipidation Qf the protein during the assay. When large amqunts of 

lipid were present, as with chylomicrons, the assay medium was extracted 
) . 

with a small volume of ether prior to the optical density'determination 

to remove,the cloudy appearance. Lipids were extracted for a~alysis by 

the method of Fol c'h et aL - ( 299 ,), and TG was determi ned by the method 
\ 

of VanHande l ( 300 ). Total cholesterol was determined by the metho1 
, 

of·Zlatkis et al .• ~ 301 ). 
/1 

Lipid classes were separated by glass paper chromatography and 

visualized by sulphuric acid char, using a modi'fication of the method 

of Pocock et- al. ( 302 ). The chromatograms were deve1.oped for 14 cm 
, . 

in isooctane/benzene/gla~ial acetic 'acid/acetone ( 100:30:0.1:0.6, v/v), 
<, .. ~. 1 

air dried, and.again deve1Qped for 16 cm in 100% isooctane, with the . , 
result that the cho1est~ryl esters rematned behind tne second solvent 

front. . ...... 
Leve1s of apoB and oapoC ~ere deter~ined by a mo~ificat;on of the 

IIrocket li immunoe1 ectrophoretic method of Laurel 1 ( 303 ). The foll owi ng 

'conditions were tlsed: 'f,o,t:, apoC, a 1.3% agéff'ose gel was prepared in a 

barbital buffèr, pH 8.6, containing 5%jdexttan T-10 and-2 mM sodium 
. , 

lac'tate; for apoB, a 1% agarose gel in the ~ame buffer was prepared, but 

the lactate was omitted. In both cases the immunoe1ectrophoresis wa~ 
J' 

runlat 2V/cm for 18 heurs: The plates were soaked in 0.15 M NaCl and 
, 

th en in distilled water for 15 minutes each, c9vered with filter paper, 

1 

• 
• ,l . 
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and dried at 60°C. The rockets were stained in 0.5% Coomasie Bri11iant 

Blue ( R-250 ), in ethanol/water/g1acial acetic acid ( 45:45:10, v/v), 

and destained in the same solution without the dye. 

Pur; fi ed' apoC, whose prote; n content had been d~termi ned by the method 

of Lowry et ,al. ( 298 ), were used for the initial standard curve, and 
~ 

to determine the apoè content of a standard VLDL solution. The apoB 
\ 

content of1the same VLDL solution was determined by preparing ~standard 

curv~ us i ng a puri fi ed LDL sol ution ( d = 1.019 - 1. 05 g/ml '), of known 

protein content. Judging from the analysis of apoLpL by PAGE, apoB 

accounted for over 90% of the total protein applied to the gel. It was 
\ 

assumed that the im~unoreactivity of apoB in LOL was the same as that Of' 

apoB ;n VLDL. These steps were necessary, as purifïed apoB obtained from 

column chromatography was impossible ta quantitatively dissolve in the 
, " 

barbital buffer. The standard VLDL.solution, containing 0.02% azide 

was kept at 4°C. The standard solution was present in each plate, and 

a sample standard curve for VLDL'against anti-apoC and anti-apoB i5 'shown 

;n Figure 3. 

To visualize the lipoproteins by electron microscopy,. sma11 aliquots 
~ , 

were applied to copper grids coated with a 1% solution of bovine serum 

albumin. The excess was rémoved by a piece of filter paper, and the 

lipoproteins were stained with phpsphotungstic.acid, pH 7.2 for 5 minutes. 

T-he lipoprotein-coated grids were examined under the electron microscope­

( 'Philips ), withi~ 30 minutes. 
1 

" B. MATERIALS' \ \ 
'\ ! 

The male hood~d' 'rats~ and the New Zealand rabbits were obta;ned from 

Canadian Breeding Farms, ~. Constant, Quebec. Fresh human blood was 

• 
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FIGURE 3 

SAMPLE STANDARD CURVES FOR THE "ROCKET" IMMUNOELECTROPHORETIt 
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The primary standard curves to determine the apoB and ap6C content of 
the standard VLOL solution used to obtain the above curves, was obtainedo 

by using puri~ied apoC of a ,narrow density cut of human LOL ( for apoB ), 
as described ;n the text . .. 

/ 
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supplied by the Canadian Red Cross, Montreal, Quebec. 

The Na 125 I, carrier-free.), was ob~ained from Charles Frosst and Co., 

Montreal, Quebec. Agarose and polyacry1amide for gel filtration were 

purchased from Bio-Rad Laboratories, Toronto, Ont., and acrylamide and 

bis-acrylamide for PAGE from Eastman Kodak Co., Rochester, N.Y. Bath 
. 

were recrystallized p~ior ta use from ch10roform. Urea, purchased from 

Fisher Scientific Co., Montreal, Quebec, was rec~ysta11ized from methano1 

before use<to remove the carbamy1ating impurities. Guanidine-HCl was 

purchased from Sigma Chemical Co., St. Louis, Mo., and recrysta11ized 
1 

from methano 1. 
"-

Si1astic tubing was supplied by Dow-Cor~ing ço., Midland, Mich. 

Tygon tubing and the Intramedic polyethylene tubing ( PE- 90,190 and 205 ), 

ùsed in the perfus~on apparatus and cannulatidns were abtained from 
( \ # 

Fisher Scientific Co., Montreal, Quebec. 

-

. 
The agarose pO'l/der for immunoe1ectrophoresis Seakem LE ,), was 

purchased ftom Marine Colloids -Inc., Rockland, Maine. Glass fiber paper , 

(~ITLC-SG ) was obtaine'd from Gelman Instrument Co., Ann Arbour, Mich~ 

Standard cholesteryl palmitate and monopa1mitoylglycerol were pur­

chased from the Sigma ~hemical 'Co., St. Louis, Mo.; tripalmitoy1- and 

dipalmitoylg1ycerol, from the Hormel Institute, Austin, Minn.; cholesterol . . 
from ICN Biochemicals, Cleveland, Ohio; and phosphatidylcholine from 

Supelco Inc., Bellefonte, Pa. Mixed fatty acids and TG were prepared 

from corn oi1. Pesticide grade solvents, and all othe~chemicals were 

obtained from Fi~r Scien1ri.fic Co., Montreal, Quebec, or from Canadian 
/ 

\ . 
Laboratory Supplies, Montreal, Quebec. 

- , 

\ 
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CHAPTER III 

RESULTS 

A. FORMATION OF CHYLOMICRON REMNANTS 

Our labor:atory has developed a two-stage in vitro model" consisting 

of perfused rat hearts and livers, to study the ca~abol;sm of rat thorac;c 

duct chylomicrons ( 9). Although the main objective of this study was 

to.examine the suitability of this model for the invèstigation of the 

products farmed in the course of serum VLDL catabolism, it was a1sa of 

interest to see if serum chy1omicrons from both the human and the rat 
\ 

behave in a fashion simi1ar ta that established for rat thoracic duct 

chylomicrons. To this effect~ chy1omicrons obtained from rat thoracic 

duct, and rat and human serum were isolated and iodinated. Only particles 
"-

, of Sf > 3,200 were used for the perfusion experiments.' Differences in 

the distribution of the 125I-label between the lipid and the protein 

moieties of the particle were noted. While on1y 13% of the iodine was 

bound to the protein mo;ety of the thoracic duct ·chylomicrons, protein~ 

"' labelling increased ta 53% in rat serum chylomicrons and to 77% in human 

serum chylomicrons. 

In the course of the heart perfusion, most of the chylomicron ~G 

hydrolys'is occurred in the first 6().- 90 minutes (not ~hown), in spite 

of the insertion of another fresh heart at 80 minutes. The removal of ' " 

chylomicron TG was accompanied by the removal of chylomicron protein ( mea­

sured as protein-bound, 1~1). As shown in Figure 4, th~ rela~ive rèm~Ya1 
49 _ 

of TG an~ protein of both human anft 'rat serum chy~omicrons exce~den that 
- . 

of the rat thoracic duct chylomicrons significant1y. Especia11y str~king 

73 
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FIGURE 4 

) REMOVAL OF TRIGLl'CERIDE AND PROTE IN', FROM 

CHYLOMICRONS ( ~f > 400 ) DURING HEART PERFUSION 
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Legend: 0 - TG 
el - Protein l ' , 

rOCM - Rat Thor~cic Duct Chylomicrons ( n = 3 ) 
RSCM - Rat Serum Chylomicrons ( n = 2 ) 
HSCM -'Human Serum Chylomicrons ( n = 3 ) 
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Heart perfusions were car1ied out for l20'minutes. The 10ss of TG wàs 
determined 'chemically andJthat of apoproteins by the decrease in the 
125I-labe lled apoprotein.' 
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is the'\difference in- the ratio of percent TG / percent, protein removed 

between the serum and thoracic d~ct ~lomicrons: for the serum chylo­

microns the ratio is close ta unit y ( 1.1 ), but it is significant1y 

greater for the thoracic duct chylomicrons ( 4.7 ). 
'; 

The correlation between the actual amount of TG removed from the 

75 

perfusate ( in mg ) and the initial perfusate,chylomicron TG concentration 
" ( in mg/ml perfusate ) is shown in Figure 5. The data show thatïn the 

concentration ,range investigated ( 0.16 - 1.0 mg/ml ), increased initial 

concentrations of both. human and rat,_serum chylomicrons resulted in 

increased amounts of TG removed from the perfusate, suggesting an unsatu-

~, rated system. lri contrast, in the range of 0.7 - 2.2 mg/ml initial TG 

concentrat'ion, the -amount of TG removed from rat thoracic duct chyro­

microns is constant ( 40 - 50 mg of TG removed ), and independent of th~ 

initial TG ~oncentration, indi~ating a saturated system. Rat heart 

~ay have a higher affinity for the rat chylomicrons, but not epough points 

are avai1able to establish this. 
• 

~;nce the perfused rat heart is capable of hydrolyzing human chylo-

microns in addition to rat thoracic and serum chylomicrons, this system 
"-

was applied to the study of the hydrolysis of human and rat serum VLDL 

and higher density products formed in the process. 

