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with the Toss of apoC, which was»recovered in the d =;ﬂ.063 - 1.21 g/m]

ABSTRACT . b

*

N A \ N ;
The production of remnants from rat and human TG-rich Tipoproteins by

the perfused rat hears was investigated. The rat/ﬁgaft is consistently able

- to remove more TG from rat and human chy]omicroﬁs than serum VLDL of either

y

species. When the catabolism of rat and human '251-VLDL were compared, it
was found that TG was removed to a greater extent\\Ban protein, leaving
remnants, smaller in size, conta1?nng relatively ?org apoB and less apoC.
The extent of TG removal from:the' rat/@nd\human %LDL was similar and
appeared to saturate the 11pop;§£e1ﬁ/i1pa§§»‘1he/ioss of TG correlated
range‘of the perfusate,'sugge@ting the formation of LpC. Phospholipid w;g
tpe dominant lipid of this f;action. Iodinated lipoproteins of d =1.019 -
1.063 g/ml were also produced in the course of VLDL degradation, containiﬁg
largely cholesterol and gho]estery] gster. Very 1ittle of ;h%s\material
however was ‘produced from low ( physiolegical ) concentrations of rat VLDL,
most of the }ipoprote?n being removed by the heart by an apparently- specific,
saturable process. Lipoproteins of this‘density were forméd from human VLDL
at all concentrations. Human lipoproteins were also taken up by the heart

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

VLDL heart perfusate 1ipoproteins‘revea1ed large aggregates containing

" LDL-like particles in size and apoprotein composition, as wel¥ as.a

fraction confgining~predominéntly apoC.

The subsequent uptake of the rat Tipoprotein remnants by the perfused
Tiver was'significantly greater than the uptake of those of the human,
suggesting some specificity in the hepatic uptake. These data suggest
thatlat normal concentfations, rat VLDL are comp]etély catabolized by the
hear% and the ﬁiver without significant formation of LdL. Low density

lipoprotein is produced from human VLDL at all concentrations.
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Par suite de la perfusion’d'un coeur de rat avec des lipoproté&ines

¢

riches en trig]ycérideé provenant soit de 1'hommé, soit de rat, la forma-
tion par le coeur de restes 1ip05roteiqqes a été étudiée& Le coeur du rat
peut enlever davantage de triglycérides deshchylomiérons de 1'homme ou du
}at que des VLDL de 1'une ou l'autre espéce eg ce, de facon congistant?.g
L'étude du catabolisme des 25I-VLDL de 1'homme ou du rat a montré qu'une”

plus grande quantité de trig1ycérides que de protéines &tait-enlevée résul-

. -,
. tant dans la formation de restes Tipoproteiques plus petits et,;qptenant

felativement plus d'apoB et moins d'apoC. La méme quantité de trigiycérides
\
est enlevée des VLDL du rat que de celles de 1'homme et semble saturer la

’

Tipoprotéine 1ipa§e. La perte en triglycérides correspond a la perte en
apoC. ApoC se retrouve dam$ la fraction du perqugt ayant une d==1.06§-1.21
g/ml ce qui tend & suggérer la formation de E%C: Les phospholipides sont .
les princi?aux 1ipides‘3élcette fraction. Pendant la dégradation des VLDL,
dés Tipoprotéines iodinées ( d=4.q19—1.063 g/m] ) ¢ontenant pr{ncipalement
du cholestérol et des esters dé cholestérol, sont aussi produites. Cependant
a de faibles { physiologiques ) concentrations de VLOL de rat i1 se fdrme
trés peu de ce genre de 1ipoprotéiqes; le coeur enlevant la majorité des
Tipoproté&ines par un processus apparemment spécif%que et saturable. Des, 1i-
poprotéines dé cette densité sont cepondant formées a toutes concentrat%ons
de VLDL humaines. Les 1ipoprofiﬁnes humaines sont aussi assimilées par le
coeur mais par un processus apparemment qgn-;pécifique. La filtration sur
gel d'agarose'd'hn perfusat de lipoprotéines obtenu aprés perfusion du
coeur avec des VLDL humaines révdle Ta présence d'aggregats contenant des

particules qui, par leur dimension et par leur composition en apoprotéines,

s'apparentent aux LDL ainsi que la présence d'une ffaction‘tontenéﬁf prin-

-




‘cipalement- apoC.
. L'assimi]gtion subséquente des résidus 1ipoprotéiques par le foie |
perfugé est significat%vement différente selon dhe ces résidys pro&iennent
de 1ipoprbféines d'homme ou-de rat se qui tend & suggéreé une spécificité .
d'espéce pour 1'assimilation hépatique. Ces données suggérent qu'aJdgs
concentrations normales, les VLDL du rat sont catabolisées comp%étemqnt
par le coéur et le foie sans que soient formées des quantités significati-

ves de LDL, alors qu'd toutes concentrations de VLDL humaines, des LDL sont

produites. _ ( . R

R
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CHAPTER I
Y
INTRODUCTION

A

A. GENERAL LIPID METABOLISM .

L%pids are not only the largest and most effiéient ( 1) source of
metabolic energy available to the body, But also serve as the precursors
of many important structural and regulatory molecules. It i; essential
then that dietahy lipids be transported from their sites of absorption
and synthesis to sites of utilization and stprage; It is alsé important
that during périods of fasting, stored 1ipids be readily mobilized and |
. delivered to tissaés in need. And f{ﬁa11y, an organism should possess
a mechanism enabling it to remove cértgin 1ipids, 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 broke;
down by a cAMP-activated, hormone sensitive lipase and the fatty acids
are released directly into the circulation, where bound to albumin,
they can Supply 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 1ipid in the plasma at aﬁ§ one time is _present as neutral

1ipid: TG, cholesterol and cholesteryl esters. To overcome the extreme

. ~insolubility of neutral 1ipids in aqueous media such as serum, they

I3

are transported in association with specific proteins and polar lipids,
forming rather large lipoprotein complexes. A significant amount of

carbohyd?ate is also present in lipoproteins as part of the protein

f

1



\
moiety. -There are several classes of lipoproteins presept in the plasma,
reflecting the variety of the lipids to be transported as well as the .
function of the transport mechanism itself.

During the fed state much of the 1ipid in the intestinal lumen is
present as insoluble oily g]ogu]es or emulsified particles. In addition
to TG; cho1estero1; derived chiefly from the diet as well as several | £
endogenous sources ( bile, saliva, gastric secretions and degraded mucosal
cells) is present, mostly in the unesterified‘form. The action of
pancreatic lipase on the surface of the TG emilsions releases fatty
acids and MG. The small amount of cho]esterg] ester present is also
hydrolyzed into cholesterol and fatty acids. When bile salts, secreted
by the liver, are present in sufficient quantities, the fatty acids,

MG, and smalleamounts of DG are solubilized in mixed bile salt - 1ipid .
micelles. The presence of fatty acids and MG in turn enhances the
solubi]iza£ion of cholesterol and fat-soluble vitamins in the micelle ( 3 ).
The diameter of the micelles is about 40 - 50 R ( 4 ), and thus the
E?nversion of fats from an emulsion phase to a micellar one provides

an approximately 100-fold reduction in particle diameter accompanied
with an over 16,000-f01d increase iq surface area ( 5 ).

+ The actual mechanism of the penetration of the mice]lariiipids into
Afhe mucosal ceélls is not firmly established. Their size engb]es them
easy penetration of the intermicrovillous spaces. It seems\un1iké1§
that the intact micelles penetrate the cell membrane, since the uptake
of lipids anfl bile salts occur in different regions of the small
intestine ( 6 ). The c{pse proximity of the micelle to the membrane

however, provides a high concentration of lipids necessary for the

\ ,
maintenance of a concentration gradient, replacing 1ipid molecules

A
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diffusing from the intervening aqueous film into the cell membrane (6 ).
In the absence of micelle formation, as accurs during Si]é q1version or
obstruction, absorption can proceed only through diffusion f%om the oily
phase across the aqueous‘medium. The importance of the micellar phase

for Tipid absorption varies with the type and solubiligy of the lipid

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

‘tota11y dependent on micellar solubilization for absorption, while the

medium and short chain fatty ac%ds are virtua]ﬁy independent of if.
Fo]]ow{ng absorption, fatty acids and MG are reesterified by the
mucosal cells to TG. The reesterified TG is packaged together with
chd]estero], cho]é%tery] ester, phospholipid, and some spé%ific proteins
into chylomicrons, which are secreted into the circulation via the -
lymphatic system. Medium and short chain fatty acids and monosaccharides
enter the circulation via theaporta1 system. Chylomicrons can deliver
their TG load to any tissue poséessing LPL. These include the muscle

the mammary glands, utilizing fatty acids in milk product

and heart tissue which use liberated fatty acids for their energy needs;
éjilduning

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 11pids,/the chylomicrons,
at this stage usually referred to as remnants, deliver the remainder of

their 1ipid Toad ( TG, cholesteryl ester and phospholipids ) to the

/

liver ( 7-9 ).
In addition po.the\residua1 lipids in chylomicron rémnants, the

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

X

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

{

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

/
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be converted into TG. This endogenous TG 1is pacﬁaged with cholesterol,

cholesteryl ester, phospholipid and specific pﬁéteins into VLDL. When

in circulation, VLDL TG is also available tg‘gjssues contaihing LPL. Most .

of it is , however, gtored in the édipose tissue. ‘

wIt is evident then that both chy10m1croas and VLDL function to redis-

tribute 1ipids from the intestine and liver to adipose’ tissue for sto%age

or to other tissues for energQ uti]izatfonror membrane maintenance. Like

chylomicrons, VLDL are good substrates for the LPL; but while chy]omicron

}emnants are removed by the liver, the nature and fate of the VLDL catabo- ‘

1ites are more Eomp]ex. Tracer experiments, using 1257.1abelled VLDL

saggest that human VLDL are converted to LDL and HDL in the circulation

( 10-13 ), possibly aft?rrﬁéssing through an IDL stage ( 11 ). Rat VLDL

on the)other hand, may ge rapidly cleared by the liver after the initial

dep]éiion of its.TG content without significant formation of LDL ( 14-17 ).’

indeed, normatly LDL is not a significant constituent of rat lipoproteins.
Both LDL and HDL, the latter being also synthesized de novo by the

intestine and liver, have cholesteryl egters and phospholipids as their

major 1ipid components. The fate of these components is not clear, but

it has been suggested tﬁét LDL and HDL may be the main suppliers of

cholesterol to the extrahepatic tissues as we)] as shuttles for removing

the excess cholestéro]l fromgghese tissues. The rolé of these lipoproteins

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

‘ rat HDL is tgg major cho]esterq]-carrying Tipoprotein.

While LDL appears to be associated with atherogenesis, HDL seems to

have a protective effect ( i8 ). Since the catabolism of VLDL, at least

in the human, results in the production of tDL and HDL, the underlying

v
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mechanism of this process is of considerable interest. -Unfortunately,
+

the individual steps of VLDL catabolism and the immediate products formed
are &ifficult to isolate in in vivo experiments using 12jI—1;be11ed VLDL.
The data obtained from these studies provide Tlittle infﬁrmaé%on about_
the importance of the various organs, SucH«®s the liver, and the enzymes
and various substances ;}eﬁﬂnt in the plasma that may act as acceptors of
the protein and 1ipid moieties of VLDL in the process of its degradation.
The interpretation is further complicated by the exchange of some of the
apoproteins and lipids between the 1ipopro§eihs present in the serum ( 19 ).
The use of purified LPL may circumvent some of these problems, but the
system is not ph&siologica] and the enzyme is very unstable ( 20,21 ).

fo overcome these difficulties, our 1§boratory developed a two-stage
heart and liver perfusion system for the study of rat thoracic duct
chylomicron catabolism ( %ﬂ. This system was used in the present st?dy‘
to clarify sow&,of t?e aspects of VLDL catabo]%sm, after establishing
its suitability for the study of the catabolism of human and rat serum
chylomicrons. While the kinetics of VLDL 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 the action of LPL in a physiological, membrane-bound state.

The uptake of these catabolic products by the perfused rat liver was

also investigated and some preliminary results are presented.