B. FORMATIDN OF VERY LOW DENSITY LIPOPROTEIN REMNANTS AND 

HIGHER DENSITY PRODUCTS 

The removal of TG and protein from the 125I-1abelled human VLDL'during 

heart perfusi~, shawn in Figure 6, continued for approximately 90 minutes, 

after which there was little activity, in spite of another fresh heart 

,r' 
Neyertreless, ta insure maximal h~droly~is insertion after 80 minutes. 

r 
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FIGURE 5 

RELATIONSHIP BETWEEN THE LOSS OF TRIGLYCERIDE FROM THE PERFUSATE 

AND THE INITIAL'PERFUSATE CHYLOMICRON CONCENTRATION 
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All perfusions were carried out for 120 minutes and each point repre~ents 
a ~eparate experimen~ using a different pool of chylomicrans. 
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by the LPL, subsequent experi~e~s were carried out for 120 minutes. 

The data in Figure 6 were accumulated from experiments with initial TG 

concentrations ranging from 0.2 ta 1.0 mg/ml perfusate. Due ta this 
, 

large range~ the significance of the diffe'rences between the lasses of 

TG and protein were calcu1ated by paired differences. The differences 

at the 90 and 120 minute points were significant at p < O.OOO~ and p < 
II 

\ 

.D.025 leve1 respectively. ~~e loss of TG was thus significantly greater 

than that of protein, suggesting the formation of a remnant relatively 

poor 'n TG~ Removal of TG ana protein from the VLDL fraction,was also 

accompanied by a significant removal l,of cholesterol ( not shown). The 
\ 

pattern of TG and protein remova1 from rat VLOL remnants-was simi1ar to 

that for human VlOL. 

'In early experiments the VLDl d < 1.006 g/ml ) ~nd IDL ( d = 1.006 -
. 

1.019 g/ml ) were isolated separately. How~ver, no accumu~ation of TG 
fi 
·or labelled lipoproteins was found in the IDL in the course of the heart 

Q perfusion. When ~DL were present in the 125I-labelled VlDL at the start 

of the perfusion ( usually < 5% ), these disappeared from the perfusate' 

at the same rate as the VLOL. In the subsequent' experiments therefore, 

VlDl remnants were isol.ated at d < 1.019 g/ml. In' the control experiments, 
, 

where cOfleentrat;o~s of human and rat VLDl equal to those used in the 
1 ~ 

heart perfusions were perfused through the apparatus for 120 minutes, 

it was shawn that there was no loss of 125 1 or TG from the perfusate, 

but ther~was a decrease of 6±2% in radioactivity of theOVLDL ( n = 7 ). 
Il 0 

• '1 
The minimal 10ss of radioactivity from VLDL indicates that recircu1,ating 

the substrate through ~he apRaratus dues not contribute tq the changes 

observed in the heart-perfusion experiments. 

In thq course uf these studies, hearts were perfused with a ?ange 

( 
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FIGURE 6 

LOSS OF TRIGLYCERIDE AND APOPROTEINS FROM HUMAN 
, 
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VERY LOW DENSITY LIPOPROTEINS DURING HEART PERFUSION 
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Hearts were .repl aced every 40 minutes. The 1055 of TG was determined 
ch'emically~ and that of the apoproteins by thè decrease in 125r":1.abel'l'ed .' 
apoprotein. Values represent the average ±S.E. of the number of experi­
ments, iridicated in parentheses. The data were accumulated from experi­
ments with initial TG concentratio'ns rangin~ from 0.2 .. 1.0 mg/ml perfusate. 
Because of this ~;gae, the significance of the differences between the 
losses of TG an~ ~t in were calculated ~y paired'âifferences. These 
cal culations gllve ro~abn ity 'Val ues as follows:· p < 0.05, 0 • .1 5, 0.0005, 
and 0.025 for the ,60-, 90-, and 12~-minute points respectively. " 
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of concentrations of human and rat VLDL.~ The data on the removal of TG 
" 

from the VLDL during the 120 minute perfusions are collected in Figure 7. 

In genera1, it\will be noted that there is 1ittle difference in the rates 

of TG removal tof rat and human VLDL.' The results suggest a saturable 

system with a decreasing percentage of the TG being removed as the lipo­

protein concentration increases,' especially in thè case of rat VLDL.. In 

several exp~riments utilizing higher concentrations of huma~ VLDL, the 

percent removed was higher than that expected by saturation kinetics. 

The inset in Figure 7 illustrate~ that over concentratjons ranging from 

0.1 to 1.0 mgohuman or rat VLDL TG / ml of perfusate, between 0.10 and 
, ' 

0.17 mg TG / ml of perfusate were removed' during the experirvl:!ri;t.. However, 
;,' .;'1"" 

à much greater removal was noted in four experiments using ~uman VLDL . ' 
o concentrations of 0.7 to 1.2 mg / ml of perfusate. The reason for .these " 

" "', 
differences is not"apparent, but may be due ta inc:t+v-idual 'variations 

among the human b100d donors, since the removal of TG from rat VLDL was 
() 

almost identical at all concentrations. 
} 

Significa~t losses of lipid ( TG and cholesterol) were expected to 

result in alterations in the shape as well as the size of the VLDL par­

ticle. T~e ~lectron .mi'cr,oscope appeqrance- of human q~d rat VLDL and 

their remnants are 'compared in F,iguY'e 8.~ The ~ic'rographs show a decreâse
é

\ 
, . 

. in the size of th'e remnants, with irregu1arities' in the shape aru:J sorne 

evidence of membrane-like borders ~round partially emptied ir~eriars. 

- \ 
~r~ pattern is similar for bath s~ecies, although some~hat more marked 
t', 

'in rat VLDL remnants. The appearance of the human VLDL remnants ;5 

strikingTy similar to the VLDL foufld 4n patients with familial. LeAT 
-

deficiency (11123 ),' Si'nce LeAT i's nat present Jn the heart perfusion 

-l' -'!' 1\ 1 system, these observations support the hypothesis that LeAT may be 
" 
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LOSS OF VERY oLOW DENS!TV LI POPROTE 1 N 'TRI GL YCERIDE IN RELAT,ÎON, 

, TO THE INIT'IAL TRIGLVŒRIDE PERFUSATE CONCENTRATION 
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Al1 perfusions",were carried out for' 120 minutes.' Points- represènting the 
percent removal of TG from the rat VLDL perfus~te are".joined. Inset sflows 
trie al5so'l ute amounts of :rG reljloved: Each po i nt represents a sepa ra te 
experiment using a different pool of VLpL. " . 
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FIGURE'8 

ELECTRON MICROSCOPIC APPEARANCE OF HUMAN ~ND RAT 

VERY LOW DENSITY LIPOPROTEINS AND THEIR REMNANTS 
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D 

Negative staining with phosphotungstic acid" pH 7.2, was used to visulaize 
rat ( A ) and human ( B ) VLDL anq their remnants ( C and D represent rat 
and human VLDL remnants respectively ), formed by perfusion through rat, ,-<fi 

'hearts. Magnification 150,000 X. Note the appearance in the remnants ( 0 ) 
of smaller particles an~ ones which show areas of decreased staining ( arrows), '{ 
probably representing partial delipidation. The r4t ~LDL and its remnants 
resemble those of the human, except that more small forms and particles 
.surrounded by membrane-like borders are seen ( qrrows ). . . 
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involve~n-re.shaPing' the remnant surface-,J( ,249 )'. 

A. mOre 'detailed picture of rat VLDL remnantl.S is shawn in Figure 9. 
~ . 

~ 4 ~ 

" The parti~l1y cfllapsed, :@embrane-like stru,çtures around the,·TG core are 

particu1arly discernible. As pointed out·,~( arrorts ), sorne remnants have 
\ , 

(4 • • 

()completely collapsed into disc-shaped structures •. Many of the remaining 
. . 

, remnants may therefo~e be of discoidal shape 'â1so,·but laying on th~ir - ~ 

" 

si des', they àppear spher; cal . .. 
~hange~ in th~ shap~ of the VLDL particles during the hea~t perfusions 

were also accompanied by changes in sizè. Ta determine the size distri­

bijt i on of .. the parti cl es, 300 intact and remnant, human and ra t VLDL were' . ~ ~ .. .... 

counted, each ~ see Fi'gu~e 10). It was noted that fol1owing perfusion, 

~ th~re is a snift in the distribution of the particles toward the lower 

end of the same general size range. A '4milar 'observatio'n was repo\rted 
t 

about VLDL remnants prepared in' s..ijpradiaphragmati,c rats 
, . 

105 ), The . . 
resu1ts are even more interesting when the decrease in the average volumes 

of the particles is calcu1ated ( Table III ), and cômpared with the total 
" . 

. TG 10ss during the perfusion. An 11% decrease in the partic1e dia'meter 

in human VLDL during the.heart perfùsion in a 30%\decrease in 

~ the particle volume. G concentration in the experi-
\ 

ment ~roducing these remnants wa 0.5 mg/ml perfusate, 26% of the TG was 

removed; as indicated ~n Figure 7~ The relation~hi~betweèn the TG los~ 
( 

and the decrease in·the p'article volume i5 even closer for rat VLf)L. 

A 24% decrease in the particle diameter, equivalent,to a 56% decrease in 

the volume, was accompanied by a 58% loss of 1G ( see Figure 7; initial 

"TG conc'entration = 0.2 m9fm1). A close correlation was thus established 

'between the amount of TG ~emoved ( a core., component of' VLDL ), and the 

+ decrease in the p~rticle volume. 

1 
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FIGUR~ 9 

ELECT~ON MICROGRAPH OF RAT 

VERY LOW DENSITY L1POPROTEIN REMNANTS 1 

. " A higher magnification ( 320,QOO-x ) of the negatively stained rat 
VLDL remnants r~veals the presence of completely collapsed, disc­
shaped partiel es ( arrows ) as well as the presenceÂof partially _ 
coJlapsed, membrane-like structures, about 30 - 35 thick. 
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FrGURE 10 
-" 

SIZE-DISTRIBUTION OF INTACT AND REMNANT 

RAT AND HUMAN VERY LOW DENSITY LIPOPROTEINS 

B 
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Heart per~usions were performed ~t 0.5 ~g/ml ~nd 0.2 mg/ml of initial 
human and rat VLDL concentrations respectively. Samples for electron 
mièro~copy were taken at the beginning and ènd of the heart perfusion, 
and 300 particles were sized for each distribution pattern. 
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.. TABLE III 
1 -

LOSS OF TRIGLYCERIDE AND THE DECREASE IN THE AVERAGE VOLUME OF . 
VERY LOW DENSITY LIPOPROTEINS DURING HEART PERFUSION 

• 

méan radius calculated % decrease in 

~ 
* volume ( nm3 ) ( nm ) calcfllated vol. 

1 
. 

- . 
Pre-perfusion 

. 
~ / , lit ___ r UMAN ,( intact ) 23.6 . 55.0 x 103 

LDL§ ... 
d <" 1.019 . Post-perfusion 

"-
g/ml ) ( remnant ) 21.0 38.8 x 10 3 30% - \ , 

, 
, 1 

Pre-perfu,s i on 
RAT ( intact ) 24.2...., 59.3 x 10 3 ----
VLDL~ / 

( d < 1.019 Pos'f-perfus ion . 
g/ml ) ( remnant ) 18.4 26.1 x 103 56% 

'- \ 
--~ ..-. 

§ at 0.5 mg/ml initial perfusate VLDL TG concentration ... 
~ at 0.2 mg/ml initial perfusate VLDL TG concentration 
:le 

determined by sizing 300 particles of each category as shown ln Figure 10 , 

t determined chemical1y and shown in Figure 7. 

.. 
'" "\ 

./ 

% decrease in 
TG contentt 

. 
----. 

, 

26% 

.. 
----

0 

58% 
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Significant losses of protein from the Vlql particle ?uring the heart 

perfusion suggests the formation of higher density products in the per-
, 

fusate. The fate of the apoprotein removed from the VLOL is shown in 

Table IV. On the average, the removal of apoproteins from the d < 1.019 

g/m1 fraction Qf the perfusate amounted to 36±6% from human VLOL and 

51±10% from rat VLDL. The data represent 13 and 7 experiments respecti-

> vely, with initial VLDL concentrations ranging from 0.1 to ,H'î mg/ml' 
, 

perfusate. Approximate1y 20% of the labe11ed apoprotein lost from rat 

or human VLDL was recovered in the d s 1.019 - 1.063 g/ml range, 10% in 

the d = 1.063 - 1.21 g/ml fraction, small amounts ( 6% ) in the d > 1.21 

g/ml infranatant, and about 40 - 45% in the heart. 

The observation that the perfused rat heart is capable of removing 

almost half of the apoproteins lost from VLOL ( d < 1.019 g/m1 ) is 9 

surpri si ng . In the human VlDL th i s represents, on the average, 16% of 

the the".,total VLDL apoprotein added tof the perfu\at~. An e~en larger 

proportion of rpt VLDL apoprotein added to the pe\fusate was taken up 

by the heart ( 21% ). 

In arder ta rule out the possibility that the uptake of the apoproteins 

by the h~art is simply due to the ultrafiltration and trapping of VLOL, 

the fol'lowing experiment, summarized in Table V, was performed. Hear:ts 

were perfused for three minutes with 200 ~g of heparin dissolved in 20 ml 
l'j 

of non-recycling perfusate, releasing the lipoprotein lipase ( 22 ). 

The hearts ( three ) were then perfused for 90 mi nutes with perfusate 

containing human 125I-labelled VLDL. The resulting uptake of labelled 

apoprotein was negligible ( < 2% of the total protein radioactivity ). 

The same perfusate was th en perfused through two normal rat hearts for 

an additional 90 minutes. Uptake of the labelled apoprotein was similar 

.. 

(~ 
1 
1 
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d = 1.019 -

d = 1. 063 -
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TABLE IV 

~ 1 

FATE OF THE APOPROTEINS ~EMOVED FRO~ 

VERY LOW DENSLTY LIPOPROTEINS DURING HEART (PERFUSION 

Il 

f ' 
" 

,DiStribution of 125I-label1ed 
1 Protein Lost From VLDL ( % 

.~ 

r , , , Human Ra,t 
1 

1 ! 063 g/ml 21 ± 1 (13 ) 21 ± 7 (7) 
1 
1 

1 .210 g/m1 11 ± 1 (12 ) . 15 ± 4 (7) 

d> 1.210 g/m1 5 ± 2 (11 ) ,~ 8 ± 4 (7) 
/ 

Heart 1 44 ± 5 (7) . 42 ±.12 (4) r 

" 

Remova1 of apoproteins from the d < 1.019 g/ml fraction of the perfusate 
amounted to 36 ± fil from human VLOL, and 51 ± 10% from rat VLOL in le 
and 7 experimentd' respectively. Each figure is the mean ±S.E._ of,the . 
number of experiments indicated 'in parentheses. The initial TG concen­
trati>ons rangedi from 0.1 to 1.1 mg/ml of perfusate, and all perfusions 
were carri ed 0fut for 120 mi nutes. 
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TABLE V ~ 
APOPROTEIN RECOV.ERY IN THE PERFUSATE AND HEPARIN-TREATED AND 

NORMAL HEARTS FOLLOWING PERFUSION WIJH 12/ I~LABELLED - . 

4 

HUMAN VERY LOW DENSITY LIPOPROTEINS 

Total perfusate 
125I-Apoprotein 

1 25 I-Apoproteil) 
, recovered trrht:(a rt 

< 
tissue .. 

, \ 

-It 
Experçiment time .t cpm % total % tota1 

~ 

.. At 0 . 1.82xlO& 

90 1.75xl0b 

B§ 0 1.75xlO" . 
~ 

"1.-. 90 1.5lxl06 

* perfusion time in minutes 

100 

96 

t perfusion with heparin-treated hearts ( 3 hearts ) 

1.6 

'11. 0 

'" ." (It,.~,. 

§ perfusion with nor~al hearts ( 2 h~arts ), using perfusate from 
Experi ment A, 

\ , 
) - " 

Perfusa te containing human VLDL at an initial TG concentration of 0.5 

• 

mg/ml was perfu"sed fi rst through hearts that were preperf\,lsed with a 
peparin-contain'ing ~rebs-Ringer solutio'n \to remove the LPL. Aliquots ' 
were taken at the beginning and the end o~the two hour perfusion to 

,determine the total perfusate protein-bound radioactivity. ,The protein­
bound radioactivity was a1so assayed in the cardiac tissue as described 
in Chapter II. After the perfusion of the heparin-treated hearts, the 
perfusion continued for a further 90 m;nu~es using normal hearts. At the 
end of this time, the total perfusate and the normal cardiac tissue ' 
protein-bound radioactivity was assayed again. 

\ 
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1 

to that shown in Table IV, and about seven times greater" than Ibi the 

"'89 
~r 

hep~in-treated hearts. It therefore seems likely that 1ipolytic activity 

is a prerequisite for the uptake of the perfusate VLOL apoproteins by the 

heart. This finding, whi1e incidental to this study, is particul~rly 
, 

interesting, since the uptake of rat VLDL remnants by cultured rat aortic 

smooth muscle cel1s ha) been shown ( 255). The recovery of 80 - 85% of 

the 125I-labelled protein removed from VLDL, o(which approximate1y 50% • 

is in the perfusèd hearts ( see Table IV), suggests a re1ative1y slow 

degradation of prote;n, just as observed in the cultured smooth muscle 

ce 11 s: \ ./ 
Data in Table I~ reveal a considerable variation in the percentage 

~ \ 

'of rat VLDL'apoproteins recovered in the d = 1.019 - 1.063 gjml fr~ction 

~ 

, , 
o 

and that t'aken up by the heart, as indicated by the'high standard errors 

( 2r±7% and 42±12~, respectively). The reason for the large variation 

i~ appàrent when th~ percentages of nat V~DL apoproteins recovered in 

the d = 1.019 - 1.063 gjml range and in the heart, in the inuividual 
, " \. 

experiments are p10ttea as a function of the initial VLDL TG concentra­

tions, ( Figure 11 ). The data clearly show an inverse re1ationsh~p 

between the amounts of VLDL apoprotein reco~ered in the heart and that 

recovered in the LDL density \ange~ This observation suggests that"the 

heart tissue contains a high affinity receptor for the rat lipoproteins 

that is easily saturated. Thus at low, physio1ogical concentrations of 
, 

VLDL, only negligib1e amounts of d = 1.019 - 1.063 gjml material are 

formed, most of it being removed by the heart. Increasing lipoprotein 

concentrations however, saturate the receptors and lipoproteins in the 

LDL range begin to accumulate. 

'When the production of d = 1.019 - 1.~63 g/m1 material from human 

/ 
/ 
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FIGURE 11 

RECOVERY OF THE RAT VERY LOW DENSITY LIPOPROTEIN APOPROTEINS IN PERFUSED 
,,' 1 

HEARTS' AND IN THE à'= 1.P19 - 1.063 g/m1 FRACTION OF THE PERFUSATE 

-", -
• / 

II • 1 

60 
0 
w 
D' 
W > .,. 
0 
U40 w 
D' 

Z 
-w 

1-
0 
g:20 

1 -on 
~ 

~ 

0 
0 

Legend: 

\ 

• • • • • • • • • '. •• •• 
•• •• 

••• 
•• • •• •• •• •• 

•• •• •• .... 
•• ••• 

c 

c 

••• 
•••••• 

•••••• ........ ' .... ~. 
Q , 

c 
1 

.2 
ri 

• 

.6 .8 
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• - recovery 'of 125I-1abelled apo-protein in the heart 
o - recovery of 125I-1abelled apoprotein in the 

d = 1.019; - 1.063 g/ml fraction o~ the.peffusa~e 

1.0 

! 