B. NATURE OF LIPOPROTEINS. ®
1. Ana]ytica1 and Preparative Methods in Lipoprotein Isolation
Lipoproteins canbe isolated from the serum and separated from each -
other for ana]ytiéa] aﬁd preparative purposes by several techniqueskbx* o
that utilize their physico-chemical properties. The nomenclature of
lipoproteins evolved with the technio;es used to isolate or detect them
and is descriptive of their properties. One of the quickest me%hods to /

s

assess the 1}poprotein composition of the\sergp is electrophoresis. t %?) ¢
This method is particularly useful for clinical applications. ’
a) Electrophoresis

The presence of many polar components in the fipoproteins predispose A
them to movement in an etectric field. Their relative mdb%]?%ies depend
on the medium used. In paéé;‘;1éétrophohgsis of serum ( 25 ), two pro-
tein fractions, the a- and B-globulins were greatly enriched in cho-
1esteroT and phospholipid in combarison Fo the other protein frac?ions
and were thus named o- and B-lipoproteins ( 26 ). Subsequently, two other
TG-rich fractions were found, one at the origin and ?ne at the pre-g
positién, corresponding to chylomicrons and pre-g lipoproteins,(VLDL), —™
respectively. Electrophoretic sep7ration of Tipoproteins has since been
expanded to many different media: These include starch ( 27 )3 cellulose #
acetaie ( 28,29 ), agarose (, 30,31 ) and Geon-Pevicon ( 32 ). While /
electrophoresis is a useful clinical tooi, it is not suitable for pre-

§

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

o

\

of 1ipoproteins is ultracentrifugation.

b) Ultracentrifugation

1

Analytical u]tracéhtrifugation was first applied to serum lipoproteins

. |
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by Gofman et al. { 33 ). This method takes advantage of the flotation

of lipoproteins in a medium adjusted by the additién’of salt ( NaCl ),
to a density higher than that of the lipoproteins. To quantitate thé
flotation characteristics of Tipoproteins, the Sf value was 1ntroduceq

( 34 ), and defined as the rate of f]otatioq of a lipoprotein undé} unit

centrifugal field in a so]utioﬁ of d =1.063 g/ml at 26°C. The ‘method

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

ultracentrifugation were correlated with the densities of each lipoprotein
species ( 35,36 ). It was assumed that the lipoprotein species resolved
by the analytical u]tracentgifuge represented metabolically and struc-
tura]iy distinct species. Thus, four main classes of lipoproteins were
distinguisﬁed, in order of increasing densities: chy]omicron§, VLDL,
LDL and HDL. The correspondence of these density classes of Iipobroteins .'
with those separated by agarose or paper electrophoresis is well
?stablished ( see Figure 1 ). |
¢+ A variation of this technidue, where th? different 1ipopr0fein

classes of increasing dens%ties are isolated in a sing1§ run, is densitx
E;édﬁént ultracentrifugation ( 37-39 ), or rate zonal uf%kacentrifugation
( 40,). :

¢) Other Techniques

Over the past few years several other techniques have been developed
and they will be briefly described. - i

Agarose ge]dfi1tration can be used to separate the major lipoprotein
classes on the basis of size:( 41-44 ), although when serum is fractio-

nated, caensiderable contamination of the smaller Tipoproteins ( LDL

and HDL ) by 1ar§e serum proteins occurs. Several precipitation'methoas
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are available using polyanionic polysaccharides such as heparin or
!

dextran sulphate ( 45-47 ), or specific antibodies ( 48-50 ).

2. ApoTipoproteins

As will be discussed later, apoproteins play an importaﬁt 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
diversity;‘ Prior to the analysis of their physical and chemical properties
as well az their quantitation ( in metabolic studies ), the apobroteins
are wsually dissociated from the lipid. B

a) Isolation and Purification
+  Several methods of delipidation ®f lipoproteins are avai]agle. Organic
solvents can be used alone or in mixtures of varying propartions to dis-
solve the 1ipid and precipit;te the protein. Each particular system has

some advantages and disadvantages. The use of chloroform/methanol

( 2:1, v/v ), results in a complete delipidation, but the protein .

.precipitate is refractive to solubilization in most aqueous solvents.

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

\yqrious proportions ( usually 3:1, v/v ), but some of the protein may

be lost through solubility in ethanol ( 51,52 ). Increasing the pro-
portion of éther minimizes the loss of protein, but a less complete
de]ipidatiop may result. Tetramethyiureé, a denaturing agent, has also
been used ( 53 ). This agent directly solubilizes all but one of the .
apoproteins { apolLDL ). A recently developed technique utilizes a
variety of organic solvents, such as acetone or isooctane to selectively
solubilize some of the apoproteins of VLDL ( 54 ). While this method
may be excellent for prepa}ative purposes, its suitability for analytical

purposes remains to be established.
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A variety of detergents have also been used to separate the lipid =

@

and prbtein moieties. Sodium dodecyl sulphate ( SDS ) and sodium
deoxycholate remove lipids from LD%, a&oiding the problem of th; extreme
insolubility of apolDL following extraction with organic solvents ( 55 ).
The Tipid and ihe detergent can be subsequently removed from the protein
by successive gel filtration steps.

The isolated pro%ein moiety of the lipoproteins is usually solubilized
in an aqueous buffer, containing ;enaturipg agents such as urea, SDS,
guanidine-HC1, or a mixture of these. llhen submitted to PAGE or
isoelectric focusingi the protein moiety can be separated into several
distinct bands, reflecting their extensive heterdéeneity. For Tlarge-
scale nreparation of individual apoproteins, gel filtration, ion exchange
chromatography, preparat1ve PAGE, and isocelectric f%cus1ng can be used.

1

An 1ntroduct1on of the anoprotein nomenc1atur3§ used will facilitate

S

further d1scuss1on of some of the known human and raE)apoprote1ns

o]

b) Nomenclature ’
i. Carboxyl-Terminal Nomenclature /
In this nomenclature, the C-terminal residue of a single polypeptide
-chain becomes its pringiba] nametag ( 56 ). For example, a small poly-
| pentide, found in both VLDL and HDL has a C-terminal residue alanine, ‘
and is named R-ala, apoprotein-ala, or if the source is to be indicated,
apoVLDL-ala or apoHDL-ala. This nomenclature has some distinct dis-
aavantaqes.‘ It is not only cumbersome, but errors in the C-terminal - "
residue 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 ( fe. apoLp-aln-I and apolLp-aln-II ), but this makes, the system

\
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even more difficult to remember. Furt%ermore, some apoproteins have
proved to be refraﬁtive_tooc-terming1 determination ( eg. apolDL ).

Many animal species have homologous apoprofeins with those of théﬂhuman,

’

but “do not necessar11ysharethe C-terminal residue, making the com-
oar1son of the apoproteins difficult. A

ii. ABC Nomenclature 0

-
An alternate nomenclature has been developed, in whigh the various

( .
apoproteins are assigned capital letters. . Thus the major apoproteiﬁs

' of the a-m1grat1ng Tipoproteins ( HDL ) have been des1gnat?d as apoA,

) wh11e that of the B-migrating 11poprote1ns ( LDL ) as apoB. Subsequently,

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

}discovéry, by additional letters. The iow mq]ech]ar weight apoproteins,
|- ) 3 N

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

LA 1
’

N

"thiﬁL1jne"‘peptide, §ssociated with HDL was named apoD; and the

fa;ginine-rich" anoprééein, found in VLDL:, HDL and other, abnorfhal
lipoproteins asSociatedgwith hypercholesferonemia, was ﬂesignafed as apok.

Recently two more aponroteins haVe been identified and‘;so1a£ed from ,
human HDL and des1gnated as apoF and apoG Aithough the aﬁbprdteins

in the different groups are 1mmuno1og1ca11y distinct from those in any
other group, many of these groups are composed ofzsbvera1 i%muno]ogica11y
re1£ted, but %ot identical po1ypep%1des. Thesg are distinguighed from
each other by a roman numeral placed aftgr the letter. The apoA group

is thus comﬁbsed of dboA—I and apoAijf\(which in the human was formerly
efered to as apolLp-gin-I and apolp-gIn-II ), and the apoC gfoup

consists of three polypeptides, apoG<I, apoC—IIj and apoC-IFI. Poly-

%orphisﬁ, encountered in severg] of the polypeptides, can further be

l -
4esignated by the addition of an arabic numeral. The apaC-III

!
\ . I
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apoprotein has for instance, several polymorphic forms: apoC-III-1,

apoC-II1-2,.apoC-I1I-3, etc. Operationally this nomenclature is much

- simpler and easier to remember than the CfthTjnal one, and offers the

advantage of a direct comparison between homologous apoproteins of
different animal species, often differing in their C-terminal amino acid. .
Because of these advantages and‘ftp wider acceptance, the ABC

nomenclature will be used throughout this thesis. The relationship

between the C-terminal and ABC nomenclature of some apoproteins is

shown in Table I.
’ - ) ¥
In the next section the known human and rat apoproteins are briefly

\

discussed, using the ABC nqmenclature..

3. Characteristics of Individual Apbproteins
a) Apoprotein A ‘

Ap;protein A-1: ApbA-I is a well characterized po]ypeptidejof'245 ( %7 )

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

in the re}orted amino acid sequences is unknown. Two polymorphic forms.i

with similar molecular weights/( 27,000 ), amino acid composition, and.

1mmunologiga] properties have been récognjzed: apoA-I-1 and apoA-I-2

( 589 ). Since neither form contains detectable carbohydrate, the

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

been proposed to account for the conversion of apoA-I-1 to apoA-I-2

on repeated ijon exchange\éhromatography in urea ( 59 ). ApoA-1 /

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

bind siénificant amounts of phospﬁ&]ipid in the a?sence of apoA-II ( 62 ).

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

* from many other mammals, all having similar molecular weights and amino

by
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COMPARISON OF THE CARBOXYL-TERMINAL AND ABC NOMENCLATURE

L ‘ OF SOME OF THE HUMAN APOPROTEINS .
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acid composition fo human apoA-1, suggesting a major structural or
physiological role. It is thought to be an activator of LCAT ( 63 ),
and may have an important function in regulating the contents of membréne
;ipids ( 64 )} and fluidity ( 65 ). As wiéh all the well characterized
apoproteins, apoA-I Tacks long regions of hydrophobic and hydrophilic
amino acid residues, so typical of most membrane proteins.
.ApoprogeinA-II:This is the second major protein of HDL and is a di-
sulfide-1inked dimer of identical polypeptide chains of 77 ;mino acido
residues ( 66 ). It has a High a-helical content ( 40% ), and‘readi1y
¢omb1nes with phospholinid ( 67,68 ). Reduction of the disulfide bond
does not affect its 1ipid 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
cow, dacking the half-cystine in position 6.
Apoprotein A-II1: This apoprotein isolated from human HDL ( 70 ), is.
referred to by most investigators as apoD and will be-discussed as such.
Apoproteig A-IV: The amino acid composition and the molecular weight
( 46,000 ) of this _polypeptide, isolated from rat HDL, was recently
reported ( 71 ). Information about some of the other properiies 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 chardcterized that the presence of more than one polypeptige has
not been ruled out. The characterization of apoB has been hampered by

technical problems. I? is extremely insoluble in aqueous solutions and

detergents; dissociating agents and chemical modification have been
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necessary to_.obtain soluble preparations of lipid-free apoB. Molecular

N ! .
weight estimates range from 8,000 to 275,000 ( 72 ). A molecular weight
. of carboxymethylated apoB of 255,000 + 5%, as determined by SDS electro-

phoresis

1 filtration and equilibrium ultracentrifugation has been

c] Apoprotein C

here are three known polypeptides that belong to this group of Tow

molecular weight apoproteins.

Apoprotein C-I: A single polypeptide chain of 57 amino acid residues ( 74 ),
-

it represents less than 5% of the HDL protein, but along with apoC-I1

anﬁ apoC-IIT, 40-60% of apo VLDL. It tends to, self-associate ( 59 )-and
form aggregates in aqueous solutions (75 ).. Iﬁ was reported to activate
LCAT ( 63 ), as well as LPL ( 76 ), but these observations remain to be
Vconfirmed. \ .
Apoprotein C—II:‘This anoprotein has 78 amino acids of known sequence
and a calculated molecular weight of 8,835 ( 77 }. It is a potent
activator of F?L from both human and rat post-heparin plasma and bovine
mitk (78 ). )
Apoprotein C-III: This is a single polypeptide chain of 79 amino acid
residues with a carbohydrate moiety attached to threonine-74 by an
0-glycosidic linkage. The po]ysacchgride contains one residue of -~
, ga]actoée and galactosamine followed by 0 - 2 residues of sialic acid
{ 79 ), thus accounting for the microheterogeneity observed. Its
physiological functioﬁ<?s not known, but an inhibition of‘LPL, not

reversible by apoC-II was repo}ted ( 80 ). The inhibition however,

. occurred at higher than physiological concentrations.




d) Apoprotein D

ApoD, so far the only member of this group, was isolated from human
HDL ( 81 ). It appears to be a glycoprotein ( 18% carbohydrate ) with
a molecular weight of about 28,000. A similar "thin-1ine" peptide was
{so1ated from human HDL and designated as apoA-III. This designation
was based on thé fact that it was found in all fractions of HDL, together
with apoA-II. It was found to be a potent aEtgvator of LCAT ( 50 ),
‘although this could not be confirmed Tater ( 63 ). A comparison of the
amino acid analyses of apoA-III‘Bnd apoD indicates several differences,
including the absence of cystine in apoA-III. In addition, apoA-III
contains serine as the C-terminal amino acid, while apoD is reported to
have a blocked amino and carboxyl-terminal amino acid. If both apoA-III.
and apoD are homogeneous proteins, it appears that they must be distinctly
different apoproteins. Further studies are needed to establish the
similarities or differences between these twg apoproteins and their

Q

physiological significance.

e) Apoprotein E /
ApoE s the only member of th1s group, and in the past usegggé be

referred to as the "arginine- r1ch" apoprotein. It was initially

isolated from human VLDL ( 82 ), and further characterized ( 83 ).