1 
/ -

After the experiment the hearts were flushed with 30 ml of Krébs-Ringer 
solution und~r pressure and the 1

25 I-labelled apoprotein was determined 
in" a11 hearts' used in a single perfusicm experiment, as described in " 
Chapter II. Each point represents a separate experiment using a different 
poo 1 of. VLDL • 
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VlDL i s c{)mpared to the uptake of human VLOL apoprotei ns by the perfused . 

heart, as a function of the initial TG concentration, a qualitatively 

different picture is obtained ( see Figure 12). A re1ative1y constant 

proportion of the human VLDL apoproteins is recovered in the heart and in 

the tDL density range, regard1ess of the initial VLOL TG concentration, , , 

suggesting a low affinity mechanism of uptake of the human 1ipoproteins 

by the rat heart. 

The inverse relationship between the percentage of rat VLDL converted 
1'....::;1 

to d ~ 1.019 - 1.063 g/m1 materia1 and that taken up by the heart, in 

·contrast to th~ constant proportion of the buman VLDL found in this density 
" 

range and in the heart, independent of the initial TG contentration, 

hi ghl i ghts a fundamenta 1 di fference in human and rat VLDL catabo fi sm by 

the perfused rat heart. The precise nature of the uptake of 1ipoproteins 

of both species obvious1y demands a more rigorous study ùsing a different 

experimental approach. On the basis of the presented data it is, for 
.~. 'r'" 

instànce, 'impossibl~ to decide 'which l;po~rotein species is ta ken up: 

the VLDL remnant or the material from the d = 1.019 - 1.063 g/m1 range. 

The fol1owing experiment was carried out in an,attempt to further 

characteri ze ~he nature of the speci fi city of 1 i poprotei n upt~ke from 

the perfusate by the heart. Human and rat serum LDL ( d = 1.019 - 1.0'50· 

g/m1 ) were iodinated and perfused through the hearts. The amount of ' 

the LDL ,apoprotein present in the perfusate was adjusted to b~ equivalent 

to that present wh en human or rat VLDL were~erfused at low ( 0.15 mg/ml 

initial TG concentrations. It was found that over 50% of both rat and 

human 125I-labelled apoLDL was removed from the perffisate, of which over 

90% was recovered in the heart tissue. The experiment further cOAfirmed 1 

the ability of the perfused heart to take up apoproteins. The similar 

) -
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FIcGURE 12, 
" " ~ 
RECOVE~Y OF THE HUMAN ~ERY LOW DENSITY LIPOPROTEIN APO:ROTE~NS IN P~~ED 

HEARTS AND IN THE d = r-.019 - 1.063 g/m1 FRACTfON OF THE PERF,USATE 
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Legend:· • - recovery bf 125 1 -1 abe 11 ed. a,poprotei n ; n the hea rt 

o - recovery of·_125 I-1abe11ed apoprotein in the 
d = 1.019 - 1.063 g/m1 fraction of the perfusate 

After the ~eriments the hearts were flushed with 30 ml of Krebs-Ringer 
solution under pressure and the 12 5 L-1abe)1.ed apoprotein was det_ermined 
in all hearts used in a singl~ experiment, 'as described in Chapter II. 
Ea~h point represents a separate experiment using a different pool of"LDL. 
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upt~ke of rat and human LDL indicates 1itt1e speci'es-specificity. Lt_ -_ .. _-..~,/----
. ' 

wou1d thus appear that the specifie, high affinity ~ptake of rat VLDL 
\ 1 

apoproteins is confined to the VLDL remnants and LOL-1ike material is nct 

produced at low rat'VLDL concentration~ It a1so appears ,that t~e rat. ., " 

heart is" cap~bl.e of re!l10ving, "non-spe~,ifically, other l,ipoproteins. 
, -

The~lipid composition of human VLDL and its catabo1ic products. is 

i11ustrated in Figure 13. FOl1owing heart perfusion, there is a notice-. , 
able decrease in a11 lipids with the possible exception ~f the cho1esteryl 

esters., A trace of free ,fatty acids is a1so discerni,b1e'. QUil'litative1y 

simi1ar changes in the 1ipid composition of the rat VLDL remnahts were 

'a l so observed. The d = 1.019 - 1.063 g/ml fracti on produced from human 

VLDL has virtually no TG, with cholesterol, cholestery1 esters and phos-

pho1ipid as the d~minant lipids. Small quantities of MG and free fatty 

acids are als-o seen. The d = 1.063 - 1.21 g/m1 fraction contains 

. phospho1ipids, with trace amounts of MG, TG and sorne cho1estery1 'esters. 

The 1ipid compos,itioh.of these fractions correspoRds to those /lormally, 

associated with human serum LDL and HDL ( 124 ). 

'" The distributiog of the apoprot~ins of VLOL in the various density 

,fractions fOllowing a heart perfusion was a1so investigated. An a1iquot 

of each fraction was delipidated and' the apoproteins, solub}lized in a 

solvent containing 7 M urea and 1% SOS, were separated by PAGE in 7 M 

urea in the absence of SOS. The locations of the major apoproteins 

( apoB, apoE and apoC ) were identified by comparison with the mObility 
• 

of the purified apoproteins.' Typica1 gels of the human and rat VLDL as 
. 

we11 as the purified apoproteins are shown in Fig~re 14. The gels were 

divided into four zones; zone ,1 contained apoB, ~he material found at the 

top of the running gel, as well as' small amounts of aggregated material - , . 
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FIGURE 13 
~ 

.lIPID COMPOSITION OF HUMAN VERY LOW OENSITY LIPOPROTEINS AND THEIR 
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-,3 - d = 1.019 - 1.063 g/rnl lipoproteins 
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lipid <'èl~sses were separated b~6g1aSS paper' chr-dmatog~aphy. The quantity 
of lipid spôtted on the chromat gram is equal to-the.lipid extracted if 
the li.poprote;ns had been isolated from the following 'volumes of perfusate:-
1 - 0.03,ml, 2 - 0.03 ml, 3 - 0.07 ml~ and 4 - 0.06 ml . 
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FIGURE 1'4 
1 

TYP1CAL POLYACRYLAMI~E GEL ELECTROPHORESIS PATTERNS OF 

HUMAN AND RAT VERY LOW DENSITY LIPOPROTEINS / 
) 

AND SOME PURI FIED HUMA~ APOPROTEINS 

~. 
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" 
Human and ,rat VLDL were delipidated and their apoproteins, separated as 
described in Chapter II. The gels were eut into zones, designated 
1 - 4, for the assay of the radioact.ivity. The major apoproteins of 

1 zones 1 - 4, corresponded to apoB, apoE, apoD or apoA-III, and apoC-II 
1 and C-III. ïhe area between zones 1 and 2 ( apoC-I ) as well as the 

~
r portion of the gels beyond zone 4 were ~1so assayed for radio~ 

i ity, but contained only negligible amounts. It ~ill'be noted 
tha under identical electrophoretic condftwns~ the rat apoproteins 
migrated relatively faster than the equivalent human apoproteins. 
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that failed to penetrate the stacking gel. The area below zone l, 

cOhtaining àpoC-I, had only minimal amounts of radioactivity associated 
. 

with it, undoubtedly due to tHe lack of-tyrosine in this apoprotein ( 74 ) 

,The major apoprotein of zone 2 was apoE, although minimal amounts of 
~ 

apoA-I may have been also present., Zone 3, a large segment of the gel, 

... contained only one light protein band, probably apoD, and minimal amounts-
p , 

of radioact~vity. The apoC-II and apoC-III,were 10cated in zone 4. 
( 

~he gels were cut into the zones indicated and the radioact~vity in 

each zone, ~s well as the interventing area between.zone 1 and 2 wa1 
determined. The distribution of the apoproteins of the intact VLDL / 

( circu1ated through the apparatus in the absence of hearts ), VLOL 

remnants, and the higher catabolic products is shown,in Table VI., It 
1 

shou1d be noted that the d < l .Ol~ g/ml remnants are richer in apoB and 
r' 

poorer in apoC. These changes are even more 'pronounced in rat VLOL 
( 

remnants. \ Since small amounts of unidentified aggregated protein, 
, 

containing no more than 10% of the total radioactivitY,applied to the 
, ' 

gel were~sometimes observed at the top of the stacking gel, in sorne 

experiments tetramethyl urea ( 53 ) was used to del i pi date/ and ~i ssol v~ , 
1 

an aliquot of the VLOL and VLDL remnants, in addition ta the conventional 

ethanol/ether d~lipidation of another aliquot of the same preparation. 

Tetramethylurea presuma~ly ~olubilizes all of the apoproteins, with the 
, .' 

exception of apoB. The precipitated apoB was separated from the tetra­

me/hY1Urea-sol~ble apoproteins, which were then separated by PAGE. The 

resulting gels contained no radioactivity or visible protein ~n the top 

of the stacking or running gel. The distribution of the radioactivity 
, 

between ~he tetramethylurea-insoluble apoB and the various tetramethyl-

, ~rea-so1uble, separ~tèd apoprote;ns was similar ta that obtained when 

o 



e -....,. .. 
'-

-------... 
TABLE VI 

~ -
PERCENT QISTRIBUTION OF 12-s I-LABELLED APOPROTEINS IN VERY LOW DENSITY 

r 

" 
1.--

LI.POPROTEINS AND iHE1R PRODUCTS FOLLOWING A ~EART P~RFUSION 

---HUMAN RAT 

1 /) VLDL d = 1.019- d = 1 $3- 0 

VLDL 

Zone ;Intact Remnant 1.063, gjm1 1.21 g~m1 Intact 

1 • 
::-

47 ± 5 51 ± 4 59 ± 3 38 ± 4 ,.)5 ± 6 
1 

2 8 ± 2 10 ± 2 11 ± 2 10 ± 2 8±..2 
" , '3 5 ± l 6H 7 ± 2 10 ±·3 

4 38 ± 3 29 ± 3 20 ± 3 33 ± 1 31 ± 1 ,. , 
nt 7 7 4 ___ 4 4 

l * ~e1s were divided into zones as shown in Figure 14 
---4! 

t number of experiments / 

C;; ': Zone 1 corresponds to apoB and zone 4 to apoC. Initial TG concentrations ranged fram 
0.1 to 1.0 mg/ml perfusate. Each value represents the mean ±S.E. 

'" 

" " 

/ 

Remnant 

66 ± 5 

8 ± 2 

,. 
8 ± 4 
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ethanDl/ether delipidation and 601ubil~zation in urea was used. 

Because of the variation in the~xtent of iodination of apoB and 
J 

apoC between differeHt VLOL preparations, changes in the proportion of 

these apoproteins can best be seen by analysis of the paired differences ., 

in each experiment ( Table VII). As the result of the action of LPL; . 
, . 

significant increases in the proportion of apoS and decreases in that of 

apoC in the VLDl remnant occur. A close correlation ( r = 0.75, p < 

0.00,1 ) between the percent loss of VLDl rG and the percent decrease in 

VLDL apoC during the formation of remnants can be seen when the data from 

individuàl experiments are plotted ( see Figure 15 ). 

." 

The data in 'Table VI also indicate that the products of human VLDL 
t 

catabolism i~ the d = 1.019 - 1.063 and 1.063 - 1.21 g/ml fractions ~o 

not have the apoprotei n compos iti on commonly associ ated with centrifuga lly 

isolated seru~ LOL and HOL, re~pectively. Thus in spite of the lower 

percent of apoC in the d = 1.019 - 1.063 g/m1 fraction, the proportion of 

the non-B apoproteins exceeds that found in the circu1ating LOL ( 115 ) 

The d = 1.063 - 1.21 g/ml fraction contained a 1arger amount of labe11ed 

apoprotein at the top of the gel ( zone 1 ) than is usually found when 

the apoproteins,of circulating HOL are ,an~lyzed. Although apoA tends 
~ 

to polymerize after centrifugation at low concentrations ( 182 ), apoA-I 
) 

is 'found in only minute amounts in the original VLDL. Thus the lipo-
o 

proteins isolated at d = 1.019 - 1.063 g/ml and 1.063 - 1.21 gjml may . 
represent mi~tures of p(Oducts of VLDL catabo1ism. Indeed, about 20% 

of the materia1 in the d = 1.019 - 1.063 g/m1 range was not absorbed by 

'Concanava1ine A column and therefor~ represents lipoproteins deficient 

in apoB (- 304). This was confirmed by PAGE of the unretained material, 

containing 75% of the radioactivity in apoC and neg1igible amounts at 

, the top of the running gel. 

1 
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TABLE VII 

CHANGE IN THE PROPORTI0NS OF APOPROTEINS B AND.C IN HUMAN AND RAT , ~ 

, . 
VERY LOW DENSITY LIPOPROTEINS DURING A TWO HOUR HEART PERFUSION 

~ , 

• 
* as shown ;n Figure 14 .,. , 

t represents the number of experiments 

Due to the variation ïn the extent qf iodination of apoB and apoC 
between the different VLDL preparations, changes in the prop~rtions 
of these apoproteins in human and rat VLDL during the heart perfusion 
were analyzed by paired differences in each individual experiment. 

~ 
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RELATIONSHIP BETW THE LOSS OF TRIGLYCERIDE AND THE DECREASE 

IN THE PROPORTION OF APO C IN VERY LOW DENSITY LIPOPROTEIN REMNANTS 
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TG REMOVED (0/0. 

, 
Legend: . - Human VLDL remnants / 

o - Rat VLDL rernnants 

The 10s5 of TG was determin'd ~h~mica11y. The 1055 of apoC-II and apoC-III 
( zone 4, see Figure 14 ), is'expre5sed as percent decrea5e in the pro­
portion of trese apoproteins 'in the d < 1.019 g/m1 remnants isolated after 
the perfusion. The correlation coefficient ( r ), was ca1culated using 
all points from both huma~'and rat VLDL. The TG concentrations raBged 
from 0.1 to 1.0 mg/ml p~rfusate. 

/ 

/ 
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C. SEPARATION OF HUMAN PERFUSATE LIPOPROTEINS BY AGAROSE GEL FILTRATION~ 
11>-

rtte Qbservations that the higher density catabolic products of' VLDL 
. 

had lipid compositions similar to those of serum lipoproteins of the same 

- _ density, but a different apoprotein composition ( êf. Figure 13 and 

Table VI ), suggests that the,ultracentrifugal1y isolated lipoprotein 

fractrons ~ro~ the perfusate represented mi~tures of different lipa­

prote'n sp~ies o'f. similay< hydrated densities. ,This is a reasonable 

assum tion, sinèe the amount and the kind of lipid associated with the 
, 

~popr te'in{s) is' the main determinant of the particle density. An 

attem t ~as therefore made to separate the lipoproteins found in the 
d 

heart perfusate by agarase gel fi-ltration without prior ultracentrifuga-

tion. The distribution of~he lipoproteins ·in a typical control ( cir­

culate through the apparatus without hearts ), and experimenta1 perfusate . 
contain'ng human VLDL is shown in Figure 16. Except.for a very smal1 

.peak at volume, usually smaller than in the experiment shown, 

the contr 1 VLDL eluted as a single peak, Following the heart perfusion 

three lip9protein peaks were discernible, The first was found in the 
\ 1 

voi d ,~~î rre. The major peak corresponded ta the control VLOL peak, . 
" -although n/;ome experiments a slight shift to the right was observed. 
( 

A new 1ipa rotein peak'appeared as the bed volume of the column was 

. • compositi 0: of eac~ ~eak, was ana lyzed by PAGE. The 

ratios of th 'radioactivity i~ zones 1 and 4~ representing apoB and apoC 

the ratios 

( cf. Figure 14 ), for each peak is shown 'in Figure 16. It 

that the perfusion did not produce a si~nificant change in 

the main peak ( II). Peak 1 cont~ined 1ipoproteins pre-

dominantly labelled in apoB, resembling circulating LOL. Lipoproteins 
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FIGURE 16 

AGAROSE GEL FILTRATION ( SMALL COLUMN. ~Qf P,ERFUSATE LIPOPROTEINS 
• (.1\ \ (_ 1 r' , • 

• FOLLOWING-PERFUSION OF 125(-LABELLED HUMAN VERY LOW DENSITY LIPOPROTEI.NS 

Peak ,1 1I J ' 
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Perfusate 1ipoproteins after perfusion in the absenêe (----) and presence 
(--) of hearts were' separated on a 2 x 60 cm agill'0se column as described . 
;n ChaPt.er II. A typical elution pattern is shownT. The ratio of radioactivity 
in the apoB and apoC region of polyacry1amide gels ( see Figure 14 ) ot thé, 
de 1 i pi dated 1 i poprotei ns in the three peaks represent a mean of three . 
experiments ±S.E. 
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in peak Illon the other hand contained very little, if any apoB relative 
" . 

to apoC, a pattern more consistent with serum HDL. Electron microscopy 

of the material eluted in peak l ( Figure 17 ), shows large aggregates 

~ontaining many particles resembling LDL in size, in addition to sorne 

VLDL sized pa~ .. 

A similar pattern of lipoprotein distribution in the perfusate was 

~btained, with a somewhat better separation, when the perfusate ( and 

control 1 ipoproteins ·were separated. in larger and longer ( 4 x 100 cm .... 
agarose column of similar,composit.ion. The e~tion pattern is shown in 

Figure 18. While the control VLDL eluted again as a single peak, the 

trail ing portion of the material was ~s a separate fractl'on ,:.. .. 

( IIIb). Following the heart perfusion four peaks were obtained: a peak 

----at the vàid volume ( l ) and a second, smaller peak ( II ) preceded the 

main peak ( IlIa and IIIb ). The.main peak however_was shifted to the 
, 

right, indicating a slight shift in the general size range of the total 

VLDL population. As in the smaller col~he main peak was followed 

by a new l ipoprotein peak ( IV ). 

Material from each fraction-was pooled separately, concentrated by 
\ 

aquacide and~dialyzed. "The apoprotein composition of each fraction was 

studied by PAGE. The apoB and apoC content of each pooled fraction was 

determined by "rocket" immunoelectrophoresis. The ~POB ti apoC ratio of 

peaks l, IlIa, IIIb, and IV, determined by these two methods is indicated 

at the top of the elution profile.( Figure 18 ). The total amounts of 
b ' 

apoB and apoC in each of the peaks is shown in Table VIII. Apoprotein B 

is the predominant apoprotein in peak l as well as the major protein of 

the trailing portion'of the main peak IIIb). Apoprotein C 0D the 
r • 

" 
other hand, is the predominant apoprotein of the peak IV lipoproteins. 
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FIGURE"'17 

ELECTRON MICROGRAPH' OF LIPOPROTEINS 

IN PEAK 1 OF AGAROSE GEL FILTRATION 

• 104 

• l 

i 
.' 

Visualization of the negatively stained lipoproteins of peak 1 
obtained by agarose gel filtratjon of the human VLDL ~eart perf~sate 
revea l the presence of numer.ous, apparently aggregate~, LDL - si zed 
partiê1es as well as a smaller number of VLDL - sized lipoproteins ~ 
(magnification 78~OOO x). -

J 

J 
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FIGURE 18 . 
AGAROSE GEL FILTRATION ( LARGE COLUMN ') OF PE~FUSATE LIPOPROTEINS 

. . 
. FOLLOWING PERFUSION ~OF 125I-LABELLED HUMAN VERY LOW DENSITY LIPOPROTEINS 
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Legend: * - the content of apoB and apoC in each peak was determined by . 
"rocket" immunoelectrophoresisand the ratiosocalculated. 

After perfusion in the absence (----) and presence (--) of hearts, per­
fusate lipoproteins were separated on a 4 x 100 cm agarose column as des­
cribed in Chapter II. Therat;o of 125I_apoB to 125I_apoC in each.peak 
was also ~etermined, as described in Figure 16. 

) , 



106 

-, 

TABLE VI II 

- THE ,DISTRIBUTION OF APOPROTEINS B ~ND C I~ THE VARIOUS LIPOPROTEIN 
, , o 

FRACTIONS OF THE PERFUSATE SEPARATED BV AGAROSE GEL FILTRATION*'_ . 
; . 