The molecular weight estimates range from 33,006 ( 83 ) to 39,000 ( 84 ).

ApoEvhas also been foung in rat HDL and its molecular weight estimated

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

has been reported in both the human ( 85 ) and rat ( 86 ). The reason

for, and the significance of this microheterogeneity is not known, but the

absence of one of the polymorphs ( apoE-3') has been reported in patients‘¢;

with familial hypercholesteronemia ( 85 ).
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f) Apoprotein F

ApoF, one of tﬁe newest apoproteins identified, is an acidic apo-
protein ( pI = 3.7 )? having a molecular weight of 26,000 to 32,000 :
( 87 ). It was found in human HDL, and thg amino acid analysis revealed
the absence of tryptophan. Immunologically, it does not cross-react
with any other known apdproteins, and in basic PAGE it migrates to a
position similar 'to that of apoD.

g) Apoprotein G

The latest addition to the collection of the known apoproteins, this‘
apoprotéin has been identified in and isolated from human HDL ( 88 ).
Its reported molecular weight is 72,000 and 1t(tooj migrates to a
position similar to that of apoD in bgsic ﬁAGE. It contains appreciab1e‘
amounts of glucosamine. Nothing is known about its possible physiological
role as an apoprotein. ’

h) Other Apoproteins

In addition to the apoproteins that have been assigned to individual
groups, several minor polypeptides of unknown physiological significahce
have been recently isolated. These include the proline-rich peptide
isolated from human chylomicrons ( 89 ), ang the low molecular weight
glyciné and serine-rich po]xpept;des isolated from human HDL ( 90 ).

4. Chemical Compositidn, 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 1 respectively. A brief discussion of the

physico-chemical properties of the lipoproteins follows in the next.

section. , ’ \




TABLE II

r
.
4,

CHEMICAL COMPOSITION OF SERUM LIPOPROTEINS ( HUMAN )

d S

£ Protein Triglyceride Cholesterol Phospholipid
( g/m1 ) (%) (%) - - (%) (%)
<]
Chylomicrons < 0.95 > 400 2 85 5 8
VLDL < 1.006 20 - 400 10 55 ~ 18 17
LDL 1.006 - 1.063 0-20 25 10 25 | 20
HDL 1.063 - 1.21 sediment 50 <5 - - 18 30

-

—F

The compositional data shown represent averages. The published values for each component may

vary ( 124 ). Variations in the chemical composition of the different subfractions of each
lipoprotein class also exist and are pointed out in the text.

The chemical composition of rat serum lipoproteins is similar but some differences exist, which

are discussed in the text.

8l



a) Chylomicrons -

Chylomicrons, the principal carriers of dietary TG, are synthesized - '
by the intestine and reach the.circy]ation via the thoracic duct. How- _
ever, certain compositional changes occur during the passage through the
lymphatics. When isolated from 1}mph, chylomicrons have a diameter of
750-10,000 &, a molecular weight of §—3Ox109 daltons, and a flotation
of Sf == 400-15,000 ( 58 ). While normally absent from fasting serum,

| their concentration rapidly increases after food {ngestion, giving the
' . serum a milky appearance. Triglyceride forms up to 86-90% of the total
weight of the human Tymph chylomicrons. Phospholipids make ub about”
9%, cholesterol between 0.5-3%, and the protein moiety about 1-2% of the
total weight. Rat Tymph chylomicrons have a very similar EOmposition.
Both human and rat serum chylomicrons contain a higher proportion of
protein ( up to 3% ), cholesterol and phospholipid ( 91 ). Their TG
content is proportionately decreésed and the appearance of partial
\ g]yce#ides\is observed ( 92 ). Since chyaomicrons have an extremely
short half-life in serum ( 10-15 min. in human and 2-5 min. in rats\)
( 93-96 ), some of these compositional thanges, accompanied by a génera1
decrease in size, can be explained by the presence of partially
catabo]ized.partic]eg.

While the protein moiety represents a very small portion of the
molecule, the variety of apobroteins found in chylomicrons is unrivaled
by any other lipoprotein species. The” presence of all of the major
apoproteins ( A, B,uand C ) was suggested by Alaupovic et al. ( 97 ),
who ghowed that human lymph chylomicrons gave a precipitin-reaction with

. anti-VLDL, LDL, and HDL. More specifically, the apoprotein composition
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of human lymph ( 98 ) or pleural fluid ( 99 ) chylomicrons, determined
by gel densitoﬁétry and gravimetric ‘procedures is as follows: 12-21%
apoB, 7-9% apoA-I, 4.5% apoA-1I, and 50-68% apoC. Small amounts of

apoE are also found. It should be pointed out however, that scanning

&

bands obtained by PAGE may not give true relative amounts of each apo-
protein‘due to their different chromogenicities; and %n light of recent
work, it is questionable whether a 100 cm column of Sephadex G-100 will
separate the apoonroteins wé11 enough for quantitation. In these studies,
de novo synthesized appproteins were not distingufshed from the ones
Aacquiréd after the entry into the lymphatics on/the pteural fluid. A
good deal of chylomicron apoprotéins are acquired from lipoproteins '

» already present in the lymph, but not necessarily synthesized by the gdﬁ,

/‘* Indeed, iodinated apoproteins ( apoA, B, and C ), injected into the

L

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

where the incorporation of radioactive amino acids into chylomicron

apoproteins was followed, indicate that the intestine doeslnéi 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 ),
o a large _portion of the chy]ohicron apoA is rapidly lost to HDL ( 99 )\

Recently, a proline-rich peptide ( PRP) has also been found exclusively

in chylomicrons ( 89 ). The ppysio]ogica] significance of this peptide

Pewgins obscure. *

b) Very Low Density Lipoproteins-
_ Very low density Tipoproteins are the main carriers of endogenou§

Ay
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




land total cholesterol, 15-25%.
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calculatéd @o be about 70 mg/dl ( 45 ). They are smaller in size -than
chy]omicronf, having a diameter of 201-1000 K, with the bulk of material
being between 309-700 A ( 105,106 ). They are usually isolated from
fasting serum ( to assure the absence of chylomicrons ), at d < 1.006 g/ml,
with a Sf value of 20-400. Several subclasses of VLDL of decreasing

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

" centrifugation. As with chylomicrons, particles of decreasing size

{

—xspntain a decreased proportion of 1ipid and an increased proportion of

protein ( 107,108 ).

The chemical comnosition of ¥LDL is given in Table II. Protein

reoréﬁents about 8-10% of the VLDL mass), while the remaining 90-92%

is ]ipid with trace amounts of carbohydrate. O0Of the 1ipid, TG is the
major component, accounting far 55-60%; phospholipid, 20%;
Significant sex differences in the Tipid composition have been
reported ( 109 ). Females have less VLDF-TG and cholesteryl ester and

a higher proportion of phospholipid. Rat VLDP'11p1d composition is
similar to that of human VLDL, containing an even higher proportion of
TG ( 80% ). Total cholesterol contributes about 5% and phospholipid

15% (105 ).

The elucidation of the protein compqsition of VLDL was di%ficult.
Initial studies suggested that VLDL contained only one‘distinct protein,
similar to that of LDL ( 110,111 ). It soon became apparent that this
was an oversimp1ificat10n. Today it is recognized that qua]ifative1y,
human VLDL contains several apoproteins, including apoB, apoC-I, apoC-II,

\

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

. \
amountsfof apoA ( 40,85,112-116 ). The reported apoprotein composition

3
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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 becamg evident that rat apoprotejgs %re very '
similar to human apoproteins structurally and*functiona]]yfénd thus /
direct comparisons can often be made. Recent reports on rat VLDL
apoprotein compoéition established that it is qualitatively very
similar to that of humén VLDL ( 117—i21 ), and contains 23-40% apoB,
30-60% apoC, and variable amounts ( 13-30% ) of apoE.

The values obtained in the various studiés undoubtedly depend’on the
particular technique usea and the size distriﬂdtion of the VLDL particles °
aﬁa]&zed. . Differences in size result not oh]j\in variation; in the total
protein content of VLDL, but also in its apopro;ein composition. With
decreasing particle size the proportion of apoB }ncreases while that of
apoC decreases ( 116 ). It should be noted that/%ven in normal individuals
the apoprotein cdﬁposition can be altered by diet ( such as cholesterol ),
and that some of the disorders of lipoprotein metabolism are related to
abnormal apoprotein composition.

c) Low Density Lipoproteins.\

Serum LDL is operationally defined as the material isolated between
d =1.006 - 1.063 g/ml. In the past they were referred to as g-lipoproteins.
Even though LDL, with respect to size and compositioﬁ, appear to be much
more homogeneous than VLDL, they can be resolved into two major components:
IDL or LDL] (d=1.006 - 1.019 g/ml, Sf 12-20 ), and a second fractiog
containing most of’the)materia],_ca11ed LDL2 (d=1.019 - 1.063 g/ml,

Sf 0-12 ). The‘seéond fraction may also contain a minor HDL contaminant

at the denser end of the spectrum ( S¢ 0-3 ). The IDL is/intermediate

’

s
between the VLDL and LDLZin chemical composition and sizg also.

Ly
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As detefmined ﬁy electron microscopy, norA;1 human-/LDL appears as
a collection of almost spherical partﬁc1eg, 80% of which are;between“
2i0—250 R in diameter (123 ). The avé;ég? serum coné%ntration of LQ},

Txfthe most ébundant lipoprotein in.the human serum, is QOO mg/d1 and

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

The rat, Tike most other-mamma1ian species, has very low levels of

<s®um LDL, about 70 mg/dl ( 45 ). Low density Tipoproteins carry the
« bulk of 11p11 in the human plasma. They contain approximately 75% lipid

and 25% protein (,124 ). The lipid composition’is shown in Table II.
While apoB represents about 90%-of the total protein, small amounts of
apoC, apoA and apoD are also found in LDL ( 115 ).

The contribu%;on of the non-apoB proteins varies. In the fraction
where aver 90% .of all the LDL apoB is found ( d = 1.019 - 1.05 g/ml ),
thé contribution of apéC and apoA is minimal. As expected, the signifi-
cant portion of apoC in LDL is found in fﬁe IDL region, and that of
apoA in the ré@ion overlapping wit% HDL ( d == 1.05 - 1.063 g/ml ) ( 115 ):

d) High Density Lipoproteins ) :

High density lipoproteins are isolated from the serum at d = 1.063 -
1.21 g/ml. They are also referred to as a-lipoproteins, based on their
electrophoretic mobility in paper or agarose. Smallest of the lipoproteins,
they have diameters ofr§0-120 R ( 125 ). Their concentration in normél
human p1asma‘is about 260 and 330 mg/d1 in maies and fema1e5‘respect1ve1y 2
( 126 ). A similar concentration is found in the rat ( 45 ), where HDL
is the major cholesterol-carrying protein. High density lipoprotein Tevels
are relatively high ( ihucomparison wiph LDL ), in animals that are

resistant to artherosclerosis, such as dogs and rats, but are almost

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

v
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.and the ratio of esterified to free cholesterol is also higher. It is

!

¢

About 50% of the HDL mass is protein, 30% phospholipid, and 20% choles-
terol. The ratio of esterified to free cho]esterol is about 3:1.

H1gh density 11%?prote1ns can be d1v1ded into two density c]asses
HDL, (,d= 1.063 - 1.125 g/m] '), and HDL3 (d=1. 125 - 1.210 g/m1 ")

( 127 ). The latter conta1ns a higher proportion of protein ( 55% ),

now well accepted that these two fractions are not ultracen

qt}ﬁfacté, but their physiological relationship and significance ar
unknown . Heterogeneity within HDL can also be shown by analytical and
pteparative gel electrofocusing ( 128,129 ) and ion exchange chfomaioi
graphy ( 130 ).

The 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

the total HDL ‘protein, with a ratio of 3:1 in both‘HDL2 and HDL5.  ApoA-I i
and/or‘agoD is a minor constituent of HDL ( 70,81 ). ApoC is present in
the HDL %raction in small amounts, comprisingf5-10% of HDLZ, and 1-2% of
HDL3 protein ( 131,132 ). A1l three of the apoC apoproteins are present.
It should be néted that in absolute amounts, the apoC present in HDL
accounts for more than 50% of the total apoC\poo1 in normal fasting plasma.
Small amounts of apoE are also found in HDL. /"

The\;poprctein composition of rat HDL is similar.to that of human.
While apoA-I represents 50-60% of the protein moiety, on1} small 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 apoprqteins ( 71,120,121 ).

Ultracentrifugally isolated HDL from most individuals contain, in the

d = 1.050 - 1.12 g/ml fraction, small but variable amounts of Lp(a)

lipoprotein ( 133 ). In 1ipid composition it is sjmi]gr to LDL, but it
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co%tafhs more protein. The distinguisgdpg-feature of this Tipoprotein
jsithat jt contains, in addition to large amounts of apoB and variable
(A -
am%unts of other apoproteins, a specific Lp(a) protein. This 1arge
|

-~ glycoprotein exhibjts.high affinity for apoB and is also found in trace
\:am unts fn the other apoB-containing 11poprote1ns. It appears to’ be i
synthesized independently of the lipoprotein apoproteins; and its role
%s not known ( 134 )i ) ' |
It should be pointed out that substantial amounts of apoB in the
di=1.060 - 1.21 g/ml, are fonnd in(the sera of patients with familial
L AT'defiéiency (135 7). An apoB conta%ning 1ipoprotein ha; also been
isolated from rat 1iter~perquates at d =1.075 - 1.17519/m1 (136 ).
. v - T ——
The' finding of apoB-c#ntaiping lipoproteins in the HDL.denstty nange
ilTustrates particu]ar]y well the shertcomings of isolating the various
‘ 11poprote1n species on the basis of their hydrated densities. It is
Ti ke]y bhat the ‘distribution of apoB and other apoprote1ns in the density
ﬁyact1ons of the serum is determined to a large extent by the amount and
ﬁ1nd of 11p1d it is associated with. U]tracentr1fuga11y isolated 1ipo-

s
*

ydrated dens1ty o .

‘e) Other L]poproteins - . "

,zrote1ns may thus contain different 11poprote1n species of the same

As a result bf improved lipeprotein detection techniques, additional

hipoprotein species,“often associated with abnorma] conditions have, peen
-~ .

Lso]ated from the sera of humans an?/;ome an1ma1 species,
i. L1poprote1n( ) AV
‘j Even though this 11hoprote1n exhibits many ‘of the properties of LDL,
Lp(a) is considered a d1st1nct 11poprote1n species. It can be isolated

\ﬁrom p]asma at d =1.05 -.1.120 g/m], and exhibits a pre-g mobi]ity on



26

' \ .
agarose éel electrophoresis ( 134 ). A]Ehough its 1ipid cémposition is
similar to LDL, its apoprotein composition is quite different: it con-
tains 65% apoB; about 15% apoC, albumin and other, uncharacterized
proteins; and 20% is a specific Lp(a) protein g\137¥f39 ). In earlier
studies, Lp(a) cou1d~bg detected in only a fractiog of the normal popu-
lation; howdver recent studies, using more sensitivé immunological
techniques.,, have shown the presence of this 1iboprotei;~in over 90% of
the norma] popu1at%oﬁ. A po]yéenic inheritance was‘suggested to be
responsible for its serum concentration, which did not correlate wp]i
with agé, sex, 1ipid concentration, or occurrence of CHD ( 140-142 ).
ii. Lipoprotein(X)

This abnormal lipoprotein is—found in patients with biliary obstruc-
tion and familial LCAT éeficiency. The major protein components are
albumin and apoC. Phospholipid ang unesterified cholesterol are .the

¢

N k4
predominant 1ipids ( 143-145 ). It may be isolated from LDL by zonal
TN

- ultracentrifugation or hydroxyapatité chromatography ( 146 ), and quanti-

' tated by electrophoresis in agar ( 147 ). When exam#ned by electron
microscopy, it appears to have a discoidal shape ( 148 ). )
iii. B-Very Low Density Lipoprote%ns and High Density Lipopr:oteinsc

These two abnormal Tipoproteins have been isolated from a variety of
hypercholesteronemic animals, such as rabbits, guinea-pigs, dogs, monkeys
and Yats ( 32,149-154 ). The hydrated density of HDLc depends on the’
aﬁount of cholesterol, its major lipid component. The chief apoprotein
component of HDLC!are apok anq apoA-1I.

| B-very low density lipoproteins are‘found in the VLDL density range,

but exhib?t abnormal, g-mobility in égarose electropﬁoresis. ChoTesterol

_and small amounts of TG make up the Tipid moiety of B-VLDL, while the
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‘major apoproteins are époB and apoE, with small amounts of apoC. A
similar lipoprotein has been isolated from humans with type III hyper-
lipoproteinemia, and it was suggested that they represent an accumulation
of VLDL remnants ( 155 ). The precise relationship between the B-VLDL
found in an1mals on a high cholesterol diet, and that q# type III hyper-
Tipoproteinemia in the human is uncertain, but the possibility that B-VLDL
js also a VLDL remnant has been proposed ( 152 ). h

A recent study of apoB and apoC metabolism {n several normal and
hyperlipoproteinemic subjects ( 156 ), confirmed the stepwise de]ipjgggion

of VLDL into IDL, and ultimately to LDL, and suggested that in type III
patients an 1pcreased synthesis ( two-fold ) of VLDL agoB, as well as
some induced synthesis of IDL or LDL apoB occurs. The rate of VLDL

catabolism was decreased and much of it was catabo]izgd in a different
manner, producing an LDL-1ike particle of VLDL‘HensitQ,-B4VLDL, re;ovbd
from the circulation without LDL formation.

In summary, perturbations in lipoprotein metabolism and the appearance
of unusual lipoproteins can be caused by many factors, some of which may
be: the synthesis of lipoproteins of abnormal composition that may or
may not be catabolized at a slower rate: a decreased cataho]ic rate of.
lipoproteins due to a fault in their removal system ( for instance, the
absence of specific cell receptors ), resulting in the agcuﬁulation'of
catabolic products; and a decreased rate of removal oﬁ a "faulty"
degrédatio@Zproduct, due to the absence of an additional enzyme(s)

necessary for further degradatidén or alteration prior to removal from

the circulation.

g
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"5, Structure of Lipoproteins

a) Trig]yce;ide-Rich Lipoproteins

While ultracentrifugation studies have been particularly valuable 1n‘
defining such physical parameters as flotation and sedimentation rates,
hydrated densities, and molecular weights of each lipoprotein species,
they are of 1imited use in morphological and structural investigations.
Electron microscdpy is useful in determining the size and some morpho-
logical properties of 1ipoproteins, but it does not provide any infor-
mation about the organization of the 1ipid and protein moieties within
the particle. Several spectroscopic techniques, such as Optical Rotary
Dispersion, Circular Dichroism, Infra-Red Spectroscopy, as well as
Nuclear Magnetic Resonance aﬁﬂ small an@de X-ray scattering, have been
used in determining the structure of LDL and HDL. These techniques,
however, have limited application in determining 'the structure of
chylomicrons and VLDL because of heterogeneity %n size and composition,
as well as their significant‘turbidity in solution.

As early as 1962, a model was proposed for the JG-rich 1ipoprote%ns,‘
consisting qf a lipid core and surfaée film of protein and phospholkipid,
resembling a micelle-like structure ( 157 ). It was reasoned that one
possib]e’manner in which chylomicrons could become enveloped in a Tayer
of protein and polar 1ipid, was a process where a piece of plasma membrane
was "pinched-off" during the extrusion of the 1ipid particle from tpe
1ntest{na1 cells into the extracellular spaces. If this mechanism
operates in chylomicrons, one would expect to see "unit membranes"
adhering to the oil drap]ets. Such membranes could not be visualized by
electron microscopy. However, an electron-dense surface material, about

-

20 & thick surrounding the chy]omicronslwas observed ( 158 ).
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Repetitive freezing and thawing, or rotary evaporation and rehydration
techniques were utilized to separate thg surface material from the Tipid
core. Eighty percent of this material was lipid, ‘5—75% of which was
phospholipid. Small amounts of TG, DG, fatty acids and cholesterol were
also found, but no cholesteryl esters were detected. The lipid core

on the other hand, contained TG and cholesteryl ester exclusively, without
d'fatectable phospholipid ( 159-161 ).

If one assumes that a surface layer of 20 R is present on chylomicrons
and VLDL, the p;rtion of surface covered by protein is constant at about
20%, while the size varies. The increase in the surface-to-volume ratio
as particle size decreases, is compensated by an 1nérease in the weight
percentage of the protein ( 38 ). This progressive increase of the polar
components in general, with the decrease in particle size and molecular
weight, is a phenomenon common to both chylomicrons and VLQL ( 162 ).

The ,concept that TG gnd cholesteryl ester occupy‘the inner core of
the VLDL particle is now well accepted, and is supported by theoretical
calculations ( 163 ). No distinction can be made between several
structural arrangements of the protein withjn the surface 1ipid.components,
however. The protejn moigEy could orient 1£se1f in a monomolecular film
completely within, or completely outside the Interfacial 1ipids, and
is only partig]]y’capab]e of surrounding the lipid core. Alternatively,
it could form discrete units, or "islands" within the surface lipids.

The structure of VLDL is of particular interest, since there is good
evidence that they are the precursors of LDL. E1ucidjt1ng the structura]
relationship between these two Tipoproteins would facilitate the under-

standing of the interconversion process.
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— b) Low Density Lipopﬁoteins

< B Whi]e at low magnifications normal human LDL appears spherica],\ét
H{éher magnifﬁcations the images reveal somé structural detail of the
particle surface. A three dimensional jsodensity map constructed from
high image enlargement, reveals an overall icosahedral symmetry cohsistent
wiih a model in which the protein forms a network over the particle
surface;‘1eav1ng open, slightly twisted pentagonal faces, filled with
phospholipids ( 164 ). Smaly angle X-ray scattering ( 165,166 ) and
NMR ( 167 ) studies have beeﬁ articularly useful. One model proposed a
spherical phospholipid bi]éyer, with an average radius of 65 R (166 ).
The outer surface of the bilayer fé/covered by 60 prdtein subunits
6rganized in an icosahedral symmetry. Free cholesterol and cholesteryl
esters are equally distributed on both sides of the bilayer. In this
model, the core of the p§rt1c1e, 1nsjde the bilayer, is prétein. A
similar model proposed ;ftri1ayer of lipid with the phospholipid polar
groups localized on both %ides,surround?hg a protein core ( 167 ).

More recent small ang1é>X—ray scattering studies led to a modified
model, consisting of a hydrocarbon chain core with an outer shell sparsely
oEcupied with protein molecules, emerging from the 1ipid core. The core
lipids are organized in a micel]etlike“structure, with the steroid nuclei
seéreggted in regions distinct from those occupiedaby the hydrocarbon
chaips ( 168,169 ).

The following organization of the LDL Tipids was recently proposed:
the core is occupied by cholesteryl esters, and a band of the apolar
hydrocarbon chains is followed by a narroQ band of the sterol rings.

This structure is repeated once again, possibly with a reverse orientation '

of the cholesteryl esters. The core is ‘then surrounded by a band of

\
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protein ( 20 R thick ), polar groups of phospholipid, and free cholesterol.

An ordered liquid crystalline structure of Qhe core is .observed at 4° C,
but inereasing\temperature causes a thermotropic transition into a
disordered state ( 170 ).
¢) High Density Lipoproteins .