~ 
"-

-, 

HEART PERFUSATE1f CONTROL § 

Cl PEA~ l -IIIa -IIIb IV IlIa.. JI 1 lb 

a.poB ( 
, 

llg/peak )t 364 1156 935 172 1826 '. -818 

apoC ( llg/peak )t 70 1326 446 510 2310 315 

l" .-
119 apoB/1l9 apoC S.) 0.9- 2.1 0.3 0.8 2.S . 
125I_apoB/~_apoC'l' 

' . 
-3.9 0.9 3,.5 0.4 0.9 1.2 

1 • 
.. 

1 
-1 

• 
* as shown in Figure 18 

~ Peak II did not contain ~nough materia1 for me ningful analysis 
:.\ 

-§ Peaks l, II and IV were absent when control pe fusate ( absence of . . 
hearts ) liPo~rO~ins were sepa~ate~ , . 

t a's" dêtermined by' "\rocke\" intnunoelectrophore~4s 

, 

\ 

''1' as deter~ined by rs~parating the delipidated apoproteins ~f each p~?k 
by PAGE ( see Figure 1~ ), and counting·zones land 4,'corresponding 

\ 

to apoB and apoC, respectively. 

. ~ ~ \ . 

--e 
il 
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The apoB to apoC ratios determined by PAGE anCi immunoe1ectrophoresis àre" 0 

very simj1ar. Furthermore, as determined' in:'muno10gic~lly, significânt 

âmounts of apoB were rel'n0l'ed from the front portion of th~in peak ( I.IIa 

during the heart perfusion. Some of it redistributed to the trai1ing. 
, 

portion of the same peak, but most of it was recovered in peak I. On 
, 

a we!Î ght 'basi s, a 1most twi ce as môch apoC ~s apoB was removed from· 
.\1 

fraction IlIa. While 13% was rf:covered in the trai1i.ng portion -of the 
, j , 

main fraction, most of it ( 52% J, was found ln peak IV. 

The sepa,ration of the perfusat~ 1 i'p9proteins by agarose -g,~l fi ltra-

tion indicates that catabolism of human VLOL by the perfused rat heart 

gives rise to LDL-like lipoprote'ins in apoprotein compositiorr:as. wen 

as si ze ( see Fi gures 17 and 18 ). Furthermo~, th,e produ'ction of a 

lipoprotein containing aTmost éxc1usively apoC as demonstrated. 'The 

small amount of apoB found in this peak appear d to be a contamlnation 

from the trai1ing portion of the main peak, as t~ separation of t_he . 

~~ peaks was not complete. At the same time it should be remempered 

, that when perfusatè li poprotei'ns were ; sol ated by ultracentrifugation, • '~ 
.,.J , . 

a method wh~'ch separa tes lipoproteins on the_basis of the amount,and 

kind of lipid they contain, an LOL-like lipoprotein in lJpid composition 

'was found. S;milarily, the HDL density range of the perfusate had a 
~ J 

lipid comp~sition typical of serum HDL ( see Figure li ). 

D. HEPATIC'UPTAKE OF THE TRIGLYCERIDE-RICH lIPOPROTEIN REMNANTS 

Preliminary data'were obtained on the hepatic uptake of human and 
\ 

'rat TG-rich 1ipoprotein remnants prepared by perfusing them through rat 

nearts. Remnants were prepared from rat thorac;c duct chy1om;crdns a~d 
"1 

Il 
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rat and human·seru~ chylomicrons and·VLO~~.as described in the previous 
a­, . 

section,; Chylomicron rel1l{'ants, isolated from the °heart perfusate at 
, -~ 

, d < 1.006 g/ml, w~re added direc~ly int1 the 1 iver ~erfusate. V~ry'low 

dens i ty " i poprotei n r~innants, i 50 la ted cl t d < 1.019 g/m l were 'd i a lyzed 

.' to d = 1.006' g/ml pri or to, '1 i ver perfus i on. 1 n three experi ments the d = 

n 

1.019 ~ 1.063 g/ml fraction, produced from human VLDL, was also dialyzed 

- t~ d = 1 J006 g/ml and the~f uptake by the p~rfused liver ~as\ stu~~ed. 
Control e?<periments consi,~ted of perfusing the TG-ri,ch lipoproteins of: 

/ 

--

rat and human origin thro~he heart apparatus, in the absence of hearts, 
/ ,,( 

r ând su~sequently ~y perfusing them through the liver. The 'results' ~re 
t ~ 1 

.present~d in Figure )~. The rapid uptak~ of fat ~erum chylomicron remnants 
, 

\ was similar to that ~bserved with rat thoracic duct chylomicron remnants 
, J 

< , 

". '. ~ and reported previously ( 9 ). The action of LPL was necessary, as the 
, / P 

intact P?rticles. ~re not ta ken up to a significant deg®ee. Rat serum 
\1 ' ' -

VLDL remnan~s were also rapidly remo~ed by the perfu~ed liver, although 
l'J ~ ( 't" 

not to the same extent as the rat chylomicron remnants. Interestinglj, 
, . 

a signifisant portion ,.of intact rat VLDL was .also removed ( O'fer 20~ 'f. 

In direct contrast, ~uman TG-rich lipoprotein remn~nts 'were removed 
1 

from the perfusate~~.~ significantly smaller amounts. ~U.nl~.ke the rat, 
"': . ., 

no difference' in the rate'of uptake between the human chylomicron and 

1 VLOL remnants was observed. In fact, the degree of uptake of human TG-
fi 

, 0 

rich 'lipopr'otein remnants .appeared to be similar to that ,of th.e intact 
" . -. 

rat TG-rich 1; poproteins. These data "suggest that sorne 'speci es-speci fi-
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FIGURE 19 

UPTAKE OF THE HUMAN AND RAT INTACT AND REMNANT , 

:rRIGLYCERIDE-RICH LIPOPROTEINS SV THE ~RFUSED RAL LIVER 
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remnant 1ipoproteins ( prepared by heart perfusion') 
intact 1Jpoproteins ( circu1ated in the heart perfusion'" 
apparatu~ in the absence of hearts ) 
rat thor~cic duct chylomicrons ( Sf > 400 ) 
rat serum chy1om~crons ( Sf > 400 } 
human serum chy1omicrons ( Sf > 400 ) 
1ipoproteins of d = 1.019 - 1.063 gjml produced during the 
catabolism of human VLDL by the perfused heart 

The hepatic uptake of intact trig1yceride-rich lipoproteins and their 
remnants, prepared by heart perfusion, was measured in terms of the 
disappearance of 125I-labelled apoproteins from the liver perfusate. 
Liver perfusions were carried out for 60 minutes, as described in' Chapter 
II. The numbers below each category of lipoproteins indicates the number 
of experi m~nts performed' for each, intact and remnant li poprotei ns .• The 
bars,represent the mean of two experiments, or the mean ±S.E. when 3 or 4 
experiments were poo1ed. Each experiment was carried out with a different 
poo 1 of 1 i poprotei ns. ',The, intact 1 i poprotei ns and thei r remnants for 
each experiment were from the same pool, however. 
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CHAPTER ~IV 

DISCUSSION 

The use of perfused hearts for the study of the first stage of the 

catabolism of the TG-rich fipoproteins has, produced a number of interesting 

observàtions. The heart is a source of immobilized LPL which has similar 

kinetic characteristics ta the hepar'in solubilized heart LPL ( 22 ). 
o 

How~ver, the b~ating heart is a more physiological preparation since sorne ... 
of the catabol ic pr'odu,cts are taken up by :he .u~. 

Preliminary experiments reported ~ere demonstrate the ca~acity of\ 
, 

thé rat heart LPL ta hydrolyze chylomicron TG from several sOUrces. 

Little species-specificity is observed, as human chylomicrons are also 

a good substrate. Based on the relatively few experiments performed, it 

appears however, that the r~t ~PL has a lower affinity for the human 

chylomicrons. There may be a number of reasons for thi?, but since little 

is known about the precise nature of the LPL-substrate interaction, it 

;s ,difficUlt ta speculate on them. ~rences in the accessibility of 

the substrate or subtle differenceS/in the activator protein ( apot-II 

may be responsible. The organization and compo~ition of t~~ surface 

components may not only affect the accessibility of the substrate ( TG ), 

but also determine the number_ of~e enzyme molecules ( LPL ) the particle 
/ 

can get attached ta at any one time ( 23ff~. / 
Under identical perfusion conditions, at saturating levels the rat 

heart' is consistently able t~ hydrolyze more TG in chyl'omicrons than in 

VLDL. Since in both cases litÜe' hydrolysis occurs after 90 minutes of 

110 
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.perfusion in spite of a fresh suppl y of the enzyme, the limitation must 
, 

be a property of the remnant parficle itself. The sensitivity of th~· 

LPL to the lip~d composition of the substr.~te has been reported ( 305 ). 

A cholesterol to TG ratio of 1:10 in artificial substrates completely 

lnhibited the LPL. A similar ratio of these lipids is reached relatively 

sooner d~ring the hydrolysis of TG in VLDL than in chylomicrons, resulting , 

in an earlier inhibition of VLDL hydrolysis. 

In'general, there appears ta be little difference in the extent of 

removal 'of TG between human and rat VLOL. The relatively constant amo~nt 

of TG removed from rat VLDL over a wide range of perfusate concentrations 
~ 

suggests that the enzyme system is close to saturation at the lowest 

co~centrations used in these experiments. This would be predicted from 
, 

the reported kinetic characteristics of the heart LPL ( 22). Although 

the"greater variation in the extent of breakdown of human VLDL ( see 

Figure 7 ) may be due to individual differences in the blood donors, it 

is also possible that the kinetics of the TG hydrolysis of human and 
\ 

rat VLDL differ. \\ 

... The action of LPL on human and rat VLDL 'produced a number of physical 
" -

and chemical changes in the particle. Foll@wing the heart pérfusion' 

there was a noticeable decrease in the proportions of all of the lipids 
l ' 

of the VLDL remnant, with the possible exception of the cholesteryl 

esters. Substantial removal of TG, a core component of VLDL, resulted 

in a shift in the distribution of the particles towards the lower end 

of the same general size range. The average d~crease in the volume of 

the particle, éalculated from the average diameters, corresponded closely 

to that in the TG content, which was determined chemically ( see Table 

1 II ). Similar changes in the size and lipid composition of rat v~ 
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remnants prepared ~ vitro by incubation of VLOL with post-heparin plasma ~ 

or in supradiàphragmatic rats were report~d ( 243,105 ). 