Sevéra] models for HDL have been presented in the literature. Based

on low anéle X-ray scattering data, both HDL2 and HDL3 have two regions
of different electron density; and thus a model with a central lipid
core surrounded by a thin outer shell, containing phospholipid and proteig
lis generally accepted ( 171 ). \The assignment of the phospholipid and

I
protein to the outer shell seems reasonable, as over 90% of the ¢ - NH2

groups of lysine in HOL are susceptible to succin%]ation,-and both the
protein apd phospholipid of HDL are accessible to proteolytic and 1ipd(
lytic enzymes ( 172,173 ). )

Several arrangements of the protein and phospholipid haQe been pro-
posed. In one model, about half of the surface is covered by protein and
the other half by the polar head groups of phospholipids and cholesterol,
organized in a monolayer ( 174 ). In a different model, the HDL protein
is deﬁicted %s an "iceberg" floating in a "sea of lipids", similar to the
fluid mosaic model of the membrane. The amphipathic portions of the
apdproteins may be oriented parailel to the fatty acid chains of the
phospholipids, thus extending well iin the neutral 1ipid core ( 175 );
or perpendicular to the fatty acid chaiﬁs of the phospholipids ( 68 ).

In th%s case the protein would not extend far into the core, which would

be more consistent with the low electron density observed.




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 ip 1963 ( 176 ) who suggested that,
'...there may be present among serum proteins a Timited
_number of apo]ipoprote1ns with highly developed binding
- capacities for lipid, giving rise to lipoprotein 'families'
' - each completely specific insofar as their protein moiety
but exhibiting considerable heterogeneity in regard to
lipid content, lipoprotein density and size."
The fact that the-apoprotein moiety may be the only specific and
distinguishing mark of 1ipoproteins was also recognized by ‘Alaupovic.

ée of #evera]

An attempt to integrate this concept with the observed presen
apoproteins in any one density region, has resulted in a definition of
1ipoprotein” families as polydisperse systems of 1lipid - apoprotein
associapions, characterized by the presence of a‘sing]e, distinct apo-
protein or its constitutive po]ypeptideé. Furthermore, depending on the
composition and amouni of 1ipid complement, each Tipoprotein fami]y may —
be found at various density regions and thus occur simu]taneous]y in -
several segments of the density spectrum ( 177 ). For example, while
HDL is normally thought of as a co]]éction of particles in the density
range of 1.063 - 1.21 g/ml, eaéh having a certain heterogeneous apoprotein
and Tlipid composition, one can also visualize it as a collection of
several distinct kinds of lipoprotein particles, each composed of-a
specific apoprotein or apoprotein family with the appropr{ate amoun? of
lipid for this density.

This concept further envisages thé presence of free, primary lipo-
__pgétgig particles ( such as LpA, LpB, LpC, LpD, and LpE ) at a d > 1.030

g/ml; and secondary, associated forms, such as LpB,C,E, ( VLDL ) in the



d < 1.030 g/ml region,of the]serum ((]]5 ). Clearly then: the .concept
hinges on the demonstration of primary particles in the serum. Alaupovic,
and coworkers drew heavily on immunological techniques"for this purpoge: )
The identification of the two primary particles, LpA and LpB, was re]a-ay
tively easy due to ciéar nonidentity of these part%c]es by immunodiffusion
and immunoelectrophoresis, as well as to the ready separation of the two
partic]es.by ultracentrifugation ( LpB is confined to d < 1.070 g/ml and
LpA is found predomjnant]y ind > 1.070 g/ml ). Recently, other Qrimary
1ipopﬁotein particles have been isolated fromféhe HDL density range

( 81,178 ). Similarly, the presence of primary and seconaary ( free and
associated ) lipoproteins in the rat serum has also been suggested ( 179 ).

Undoubtedly, a broader acceptance of this concept will depend on
demonstrating the presence and physiological function of the primary
particles in the course of lipoprotein metabolism under’phy§io1ogica1
conditions.

In the studies of VLDL catabolism reported in this thesis the concepf
of lipoprotein families will occasionally be useful in interpreting the
results. The system utilized fo study VLDL catabolism ih the reported
experiﬁents is devoid of other Tipoproteins capable of acting as acceptors
for some of the apoproteins. If, as a result of VLDL catabé]ism in the
absence of an acceptor, some of the apoproteins are removed from the

VLDL, but retain enough lipid to have a d < 1.21 g/ml, they could be

thought of as primary 1ipoprotéfns.




\f) |
'
v
.

34

C. LIPOPROTEIN METABOLISM
1. Synthesis of Triglyceride-Rich Lipoproteins

It 1is be1ievfd that the intestine and liver are the two organs
involved in the biosynthesis of lipoproteins. The synthesis of 1ipo-
proteins by the perfused liver was demonstrated as early as 1955 ( 180 ).
Since that time numerous invespigators have shoyn that the perfused
Tiver ( 48,101,181-186 ), T1iver slices ( 187-189'), and isolated hepatg-
‘cytes ( 190,191 ) are Fapab]e of synthesizing VLDL and HDL. Isoaated
rat liver ribosomes can also synthesize lipoprotein apoproteins ( 192 ).
The importance of the intestine in the synthqsis of chylomicrons, VLDL
and HDL was established by Roheim et al. ( 19? ) and confirmed by the -
use of perfused intestine ( 101,102 ).

The Tiver deve]opsﬂas an odtgrowth of the primitive foregut, and the
hepatic parenchymal cells share many morphological features with the
absorptive cells of the small intestine ( 194 ). Thus the subceT]u]ér
pathways of chylomicron and VLDL qssémb]y‘and secrgtion share many
features which will be discussed togetﬁer. -

In the intestinal cells, TG is resynthesized from‘the absorbed MG
and free fatty acids from the intestinal lumen, and some fatty acids from
the portal éf?bu]ation;<‘There are two pathways for the TG resynthesis
in the mucosal cells. The MG pathway, peculiar to the intestinal mucosa
and the adipose tissue ( 195 ), involves the directlacy1ation of the
absorbed MG with activated free fatty acids. The three enzymes necessary
for this pathway are located in the microsomal fraction in the form of a
multienzyme system, the TG synthetase ( 196:). The a-glycero-phosphate
pathway, present in most tissues, 1nc1uding the 1iver, involves the acy-

lation of the glycerophosphate to phosphatidic acid, dephosphoritation
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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 ce11§
occurs via the MG pathway, the o-glycero-phosphate pathway, norma%ly
inhibited by the MG present ( 195 ), may contribute significantly,
especially when an excess of free fatty acids 1is prgsented to the cell
and the amounts of MG are diminished. In any case, fatty acid utiliza-
tion for TG resynthesis requires its activatiop by the formation of a
CoA derivative of the fatty acid. This energy-requiring reaction is
catalyzed by an enzyme, fatty acid:CoA 1igase which has a marked speci-
ficity for 1ong—cha%n fatty acids ( 195 ). Thus long-chain fatty acids
appear in the thoracic duct TG while short and medium-chain fatty acids
are transported, bound to albumin, in the portal circu]atian.

The biochemical events in the Tiver djffer from those in the intestine.
_During feeding, glucose, amino agids, and short and medium-chain fatty
acids rise in the portal circulation. Glycogen is synthesized from
glucose-6-phosphate until the hepatic sto?age capacity is filled. If
portal input of nutrients persists, glucose is converted into fatty acids
via acetyl CoA. Excess amino acids are deaminated and also contribute to
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 ég_gggg.synthesis of fatty acids or elongation of the short
~and medium-chain fatty acids. Another source of‘fatty ecidé and primarily

\

dietary cholesterol are the partially catabolized chylomicrons ( remnants ),
A\

rapidly removed from the circulation by the Tiver ( 7,8,9 ).

’

During fasting, the primary source of fatty acids for the liver are
.those released from the adipose tissue by the action of a hormone-sensitive

’ lipase ( 197 ). Fatty acids released from the adipose tissue are removed

i
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Yy tﬁe liver in proportion to their concentration in the blood and serve,
through their oxidation to ketone bodies, as an important source of energy
for g]uconeogen%sis ( 198 ). Amin; acids mobilized from the muscle tissue
can also be used for glucose production. Because th; liver is primarily
involved in maintenance of blood glucose Tevels necessary for central
nefvous system functioning during fasting, TG synthesis is diminished
markedly ( 198 ). )

Before the secretion of TG by the intestinal and liver cells can occur,
it must be assembled together with cholesterol, phospholipid,.and the
specific apoproteins, into chylomicrons or VLDL. The point at which the , .
newly synthesized 1ipids and apoproteins associate into tipoproteins
during this assembly is uncertain. Large pools of apoB and apoA-I, pos-
sibly in association with 1ipid, in the apical portions of the mucosal
ce11§, followed by a further increase throughéut the cell during absorp--
tion, indicate the presence of presynthesized apoproteins in the intes-
tinal cells and suggest an early association with the Tipid in chy]omicronn
formation ( 199,200 ).Q_As apoB appeérs to be essential for TG secretion

( in abetalipoproteinemid the absence of apoB synthesis is accompanied

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

- and large pools-of the slowly turning over apoB are present in the intes-

tjna] cells; inhibition of protein synthesis markedly diminishes the
r$p1d1y utilized apoA, but does not have a pr%found effect on chylomicron
or apoB syntheéis ( 102 ).

ﬁpe presence of large pools of presynphesized apoproteins in the liver
cells is uncertain, since puromycin causes total inhibition of VLDL 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 Tipid moities“in VLDL assembly as well.
The lag period in amino aéid incorporation into VLDL apoproteins, buE
not their secretipn, also indicates early protein and 1ipid association
(182 ). ‘

The biochemical aspects of lipid and apoprotein syﬁ%hesis in chylo-
micron and VYLODL prodyction were extensively investigated but the ultra-
structural and morphological aspects of their formation and transport
within-the cell and their extrusion has only become evident in the ﬁast
few years. The endop]asmic.reticu1um represents a complex intracellular
system of tubular structures, which channel biosynthetic products to other
organelles, while providing an environment that facilitates biochemical
transformation of the transported substances ( 203 ). The rough endo-
p]?smic reticulum is the site of apoprétein synthesis. Recent ev%dence
suggests that phospholipids are aiso synthesized here,‘whf1e the smooth
endoplasmic reticulum is the site of TG synthesis ( 204 ). The apoproteins,
together with the newly synthesized phosphofipids move along from the
rough endoplasmic reticulum to the cisternea of the smooth endoplasmic
reticulum, where the synthesis of TG and possibly cholesteryl esters
occurs. Indeed, immediately after fat ingestion, osmiophilic.droplets ip_
great quantitiés occupy the cisternea of the smooth endop]asmic’reticu]um\\

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

. |
secretory product. The nascent chylomicrons or VLDL are then transported

I within the channels of the endoplasmic reticulum, to the Golgi apparatu$
in the»prepération for the final assembly and secretion ( 205 ). It is
evident from many investigations that the Golgi serve an essentia]nfunction
in the final assembly of cellular secretory products ( 203 ). In the case

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

“
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moieties to tbe apoproteins.

The importance of the Golgi apparatus, specifically in glycosylation ;
of glycoproteins has been demonsfrated ( 207-210 ). The preferential ‘
incorporation of glucosamine intg .chylomicrons by isolated Golgi fractions‘
in vitro ( 211 ), and increasing-glycosylation ofrhepatic VLDL during the
passage through the Goﬁgi 15;1339_( 212 ), support this hypothésis. It
~{f is of interest that orotic acid, known to cause ‘decreased hepatic levels
P of adenine and cytidine nucleotides ( 213 ), necessary for adequate

sialylation of proteins, causes massfve\éccumu1ation of VLDL in the Tiver
cells ( 214 ); first within the Golgi and 1a£er throughout the.ce11 { 215 ).
Why orotic acid has little effect on the secretion of intestinal lipo-

proteins is not known.

The mechanism of the translocation of the secretory vesicles to the

plasma membrane is not ciear. Récent evidence suggests that the mitro-q
tubular fi]aments,‘in addition to functioning dufing cell mitosis and -
having important cytoskeletal function f% cell shape maintenance, may
also be important in the directed movement of the secretory vesicles

towards the cell membrane ( 216 ). This concept is supported in the case

T

of chylomicrons and VLDL in studies using colchicine, a known inhibitor
of microtubular polymerization. This agent causes an accum{latfon of
chylomicrons and VLDL of normal apoprotein composition within the Golgi
apparatus ( 217,218 ), and théir excretion is greét]y delayed.

Recent electron microscopic studies ( 205 5 demonstrated the occurrence
of microfilaments in close proximity to secretory vesicles filled with
. ghy]omicrons, but they were o%served infrequently and npt in a specifig .

. ~ 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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_chylomicrons has been observed (205), a
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secretory vesicle with-the plasma membrane, followed by exocytosis of
s .

it i's reasonabTe to assume

that a similar process is responsible.for VLDL/secretion.