'The removal of TG from VLDt was not evenly distributed between each 
\ 

. particle. Electron microscopy revealed the presence of VLDL particles 

at various stages of delipidation, ranging from arparently intact on es 
" 

to completely collapsed, disc-shaped ghosts with excessive surface material 

surrounding the empty, relatively hydrophilic interior. Rat VLOL remnants 

in particular were consistently surrounded by a membrane-like material, 

a feature never observed with 'intact partièles. The appearance of exces­

sive surface coat was' not reported in VLOL remnants formed in the pr~sence 

o~ plasma. The possibility thus exists that the remnants formed in the 
o 

present experiments are i ncompl ete, requiring a second step, probably 

involving the action of LCAT, an enzyme absent fn the heart perfusion 

system. Indeed, the appearance of remnants produced by heart perfusion 

is remarkably similar to the' lipoproteins ( VLOL and LOL ) isolated from 

the-sera of LCAT-deficient patients ( 123,135). Both contain a large 

amount of excessive surface material and tend to aggregate. The present 

results are thus consistent with the proposed involvement of LCAT in 

modifyi ng the li poprotei n surface coat to accomodate the contïnuous 

removal of TG ( 249). While the surface of the remnants in the intact 

animal may be constantly remodeled in the circulation, it may play an 

important role while the particle is attached to'the LPL on the endothe-
. 

lial lini~g of the arteries. A fusion of such lamellar structures with 

the endothelial cell membran~s during the attachment of the TG~rich lipo­

proteins to the LPL has ~en suggested as a mechanism for the transport 
J; 

of the lipolytic products ( MG and fatty acids ) to the surrounding 

ti ssues ( 238 ). 

p 

" 
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Hydrolysis of the TG-ri ch 1ipoproteins ;~ associated with a loss of 

.apoC, and thus a relative enrichment of apoB ( 9,105,240,243,255 ). 

Thé present data show a significant correlation between the 10ss of TG 

and apoC from both human and rat VLDL during catabolism. The data 

113 

furthermore demonstrate that the apoC leaving the VLDL particle during the 

hydrolysis contain cpnsiderable amounts of lipid ( primarily phospholipid 

to remain in the HDL density range without the presence of a postulated 

obligatoryacceptor serum HDL ) ( 103,306). Negligible recovery of 

apoprotein in the d > 1.21 g/ml fraction of the perfusate, the large 

recovery of phosphàlipid containing apoC in the d = 1.063 - 1.21 g/ml 

fraction, and the isolation of a lipoprotein species containing·almost 
+ 

exclusively apoC by column chromatography, a11 provide strong evidence 

of LpC formatidn during VLDL catabolism. Such observations are consistent 

with the postulated existence of discrete primary lipoprotein families 

( 115 ), described in Chapter l, and reprasent the first demonstration 

of primary lipoprotein production during.lipoprotein metabolism. 

Although a recent report has aTso shown a correlation between the 

, loss of apoC and the degree of VLDL TG hydrolysis ( 306 ), these inves-

ttgators found that in the absence of HDL most of the apoC lost from VLDL 

was recovered in the d > 1.21 g/ml fraction of the incubation medium, 

apparently deyoid of lipid. A closer examination of their experimental 

design explains this appare~tly contradictory finding. The VLDL used 

in their experiments was labelled in the apoC moiety by absorption of 

purified, delipidated exogenous apoC, which during th~ process bf isola­

tion ( in 6 M urea~) was considerably denatured. While delipida~ed apoC 

or even fragments thereof can activate LPL ( 307 ), it is not surprising 

that after the detachment from the VLOL it would be found in the d ~.21 

-- -----------
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g/ml fraction. 

The present data provide considerable information about the nature 

and composition of human VLDL remnants{ properties that have not been 

defined to date. Thus while the transformation of large human VLDL into 

smaller ones has been suggested on the basis of in vivo kinetic studies 

( 13,244,246 J, the composit{onal changes that take place during this 

process have not been defined. The composition of human VLDL remnants 

has been inferred from studies of the chemical ~omposit;on of VLDL particles 

of decreasing size, or, reduced electrophoretic mobility 

mobility ), isolated direct1y from the serum ( 243,245 ). 

slow pre-S 
, \ 

In these 

studies however, sPlall VLOL partic1es 'secr~d direct1y by tt1e liver 

could not be distinguished from the remnants. The present data provide 

evidence of the ~ vitro transformation of larger VLDL particles into 

smaller ones of defined chemical composition, similar to that of rat VLDL 
, 

remnants produced in the present experiments or reported by others ( 105,. 

240 ). 

The present studies have furthermore confirmed the i..!l vivo kinetic 

studies, indicating that degradation of rat VLDL results in only minimal 

production of LDL ( 14,17,255 ), in contrast with human VLDL, a large 

part of which is transformed into LOL ( 10-13,156,253). At low 1evels 

" of rat,VlDL in the heart perfusate f c61responding to the normal rat 

serufTI concentrations ); very litt1e LDL ( d ='1.019 - 1.063° g/m1 ') is 

formed, most of the lipoprotein being taken up by the heart or rèmaining 

in the VLDL range (d < 1.019 g/ml"). This correlates well with the low 

concentrations of LDL found in the rat. In contrast, a constant proportion 

of the catabbnzed human VLDL in the heart perfusate i's consistently 

found in this density range. 
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The'finding of progressive1y more delipidated remnants throughout 

the lipoprotein dënsity spectrum of the perfusate demonstrates the di~­

advantages of the u1tracentrifuga1 isolation ?f lipoproteins, a technique 

that is convenient but may be dangerous when used to define distinct 1ipo­

protein species. Thus despite the fact that the lDL an~ HDL density range 

1ipoproteins iso1ated from the huma~ perfusate had a very similar 
\ 

\ 

lipid composition .to serum LOL and HDL relPec:ively, their apoprotein com-

position was quite different. The LOL flra~:io~of the perfusate contained 

larger than normal amounts of non-apoB apop~ns and the HDL fraction 

contained significant ~mounts of apoB-like materia1. These observations 

suggest the presence in each of these fractions of a mixture of lipoprotein 

species of simi1ar hydrated densities. lndeed, the use of agarose gel fil-

tration and affinity chromatography confirmed this possibility. When 1ipo­

proteins of d = 1.019 - 1.063 g/ml were applied to a Concanava1i~e A column, 

over 20% of the materia1 was not absorbed, corresponding ta a 1ipoprotein 

lacking apoB ( 304 '). Over 75%nof this materia1 was apoC. Thë aggregated 

materia1 in peak. l obtained by agarose gel filtration contained almost 

exc1usive1y apoB. Numerous LOL-sized partic1es were observed with a few 

VLDL-1ike partic1es a1so present, probably accounting for the minimal 

non-apoB apoprotein found. Furthermore, the presence of partially de1ipi-

dated smaller VLOL remnants was reflected by the slight shift of the main 

( VLDL ) peak towards the bed volume of the column~ and an increased 

apoB to apoC ratio in the trailing portion e( this peak. \Finally, an 
, ' 

apoC-ri~~ fraction ( LpC ) was also isolated, e1uting we1l before the bed 

volume of the co1umn, indicating : large mo1ecu1ar weight comp1ex. 

A1though the major objective of -the, present ~brk was to characterize 

the products of VlOL catabolism, the finding that the VLOL apoproteins 

are removed from the perfusate by the perfused heart i5 of interest. 
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While the present data do not compl~tely rule out the po~s;b;l;ty that sorne 

VLDL ;s trapped ;n the vascular system of the heart, this possibility seems 

unlike1y. as lipolytic activity was found to be 'necessary ,for uptake to , . 
occur. The differences between the uptake of the human and rat VLDL apo­

proteins ( cf. Figure 11 and Figure 12 r, provides further evidence that 

the uPtak~ is not due to trapp~n,., Trapping should be'equally effective 

for human'and rat 1ipoproteins. L 

As pOi\ted out earlier, at low rat VLDL perfusate concentrations, only 
\ 
1 

negligible amounts of LDL density material was produced, while a large 
" 

portion of the catabolized material was recovered in the heart. Increasing 

concentrations of rat VLDL in the perfusate resulted in an increased 

proportio~ of the catabo1ized VLDL recovered in the LDL density range, 

while the proportion taken up by the heart rapidly decreased. $uch a 

rklationship ( see Figure 11 ), would suggest the presence of an easily 

saturated high affinity receptor'for the rat VLOL catabolic products. . ' 

In view of the 'similar and incomplete uptake of both human and rat 125 1_ 

labelled serum LOL at low concentrations from the perfusate. it is 

possible to speculate that the specificity of the uptake is confined to 

the rat VLDL remnants of d < 1.019 g/m~. without prior degradation to an 

LOL density range product. These products however. accumulate at higher 

rJt VLDL concentrations when the receptors are presumably saturated. It 

is not ~nown whether the iodinated VLDL protein removed from the perfusate 

is simply bound to the endothelium or is internalized into either the 

endothelial or myocardial cells. Cultured rat arterial smooth muscle 

cells have been shown to take up rat VLDL remnants in preference to the 

intact particles ( 255 ). but most studies using a variety of cultured 

,celTs from the rat could not detect a significant species-specificity, 

but rather suggested a 1imited capacity to take up any rat lipoproteins. 
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While it is generally believed that the rat VLO~, after remova1 of 

much of their TG--content by the peripheral tissues are rapidly cleared 

from the circulqtion by the liver ( 308 ), the present data provide a 

first indication that the peripheral tissues in the rat may play an 

important role in the clearance of the VLOL remnant as well, much in 

the way the product of human VLDL catabolism, LOL, is thought to be ~ 

cleared ( 261). The relative contribution of each of these tissues is 

impossible to establish from the present data, as the relative degree of 

VLDL delipidation necessary for the uptake by either of these,tissues 

was not investigated. Nevertheless, the ability of the rat peripheral 

tissues to remove VLOL remnants may provide an additional mechanism to 

explain the fow levels of LOL,;n this species. A recent report ( 309 ) 
,c 

may provide,furtl:ler support for this hypothesis. In addition 'to signi.-

cant losses of lipids, VLDL in supradiaphragmat;'c rats lost over 50% 

of the;r prote;n content within 30 minutes. During the same time only 

a small increment in HOL proteins was noted, 1eaving a great proportion 

of the protein lost from VLOL unaccounted for, strongly suggest;ng uptake 

by the peripheral tissues. 