The appea}ance of chylomicrons®in the iptercellular space is followed

#-

by their-passage into the lamina propria through gaps or discontinuities
in thé-Basement membrang, and7into the 1ymp§étics through gaps between
the overlying processes of adjacentfendothelia] cells ( 205 ). Hepatic
VLDL are first secreted into the space of Disse fro; which they reach
the “Iiver” sinusoids and the circulation ( 194 ). | <

‘Afthédgh d%rect demonstration of- a precursor-product relationship
between VLDLgapoproteiﬁs in the liver Golgi and the serum was recent]y
demonstrated, éo]gi VLDL contain only trace amounts of apoC ( 218 ).

Since substantial amounts of this apoprotein are present in the liver ,

perfusate VLDL (0182 ), it must be acquired at a later stage of secretion,

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

éapab]é of synthesizing apoC at=all ( 101 ),-.nascent chylomicrons must

aéquire this apgprotgin white in circulation, from the large pool present

in HDL ( 103 ). 1In addition, most of the ap ?resent in nascent chylo-
microns is rapidly lost to HDL in the circulation (99).

b. Catabolism of;Triglyceride—Rich Lipoproteins

Thé catabolism of the TG-rich lipoproteins is ywomplex due to the B

Presénce of several protein and 1ipid componengs.‘ These are catabo1}zed
by- different t135ués, mechanisms, and at different rates. In addition,
there is a dynamic equilibrium of some of the protein moieties between
the dif%éreht lipoprotein cjasses. For instance, an in vitro exchange of
the apoC in association witw“phosppolipid has beemobsérved between VLDL .

and HDL. ( 19 ). Low &ensity Tipoprotdin does not participate in this

w
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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-rich
. h

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

“the plasma TG concentration.

a) Remnant Formation ” \\
The first step in the catabolism of the chy]omicn6ns and VLDL involves

the action of LPL. Inh1b1t1on of/the enzyme with spec1f1c antibodies

prevents the catabolism of VLDL (\219" ). Under hormaﬂ phys1o1og1ca1

cond1t1ons, the serum conta1ns on1% tracés of 11po]yt1c enzymes. Injection

\
of hepar1n releases high amounts—6f LPL; and the effect is part1cu¥ar1y

dramatic when heparin i$ injected into subjects during alimentary lipemia,

oo

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

clears within minutes, and thus the enzymes released by heparin were

© s

originally referred to as the heparin-induced "clearing factor lipase"

( 220 ): The release of LPL from the endothelial ce11s of the capillaries
caggﬁe inhibited by conEanava11ne A and colchicine ( 221 ).

The énzyme has been extracted and purified from a variety of sources,

including ‘human and rat adipose tissue ( 20,222,223 ), heart ( 21,224 ),

pig adipose tissue ( 225 )}, and bovine milk ( 226 ). The solubilization

of.the rat heart LPL by heparin perfusion does not alter the kinetic
properties of the enzyme ( 22 ). The reported molecular weight varies
from 60,000 to 70,000. Rat post-heparin plasma‘contains two LPL: one

is a Tow molecular wetght ( 37 600 ), high affinity LPL, released from -
the heart ( 227 ); and the other is a 13% affinity LPL, released from the
adipose tissue ( 228 ). The low affinity LPL has a hlgh mo]ecu1ar we1ght
( 69,000 ), and different amino acid and“hexosamine C?mp051t1on than the

purified heart LPL. Both are inhibited by 1 M NaCl and protamine sulphate,

\
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Ct and requife an activating factor in VLDL ( 228 5. The activating factor
" necessary for all LPL is now known to be apoC-1I ( 78 ), while apoC-III
is believed to inhibit the enzyme at higher tgan physiological co;centra—
Vo " tions ( 82 ). TG emulsions ( 229.) or even purified TG ( 230 ) can’be
hydr@iysed by the LPL only in the presence of serum.

It seems likely that the activity of LPL corresponds to the physio-
.Jogi¢al requirements of the various tissues and it may be ultimately shown
}that there are a number of LPL isozymes, related to the function of dif-
“ferent fiséues.‘ For example, the low affinity LPL associated with the
adipo%e tissue may function when the supply of chylomicrons and VLDL is
high and fatty acids are stored, whereas the high éffinity enzyme ﬂf the
heart functions when the supply of the circulating lipoproteins is low
and enérgy is required: Thus the heart LPL activity is increased during
starvation, and the adfpose tissue L@L is increased in the post-prandial
state ( 231,232 )." During suckling, the mammary gland is most efficient
in clearing Ehyﬁomicron 1ipids, whereas in the non-suckling state, adipose
tissue has the highest LPL activity { 233 ). |

The post-heparin plasma contains two dipases, one having the charac-
teristics of LPL described above, and a second one which does notQ}equire
activation by a serum factor and is activated, rather than inhibited, by
1 M NaCl ( 234 }. The second enzyme has been isolated from the 11yer,

;nd is not found in thé post-heparin plasma of hepatectomjzed pigs ( 235 ).
It js usually referred to ag the hepatic lipase. In addition to the LPL
and hepatic lipase already described, }he presence of aﬁother lipase in
post-heparin plasma has been reporteqd ( 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 tyﬁe I Hyperlipoproteinemic patients. \

A number of observations suggest that the LPL is located on the
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Tuminal surface of the endothelial cells of the capillaries. Among them

are: histo-chemical evidence of T1ipolysis in the capi]]af§—1umen, electron

micrographs of partially digested adherent chylomicrons, and the rapid

appearance of this enzyme in heparin-containing perfusates ( 236,237‘).

L.

Relatively little is known about the mode of interaction of the TG-rich 4

lipoproteins with the membrane-bound LPL. Based on electron microscopy

and biochemical studies, it has been proposed that the initia] TG

hydrolysis occurs within 1-2\minutes after attachment of the chylomicrons

to the capillary endothelial cells, produdiﬁg fatty acids, MG and DG.

Some of the fatty acids are released into the circulation. The mechanism

by which the remaining hydrolytic products cross the endothelijal membrane

and evénEua]]y reach the surrounding tissue is not clear. It has been
proposed that they move from the chylomicrons to the endothelial cells
by Tateral diffusion in a continuum created by the fusion of the chylo-

micron surface film and the external portion of the plasma and intra-

\

‘ cellular membranes of the cell ( 238 ). It is possible that the hydro-

lytic prdducts are then carried within the cellular membranes to other ~

tissues surrounding the endothelial cgle;’ff/a concentration gradient
is pregent. It shéujﬁ,be’ﬁb?hted out that little experimental evidence
- . // ' . >

is available to date to support this hypothesis.

The action of LPL on chylomicrons and VLDL results in a production of

remnant particles of considerably altered chemical and physical broperties.

Post-heparin plasma ( 239,240 ), supradiaphragﬁatic ( 1051) and hepa-
tectomized rats ( 8,241,242 ) and perfused rat hearts ( ? ), have been

used as a source of LHL to evaluate the characteristics of the rat TG-

i f i N ‘ ,«.5\
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rich lipoprotein remnants. Rat chylomicron and VLDL remnants show a
Soreattiy,
considerable, decrease in size and TG and apoC content ( 9,105,240 ).

Although the proportions of cholesterol, cholesteryl ester and phospho-
-1ipid increase, a net loss of these substances occurs during 1ipo]ysi§rﬂ
( 9,105,240 ). Concomitant with these changes, the mass contribution

of apoB in the remnant particle increases, but the absolute amount does
not change, suggesting that the apoB remains with the particle during
“the de]{pidAtion stages ( 243 ).

No information is available about the compositign of human VLDL and
chyfomicron remnants, but the analysis of increasing density fractions of
VLDL isolated from normal serum also indicate a gradual decrease in TG
and apoC content, and increa;gd proportions of cholesteryl esters and
' apoB as the particle size decreases ( 243 ). The distinction‘between
remnants and smaller, intact VLDL in the human serum is difficult to make
since no information is available about the variations "in chemical com-

position of newly secreted VLDL of decreasing size. A precursor-product

relationship has been observed for the in vivo transformation of large

VLDL particles ( S¢ > 100 ), into %mal]er ones ( S¢ 20-100) as a result
of LPL action ( 244 ). A stepwise delipidation scheme was implied: the
VLDL particles 1dse‘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 mobi]it} ), containing a higher proportion of apoB and
apoE with reduced amounts of apoC and much increased cholesteryl ester:
TG ratio. While this slower migrating pre-g VLDL resembles remnant VLDL,

~

it is not unlike the qbnormal, 8-71grating VLDL presen; in large concen-
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“trations in patignts with type III hyper]ipop;oteinemia ( 245 ). These
observations led. to the hypothesis that in these patients, the abnormal
B-migrating VLDL represents an accumulation of VLDL remnants. Indeed,
recent studies 0f apoB decay in the circulation 6%,type IIT patients \
suggest the presence of an alternate pathway for VLDL degradation, pro-
ducing B-VLDL ( 156,246 ). A precursor—proguct relationship betveen the
normal and B-VLDL TG ( 247 ) and apoB (\246,248 ) has been shown.
Inferestingly, none of the injected HZSI - VLDL apoE transfered to 8-VLDL
in type III patients, in spite of the fact that apoE is a major constituent
of B-VLDL ( 248 ). Thus, direct hepatic synthesis of B-VLDL. cannot be
ruled out at this time.

‘A sizable reduction of the TG-rich lipoprotein core during Tipolysis
must be accompanied by a reduction of the surface components as we]],‘if
the spherical shapg is to be preserved. While the loss of apoC, phospho-
1ipid and cholesterol may account for some of the reduction, the possibility
also exists that the action of a second enzyme, the LCAT, which is normally
present in the sérum and responsible for cholesterol esterification, is
necessary ( 249 ). Support for this hypothesis comes from observations.
of abnormal LDL particles with seemingly excéssive surface coat in patients
with fahﬁ]iaWSLCAT deficiency. Upon incubation of the -patients' serum
with LCAT, much of the excessive coat disappeared. This was accoaﬁanied
by a net transfer of cholesteryl estér to LDL and VLDL ( 135 ). Since
LCAT does not react directly with VLDL (250 ), the ‘increment in choles-
teryl ester content of VLDL may occur through a transfer of cholesteryl
esters frém HDL, possibly.mediated by apoE. The apoE content of VLDL of
the LCAT-deficient patients increased- on incubation with LCAT, at the

expense of apoB and apoC ( 135 ). It is possible that the apoE-choles-
. \

|
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teryl ester complex displaces the apoC-phospholipid complex, resulting in
a significant decrease in the surface to coat ratio.
\ The catabolism of the TG-rich Tipoproteins thus appear to follow a
common initial pathway of TG aépletion. This 1is accompanied® by some
significant changes in 1ipid and apoprotein composition as well as a
decrease in the mean particle size. At this 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
remnaqts prepared by incubation with post-heparin plasma, perfuéion \
through rat hearts, or isolation from hepatectomize& rats are\rapid1y
removed by the liver of the intact rat, isolated perfused liver, or
hepatocyte suspensions ( 8,9,239,241,242 ). The uptake of chylomicron
remnants by the perfused liver or hepatocytes is significantly greater
thart that of intact chylomicrons ( 9,239,241,242 ).

Thg 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 lipid composition alone, at least as manifest by the total
Tipid to cholesterol ratio,:Was of major importance in determining the
rate of hepatic uptake of the particle ( 251 ). Furthermore, two types
of hepatic uptake 0% chytomicron particles were found. The first of tﬁese
was a 16w velocity transport system capable of clearing intact chylo- N
microns from the pe?fusate. The rate of uptake was linear with time,
and independent of the size of the chylomicrons. This process presumably

reflects noﬁspecific endocytosis of unmetabolized chylomicrons by the

liver, and is of such low velocity that it plays a sma’ll physio]ogiéa]
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role. The second transport process involves the uptake of remnant
particles. The uptake was Tinear and” showed apparenf saturation kinetics
with respect to concentration. The particles appeared to be taken up
intact by a process having a very high activatipn energy. This suggests
an attachment of the'particleé to a finite number of receptor sités on
tpe sinusoidal membrane, followed by a %rahﬁ]ocation by a process such as
endocytosis ( 251 ). Indeed, the removal of the whole remnant particle
has been suggested by other investigators ( 9, 239 ). The remnant-
derived cholesterol causes a significant suppression of de novo choles-

terol synthesis within the liver cells ( 252 ).