The proportion of the human VlDL apoproteins taken up by the heart 

and that recovered in the LOL range of the perfusate appears to be 

independent,of the VLOL concentration in the perfusate, suggesting a 

~on-specific and~ at least in the concentration range investi~ated, not 
" ? 

saturable mechanism of uptake ( see Figure 12 ). This observation and the fact 
" 

that LDL-like material is formed from human VLDL even at the lowest VLOL 
, 

concentrations investigated, highlight the difference in human and rat 

VLDL catabolism by the perfused rat hear~. 
, 

Studies on the hepatic uptake of the TG-ric~, lipoprotein remnants 



r,~ 1 

118 

confirmed the rapid uptake\of'the rat thoracic du ct and serum chylomicron 
/)'0 

remnants. Under similar conditions, significant amounts of rat VLDL 

remnants were a1so rerOved. The slower rate of rat VLDL remnant remova1 

is probably a reflection of the ~ vivo situation, where the rate of the 

. chylomieron clearance exceeds that of the VLDLremoval from the circu1a-

t ion ( 16, 17 ,96 ) . 

. The abi1ity 9f/t~-~~rf~d rat 1iVer to take up ,human TG-rich 
. 

1ipoprotein remnants appears to be- 1imited. Humao ehylomicron and VL~L 
~ remnants, as we11 as the fraction of d = 1.019-- 1.063 g/ml, produced 

during·.the catabolism of human VLDL, are taken up on1y to a 1imited extent. 

Interesting1y, the degree of uptake was similar to that of intact TG-rich 
• 

lipoproteins of the rat, suggesting that the 1imited uptake of the human 
" 

1ipoprotein remnants may invo1ve a non-specifie mechanism, proposed for 

the intact rat TG-rich lipoproteins (251 ). In view of the even more 

restricted uptake of the intact huma~ TG-rich lipoproteins, it appears 

more feasible that the intact rat and the remnant human lipoprote1ns may 

exhibit sorne partial characteristics necessary for a speclfic uptake, . 
thus augmenting the already operative non-specific uptake. The întact 

1 
human TG-rich 1ipoproteins are probably taken up only by the non-specifie 

uptake. These conclusions are bf dourse speculative, and much more work 
1 

ls needed in this area: 

The observed 5pecie~ preference for the hepatic uptake 15 surprising 

since studies for lipoprotein degradation by a variety of cultured cel1s 

have failed to detect any significant species-specifieity. Tpe data 

obtained in these experiments suggest the presence of receptors of sorne 
. , 

specificity for the rat TG-rieh 1ipoprotein remnants however. 

In summary, ~t was initially at'tèmpteèi to extend the two-stage, 
/t. 

.. 
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heart and liver perfusion model of.chylomicron cata~olism ( 9 ) ta the 

study of' rat and human serum VLDL catabol i s,m. As the presented da'ta~ _ 

indicate, the catabojism of VLDL is more complex than t~at of chylomicrons. 
.-

Rat VLDL at low concentrations are catabolized to remnants significantly 

depleted of lipids and apoC, and are rapidly removed by'tfie liver or 

by th~ extrahepatic tissues, such as the heart. On the other hand, human 

VLOL cafabolism results in a consistent production of LDL-like material. 

In thé process of VLDL catabolism, apoC leaves the particle as a protein-

lipid complex, LpC, which can exist in the density range usua\ly associated 
, 

with serum HDL, without tne presence of an acceptor. 

Sorne questions may be raised as to the validity of using thè rat to 

study the fate of human remnants and their higher density catabolic 

'" produèts. Clearly, any species-specificity on the part of the rat tissues 

may preclude a meaningful study or the fate of the human VLDL apoproteins 

in the rat. Undoubtedly however, the model is extremely useful in 

delineating the delipidation steps of VLOL and the production of higher 

density products. . 
The present study, which largely ~stricted itself to the investigation 

of the action of LPL, contributed significant)y to and complemented, the 
, 

overall picture of VLOL catabolism obtained from in vivo studies in the 
, 

human and rat. The perfusion system employed Js particularly suitable 

. for further investigation of sorne of the questions left unônswered. An 

obvious extension of the present ~tudy should be the investigation of 
" 0 -

the effects of additional serum components op VLDL catabol~sm. These 

could be added to the 'perfusate in al stepwise fashion, possibly enabling , 
a distinction between thè action of each. The addition of LCAT would be 

the next logical step. ~ecause direct action of LeAT on VLDL remnants 
\ 

\ 

( 

o 
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appears to be unlikely, HD~ should also be added, wkich would provide 

th'; activator proteln ( apoA~I ) as well as cholesterol, ogeither directly 

or through its-:~teractioJ1 with ttJe tissues. A1so" a more detailed stu,dy } 

l ' i nto the nature of th"e upt)ake of 1 i poprotei ns by the perfused hea.rt ' 
, . 

and ljver may greatly increase our understanding of lipoprotein metabolism 

" and d,;seases rel~te,d to it. 

,/ 
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J 
SUMMARY 

1. The rat heart LPL can hydro1yz~ TG in'both. rat and human serum' 

chylomicron~ but appears to have a greater affinity *or the former. 
~ ~ 

) . 
2. In the range of thé initial perfusate TG concentrations investigated, 

\ 
) 

the rat heart was able to ('emov~ more TG from chylomicrons than VLOL '/ 

of either species. Little hydrolysis of TG o,ccurred after 90 minutes ~ 

""of pE~rfusion irÎ
l
5'ite of a fresh source of enzyme, indicating an a1te-

rati on of the 1 ipoprotein parti ~l el inhi bi ting further\enZyme action'. 

3. Triglyceride was removed from the VLDL ta a greater extent than the 
o 

protein moiety, leaving remnants containing relatively more apoB and 
" f " 

\ 
less apoC. The extent of TG removal from rat or human VlOL was simi-

"-

1ar ,and appeared ta saturate the heart LPL. The remnants were sljghtly 

smaller in size than the VLDL and inc1uded partial1y 'emptied 'patticl"es. ~ 
j 

T~e proportions of all lipids, with the exception of cholesteryl es­

ters, decreased in the\ VLDL remnants. 

4. - The 10ss of TG corre 1 a ted with the change of the apoC content of the ~ 

remn~nts. The apoC lost from the VLOL in the cou~se of trre hydro1y-
1 D 

o • 

..,sis was mostly reco,vered in the d = 1.063 - 1.21 gjm1 fraction of the 

,perfJS"ate, suggest i ng" the formation of LpC-. Thi s fraction resemb 1 ed 

serum HOL in its lipid composition, phospholipid being the dominant 

1ipid. 

5. In add',tion ,to' rernnants of' d < 1.019 g/ml, iodinated li poproteins of 

d = 1.
q
O"19 - 1.063 gjm1 were also produced during VLOL degradation, 

tontainin'g largely choleste'rol and cholestery,l e-ster. However, very 

little of, this material was. produced from io~ ( physiological )W con,.. 
- T , 

centrations of rat VLDL, most of the 1 ipoproteins being removed by 

the heart. At high rat VLDL concentrations material of this density 
\ 

o 
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accumulated and the proportion taken up by the heart rapidly decreased, 

suggesting a specific and saturab le mechani sm of uptakeo- by the heart 

tissues. ( 
6. Lipoproteins of d = 1.019 - 1.063 g/ml were formed from human VLDL at 

all concentrations. Human apoproteins were also taken up by the heart, 
T 

'but the proportion recovered in the~heart and in the LOL density range 

was\constant at all VlDl concentrations, suggesting a non-specific, 

and in the concentration range inv~stigated, not saturable mechanism 

of uptake. .... ... ,-\ 

7. Agarose'gel filtration.of lipop:oteins following heart perfusion with 
~ 1 

human VLOL r~ealed large aggregates containing parti cl es' which resemble 
• l ' 

1 il \ . 
LOL in size and apoprotein composition, since they contained larg~ly 

~. apoB. A fraction containing predominantly apo~SAfTso obtained by 

agarose gel fi'tr~tion of the perfusate lipoproteins. 
< ) 
\ 
'8. The hepatic uptake of the TG-rh:h l.ipoprotein remnants, produced by 

heart perfusion, was significantly greater than that of the intact 

lipoproteins,. Furthermore, the uptake of the rat TG ... rich lipoprotein 

remnants by the perfused rat liver was significantly greater than that 
. 

of the human lipoprp-tei'n remnants. These data suggest sorne species 

specificity, of the uptake of the rat 1 ipoprotein remnants, by· the rat 

liver', ' 

9.-- The- pr-ese~ted .dat~ sug~est that at nORflal concentrati ons, rat VLOL are - , 
compietely catabol ized by"the heart and the l iver without significant . . 
formation Qf LOL. Lo~ density lipoRroteins are produced from human 

VLOL at all concentrations, These observations may account for the 

/" l~rge diffe~enceslin the observed serum LDL levels between the two 

species. 

, . 
\ 

\ 



• 'f 123 
,J 

CONTRfBUTION TO KNOWLEDGE 

The author co'ns i ders a 11 of the fi nd i ngs out 1 i,ned ln the Sunma ry 
, 

as origirya1 contributions to the unclerstanding of 1ipoprote1n 'I11etabo---
lism. 
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