. Although the outlined pattern of chylomicron catabolism has been
observed in the rat, it has not been directly demonstrated in the human.
Recent work by Schaeffer gt al. ( 99 ) represents an initial attempt to
follow the fate of the chylomicron apoproteins in the human. Using '?5I-
labelled chylomicrons injected directly into the circulation and cor-
recting for the initial rapid equilibration of s;me of the apoprotei;s,
they found that the apoA-I radioactivity was rapidly removed from the
céyiomicron fraction and recovered in the HDL. The decline in 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 small proportion ( 18% ), of the chylomicron
apoB was>recovered in the LbL density range, no attempt was madé io
explain similar recoveries d?ythis \apoprotein in the VLDL and IDL
fraction. If human VLDL catabolism results in LDL production, presumably
through‘IDL ( 10-13 ), then“in fact the chy]omiéron apoB found in VLDL
and IDL may also be convertéd into LDL apoB. It/is interegting that the

decay of chylomicron apoB from the VLDL density range appears to be
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s]ower‘than that reported for VLDL apoB ( 156,246 ). It is possible
that the chylomicron particle is metabolized in the human in a more complex
manner. While the labelled 1ipid is rapidly removed from the circulation,
a significant portion of the chylomicron apoB remains in the circulation
}or prolonged periods. The posibility that a 'significant portion of the -
chyiomicron apoB is catabolized to LDL or . remnants of densities similar
to VLDL, IDL, or even LDL cannot be excluded. Obviously, additional
experimental data are required to establish the fate of hﬁman 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 of the g
TG, fo]]owed by the hepatic uptake of the resq]tin% remnant. - f

Very low density lipoproteins share with chylomicrons the first stage
of the catabolism : the extréhepa%ic removal of much of their TG and ’
considerable amounts of cholesterol and phospholipids. Significant
changes in the apoprotein composition, already described, also occur.
Since the exposure of both ghy]omicrons and VLDL to LPL résu]ts in |
qualitatively similar compositional changes 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 partic]es:
of decreased size and flotation rates ( 300-400 R, 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 VLDL apob from the Sf 100-400, to the Sf 20-60 fraction

- 1
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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 o;\
Sf 12-60 from Sf 60-400, is relatively rapid when compared to the further
degradation into higher density regions ( 246 ).

The experimental approach used to study VLDL catabolism has so far

been quite different from that used for chylohicrons. ﬁhe physical and

is obtajned about the actual mechanism of these transformations, and the
| relative' importance ‘of the various serum and tissue combonents in this

/ process. With this experimental design, the individual catabolic steps.

and the immediate products formed, are impossible to isolate. The
interpretation of the results is comp]icéfed by the exchange of the
various apoproteins and lipids of VLDL with those present in the other
lipoproteins of the serum. | )
Recent in vivo work, utilizing 12/5I—VLDL injected into the circula-
> - -tion ( 11-13 ), confirm and expand the early observations of a precursor-
prodiyct relationship between VLDL and LDL apoproteins in the human ( 10 ).
Injection of *25I-VLDL int;.humans was followed by an immediate rise of
radioactivity in HDL accompanied by[a rapid decrease in the VLDL. This
phenomenon can be attributed to a rapid equilibration of apoC," freely

. exchangeable between YLDL and HDL ( 19 ). The initial and very rapid

loss of VLDL radioactivity recovered in HDL, was followed by a gradual

LY {
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transfer 07 radioactivity, first to IDL and then'to LDL. /During this

second, slow phase of VLDL radioactivity decay, the decline of the apoB

portioﬁ of the VLDL far exceeded that of the apoC ( 11\). Though 1in

this study no specific activity data were obtained, the time sequence

of the transfer of the radioactivity from VLDL to LDL suggested a

precursor-product relationship between them, presumably through the IDL.

Indeed, there is ample evidég;e today that the rate of removal of apoB

far exceeds that of apoC ( 156,248 ). This seemingly paradoxical obser-

vation can be explained as follows: as VLDL moves through the progressive

sthes of delipidations, apoC is transferred to HDL, while the apoB is

retained. Thus by the time VLDL becomes IDL, most of its apoC is lost

and it is greatly enriched in apoB. The apoC however, transfers again

from HDL to the newly systhesized VLDL. Thus while the overall specific

activify of apoB in the VLDL fraction is dﬁclining at a fa}rly rapid

rate, the constant reassociation of labelled apoC from HDL, with the

newly systhesized VLDL, results in a slower decline of the.specific o

activity of VLDL apoC. In the human, under normal Eonditions, LDL is the

final product of VLDL catabolism, and all of the apoB it contains is |

derived from VLDL ( 156,246,253 ). \
The transformation of large VLDL into smaller ones as a result of

lipoprotein 1ipase action has been described  13,244), but the mechanism

of conversibn of the small VLDL particles into IDL and ultimately into

LDL is not known. Itihas been gbserved that when the VLDL of patients

with LCAT deficiency is incubated with LCAI;‘Some of the apoB-containjng

material is lost from VLDL and recovered in the IDL’and LDL region ( 250 ).“

The LCAT reaction may contribute to the formation of LDL in vivo, but

c]ear?x, other mechanisms of greater significance must be involved, since
\
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even in patients with LCAT deficiency, LDL of a]m&st normal composition
is found.

In spite of the observed low levels of circd1ating LDL in the rat,
conversion of some VLDL into LDL has been reported. Injection of '2°]-
VL?L caused an immediate rise in HDL radioactivity and a slow increase in
the IDL range, followed by a slow ( 30 - 60 minutes ) increase in the
LDL radioactivity ( 254 ). In anothner study, the disabpeérance curve of
injected *2%-YLDL apoprotein radiocactivity in the rat plasma was triphasic:
an initial rapid clearapce of 20-30% was followed by a second phase
( 5 - 120 minutes. ), where up to 85% of the remaining radioacti&ity was
removed. The remaining 15% of the radioactivity had a slower rate of
disappearance. The peak of apoprotein activity in LDL occurred at 15 -

|

20 minutes after injection, and did not exceed 2.5% of the iq?ected
dose ( 14 ); in direct contrast to human VLDL metabolism, 1ﬁ”§ﬁfch a
much larger proportion of the initial VLDL radioactivity is recovered
in LDL ( 13 ). ;

Similar results were reported using in vivo Tabelled VLDL ( 17 ).
Injection of 3H-lysine into rats résu]ted in maximal apoB specific
activity in VLDL and LDL, 1 and 1.5 hours later respectively, in a manner
consistent with a precursor-prgduct relationship. When such labelled
VLDL was reinjected into rats, the relationship of the specific activities
again indicated that the apoB of the VLDL may be the sole precursor of
LDL apoB. Nevertheless, less than 10% of labelled apoB in VLDL was
reported to have been recovered in LDL, whereas the uptake of label in
the liver was substantial ( 17 ). 5

The extensive hepatic uptake of both VLDL cholesteryl esters ( 16 )" )

and apoB ( 17 ), may thus explain the characteristically low concentra-

~ .




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 liver, or possibly other tissues ( 17,255,256 ).
The extent of the WLDL TG hydrolysis necessary for the removal of the
remnant from.the circulation is not known.

. Very Tittle 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 .!2°1 into this apo-
protein. The specific actiVity of VLDL apoE following injection of

1251.VLDL into humans, closely resembles that of the apoC; having an
{rregular, slow decay with intermi@tent rises ( 248 ). This behavior

would indicate that the apoE was sequestered from the VLDL pool and

.later reassociated with it. The nature or even the necessity of the

temporary acceptor is uncertain. Wh}le the Hisappearancé curves of
apoE and apoC were similar, they were out of phase, indicating that the
apoE does not leave and reenter the particle as a unit with apoC. IThis
work was carried out with'gne patienf only, and the results should be

interpreted with caution. -

3. Low Density Lipoproteins
a) Synthesis
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 only minimal

‘amounts of LDL ( 14,17 ). This finding may explain the Tow levels of

circulating LDL in this animal. Direct hepatic synthesis of some LDL

in the rat and other animal species has not been ruled out, however.

~
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;InQeed, £he appearance of some material in thelLDL density range has been
consistently reported’in rat ( 182,184 ) and pig ( 185 ) liver perfusates.
The small amounts found in this dénsity range precluded their full chemical
characterization, and the possibility that this material may represent a
VLDL. contamination produéed during the ultracentrifugation has been
pointed out ("184 ). In vivo experiments in rats suggest that the LDL
fraction of Sf 0 -5, vepresenting the bulk df‘LDL in this animal may be
produced independently of VLDL catabolism ( 257 ).

b) Catabolism

While in the rat VLDL remnants are removed by the liver and possiply
other tissues without significant formation of LDL‘( 14,17 ), in the human
the TG-rich VLDL becomes the cholesteryl estér-rich LDL. lSince LDL is
aséociated with atherosclerosis, there is considerable interestyin the

\

catabolism of this most abdﬁdant lipoprotein in the human serum. /i

, In spite of the earlier observation that the perfused ra; liver is
~ capable of removing a significant portion of LDL+( 258 ) ( the LDL »
fraction investigated contajned a significant émount of VLDL remnants,
probably accounting for/the apparent uptake of LDL), there is increasing
evidence ppat the Tiver does not play a major ro]g in LDL catabolism.
Among thesé is the observation that the catabo]ic\rate of LDL is not
decreased in hepatectomized animals ( 259 ). Simi%gri]y, minimal hepatic
contribution to rat LDL catabolism was' recently sho&p in studigs of LDL
degradation by the perfused rat liver and the intact\@nima1 ( EGO ).
Instead, the catabolism of LDL is ndw thought to occuﬁ in the extrahepatic
tissues, as indicated by the presence of specific bind%@g sites an the
surfacé of a variety of cultured cells. )

The difference between cell cg]tures and in vivo conditions must be
i
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kept in mind when evaluating the data presented. Cultured cef]s are not
. f ’ 3 ’

ordanized into specialized tilssues and cé]]udensity is markedly lower than

Q

in the intact anqul;,,Even though plasma is the source of nutrients and

o © 4

growthffactors in vivo, serum is the source used almost universally in
. Fy -

i

culture media. Moreover the concentration of nutrients in tissue culture

4

may be quite djffergnt from that present in vivo, because of cell. to cell

interactions. For example, the effects of the arterial endb;he]ia] mono-

o L

Tayer on the composition and concentration of plasma céimponents, mainly

lipoproteins, Feaching the underlying smooth muscle cells in the aorta

~are unknown but certainly important. Deéspite these complications add

limitations, the dnveétigation of the effects of lipoproteins in tissue-
%ultd?e’has producea important concepts and insights into the regu]ation
of lipid metabolism in general, and LDL‘catabolﬁsm in particular. )
The finding of high affinity receptors on human skin fibroblasts has
led to the develupment of a model fér the ext}ahepatic catabolism of LDL
( 261 ). While the model is descﬁibed using fibroblasts, the most exten-
sively studied cells, a similar sequence of events Has been described‘
for 1ymphocytés, arterial smooth muscle cells, and endothelial cells
( 262-264 ). The fol1owingﬂevents_are suggeste& to take place during \
the uptake of LDL: binding of LDL to.a specific recepEor fs followed by
its incorporation intp an endocytotic vesicle, and uptake by the cell.”
The LDL-céﬁtqiniag vesicle fuses with 1ysozome§; the cho]estéry] ester
and grotein 0‘he LDL are hydrolyzed, and the free cholesterol is C
transferred to the ce]f membrane. The accumulating cho]estero]binhibitg\
"the HMG-CoA reductase, a rate-limiting enzyme for the biosynthesis of

cholesterol By the cell. A concomitant activation of cholesteryl ester

formation by the membrane-bound acleCoA cholesterol acyltransferase |
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occurs. As the cholesteryl ester accumulates, synthesis of the LDL

A v

receptor sites 1s’§uppressed and additional LDL uptake is inhibited,

resulting in an effective control of the cell's cholesterol content.

o

The suppression can be overcome by incubating the fibroblasts in a 1ipo-

protein-free medium, but the restoration canlbe prevented by the presence
of”an %nhibitor of protein synthesis or transport, such as cyclohexamide
orﬁco]ghicine. Treatment of the cells with pronase also prevents LDL
4b1'ﬁd1'ng (265). | / _

Studies of LDL ca%abp]ism by”%ibrob]asts obtained from Batien?s with

familial hypercholesteronemia have produced a number of interesting

-

observations and some insight into }hé’genétic aspect of this disease.
Fibroblasts derived from heterozygou; hyperchoiesteronemics have been
shown to express about one half of the normal number of the LDL receptors
under conditions that should elicit a maximal rase of receptor synthesis

( 266 ). Examinations of éhe fibroblasts obtained from homozygous
hypercholesteronemics indicate at Teast three mutant classes. One class
of mutant fibroblasts, termed receptor négative,Tcomp1ete1y lacks the

celf surface receptors ( 267 ). The seEogd class, termed receptor

defective,. exhibits a detecta\]e ability to bind LDL, but the apparent

" number of, functional receptors is greatly reduced ( 267 ). Since inboth

of these types 3f mgﬁant cells LDL does not bind in normal ameunts to the
cell surface, tﬁe subsequent internaﬁization‘of"the 1ipoprbteinfgannot
occdf at normal rates, and’defecéive regulation of cholesterol metabolism
ensues ( 268 ). Recently, a third class of mutant fib}oblasts has been
~defecﬁed. This mutant appears to have the usual number of functional

LDL receptors, but the receptor-bound LDL cannot be internalized, pos-

sibly due to a mutation in a protein mediating this process ( 269,270 ).
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The existence of at least three types of mutations that can produce the
clinical phenotype of homozygous famf]ia] hypercholesteronemia, raises’
¥ '

the possibility of extensive genetic heterogeneity among phenotypic homo-
“ o w(o“

7

éygotes: as well as heterozygotes w%ph this syndrome.
The nature of the receptor specificity is uncertain at this time.
The concept that the receptor is §becific for the apoB of LDL cannof
explain the inability of gnﬁ fibroblasts to degrade nofma] VLDL: Indeed,
recent studies with lipoproteins from chb]estefoTlfed dogs and pigs,
indicate that not only apoB, but also the apoE might be involved in ithe
interaction o: lipoproteins with fibroblasts and arterial smooth muscle
cells. The cholesterol-induced HDLc of Ehe dog, which contains only apok,
or the HDLC of the pig, whigh contains apot and apoA-I, are as actiQe]y
taken up as %DL. Selective modification of the arginyl residues of LDL
or HDLc witH cyclphexanedione abolishes their uptake by the cells ( 271 ).
Removal ofbcyc10haxanedione regenerates the original activity of these
Tipoproteins. It thus appeays that the specificity for bindin; of plasma
11poproteiﬁ§ to the cell surface and their uptake, resides with the apo-
proteins Qnd that both apoB and apoE are capable of reacting with the
receptor. It a]so>appear5 that the arginyl residues are a functiona]}y
significant part of the recognition site: The importance of a particular
protein-1ipid configuration on the surface of these lipoproteins has not
been ru]eq out. .
Studies to daté indicate that the receptors may exhibit specificity
‘towards certain apoproteins, such as apoB and apqE, but they appear to
" have 1ittle or no species specigjﬁity. The presencelof receptors on the
cell types investigated apSears to be universal. Significantly however,

cultured rat hepatocytes do not have a high affinity reEéptqr for LDL;




—~— )7 T
. : 56

whereas VLDL and HDL'ﬁncrease the activity- of hepatic HMG:CoA reductase,
LDL has no effect on this enzyme. On the other hand, lipoproteins 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 Tipoproteins, which would include

VLDL remnants. The nnecisg mechanism of the 1ipoprotein-receptor
interaction awaits further characterization. .

The significance of extrahepatic degradation of LDL aE'well as its
reéT role in the intact organism is a matfer of speculation at this tiﬁé,
but the obsetvations presented are consisteht with the view that LDL -
serve to transport cholesterol to the exf}ahepatic tissues, and play an
important role in their regulation of cholesterol synthe%is.

{
4. High Density Lipoproteins

a) Synthesis

The synthesis and secretﬁdn of HDL by the intestine and the liver has
been demonstrated } 101,182-184,193 ), but the relative contribution of
these’organs to total serum HDL levels is not known. Whiie the presence
of HDL-apoproteins 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‘presumed to be simi]arvto that of the
TG-rich Tipoproteins, but many observations are inconsistent with this
assumption. Thus, although orotic acid, colchicine, and protein synthesis
inhibitors have a profound effect on VLDL assembly and secretion, they
effect HDL seécretion to a lesser extent { 273-275 ).

~The nature of the“aééemb1y of the HDL apoproteins into_the nascent

particle is far less defined than that of the VLDL particle. While

1
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“and HDL after excretion, in the space of Disse. A poss
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HDL particles appear in liver perfusates and intestinal 1ym9p, théy~haV;
. CJ .

not been visualized inside the 1iver.o#!intestina1 cells. The possibility « v

|
that the HDL apoproteins:are synthesized individually and each secreted

_wWith its compiement of 1ipid, as LpA, LpE and LpC has not been excluded.

Secretion of apoC may be a gopd casg in point. As indicateq in the
section dealing with VLDL synthesfs, na;cent VLDL isolated from the Golgi
contained oﬁ]y 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, several possibilities exigt which at this point are
difficult to distinguish. Apoprqtein C may be attached to VLDL and HDL
independently, just before secretion. It also may be secreted ekc1usiveﬁy
with one of these lipoproteins, but rapidly redistrib tid between VLDL

1 ble alternative
is the direct and independent synthesis and secretion of C protein with
1ipid ( LpC ) or without ( apoC ), into the space of Di$se where it
rapidly associates with the nascent VLDL or HDL depending on its relative
affinity for each of these lipoproteins. Liver perfusion studies suggest
VLDL as the main carrier of apoC into the circﬁ1atioh ( 182 ), but é
recent in vivo kinetic study in thans was in favour of HDL as the major
route of apoC entry ( 156 ). It is of interest however, that in patients
with Tangiexs diseasé, almost completely lacking HDL, norﬁa] or stightly
less than normal levels of circulating apoC are found ( 276 ).

Regardless of the form in which the major HDL apoproteins are secreted
into the space of Disse, distinct HDL particles appear in the liver per-

fusate. To study the nature and composition of"this particle in the

*
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liver perfusate or intestinal lymph, it was necessary to inhibit LCAT,
an\enzyme which rapidly alters nascent HDL. In the presence of the LCAT
inhibitor, DTNB, nascent HDL particles originating from the liver or
intestine appeared to be disc-shaped, wjth dimensions of 50 x 190 A.
While the major apoprotein of hepatic HDL was apoE, dpoA-I was the major
component of intestinal HDL ( 186,277 ). The relative amount of apoE

and apoA-1 in the hepatic HDL was a function of the extent of LCAT
inhibition ( 278 ). The proportion of the cholesteryl ester, phospho-
Tipid and apoA-I in HDL? 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
apoAlI secreted by the perfused liver, a larger amount of this apoprotein
was found in the d > 1.21 g/ml. fraction of the perfus;te. The inhibition
of LCAT on the other hand, decreased the total amount of apoE secretéd.
Virtually nothing is known about tb4 secretion of the other apoprotein
components df\serum HDL, such as apoA-II and apoA—iV.

The appearance of HDL particles of normal spherital shape is observed .
if the LCAT, synthgfiied by the Tiver (0279 ), is not inhibitéd ( 186 ).
[t appears that the LCAT acts on the nascent HDL particles, its preferred
substrate, withoyt,de]ay. Thi's enzyme catalyzes the transfer of the C-2'

lfatty acid from lecithin te cholesterol and is-respon%ib]e for the forma-
-tion of most of the cholesteryl ester in the circulation. For full
activation the enzyme requires small amounts of apoA-I ( 63 ), already
present iﬁ the nascent HDL. In the course of the reaction, HDL choles-
terél is e#terified and moves into the center of the b%]ayer structure.
As more cholesteryl ester is formed, the HDL molecule expands{unti] it

\

" * becomes completely spherical, as found in the normal serum { 186 ).
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b) Catabolism

!

The in vivo study of HOL catabolism is extremely complicated by the

exchange of many of its protein-and 1ipid constituents with those of the

‘other 1ipoproteins or cell membranes. The half-1ife of HDL apoproteins

in the nOﬁwa1 human was estimated to pq 4 days ( 10 ), and was the same

if injected as whole HDL or purified apoproteins ( 280 5. In contrast,
whole rat HDL was shown to have a shorter half-life, about 11 hours ( 281 ).
From the 1imited observations avai]éb]e, it appears that all of the HDL
apoproteins in the rat are removed from the cgrculatlon at similar rates éﬁ’
8 - 12 hours ( 282 ). In the human, the apoA I and\apoA IT also decay'
from the circulation at similar rates ( ]33 ). The fate of HDL apoprotein
has been studied in the rat, and the liver was found to be the maﬁor

site of removal ( 281 ). In studies combining electron microscopy and
radio;utography, it was found that 6 hours after the injection of !251-
HDL, the ,label was located predominantly in hepatocytes, mainly over
secondgry 1ysozomes.‘/0ver 80% of the protein had already been degraded,
as determined by anti-HDL serum ( 283 ). Recent studies indicape that q
non-parenchymal ( Kupffer ) ce]l% possess a coqsiderab]y higher capacity |
to degrade HDy\per m§ of cell protein, but their numbers are limited

(284 ).

Increasing evidence’about the protective role of HDL in CHD has led
many investigators to study the interactions of HDL with the extrahepatic
tissues. The role of HDL to transporf cholesterol from the extra?epatic
tissues back tg the Tiver was proposed years ago ( 285 ). In accordance
with this concépt, the release of cho1estéfo1'from cultured human §kin

fibroblasts is markedly enhanced by the presence of whole HDL or even an

apoHDL-sphingomyelin or lecithin mixture in the incubation medium ( 286 ).
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A recent study reportéd.that prolonged incubation of human skin fibro-
blasts with HDL produced an enhanced uptake of LDL. The effect-was due
to the induced synthesis of LDL recpetors“by promoting the efflux of
cholesterol from the cells ( 287 ).

The nature ;f the HDL interaction with the extrahepatic tisspyes and
its precise physiological role in the organism remains to Ge established.
Nevertheless, a few interesting observations, with respect to its possible

~

role in atherogenesis are presented. As previously mentioned, high plasma

/

concentrations oﬁMLDL are corre]afed with high risk of CHD, and Tow HDL
Tevels seem to be>3n additional and independent risk factor. Pladma HDL

levels are reduced in several conditions associatgd with increased risk

of CHQ, namely hypercholesteronemia, hypertriglyceridemia, diabetes mel-

1itu§; obesity, physical inactivity, and male sex. The prevalence of

CHD in middle-aged and elderly people is inversely related to plasma HDL
cholesterol concentrations. Evidence is a]so‘accumu1ating for the pro-

tective effect of high plasma HDL levels against atherosclerosis. The

relative freedom of pre—menoﬁausa]rﬁbmen from this disease would be in a5
Iaccordance with this hypothesis. It is also known that people.with

familial hypera-1ipoprotéinemia have an above average 1ife expectancy.

Eskimos in rural Greenland have higher HDL levels and lower CHD mortality

_ than men in Denmark. Genetic factors may be important, as suggestgd by ‘
a recent follow-up on the Framingham study, showing that children of

CHD patients have lower plasma HDL cholesterol concentrations than

children of healthy parents ( 288-291 ).




CHAPTER 1I
METHODS AND MATERIALS

A. METHODS

, " o

Y

1. Organ Perfusions

a) Heart Perfusion

Hearts, obtained from male hooded rats weighing 200 - 250«& and
fasted overnight, were perfused by the method of Bleehen and Fisher
( 292 ) in a modification of the(spparatus of Miller et al. k 180 ), with
a Silastic tubiné oxygenator ( 293 ).  The recirculating perfusate con-
sisted of Krebs-Ringer-bicarbonate buffer, pH 7.4: containing 0.22 M ca’t
and 6.1% glucose. The gas phase Qas 95% oxygen and 5% carbon dioxide.

The hearts were cannulated through the aorta and perfused with the
buffer to remove the residual blood prior to their installation in the’
apparatus.- The substrate ( chylomicrons or VLDL ), was added to the
perfusate in the apparatus. The hearts were changed every 40 minutes
and beat steadily ( > 175 beats/minute ). Albumin was omitted from the
perfusate, producing a more rqpid and regular heart beat. The omission
of albumin had no effect on the extent of TG hydrolysis, with the
exception that the frée fattx acids accumulated in the perfusaté in the
presence of albumin. After the perfusion, the hearts were flushed with
30 ml of the perfusaté buffer alone, under pressure, to remove any -
1ipoproteins trapped in the vascu]arﬂfystem. "

The control experiments consisted of circulating the .perfusate,

containing the substrate, through the apparatus in the absence of hearts.
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b) Liver Perfusion

Livers, obtained from ﬁa]e hooded rats weighing 200 - 250 g 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 liver perfusate consisted of KreBs-R;ﬁger-
bicarbonate buffer, pH 7.4, containing 20% ( v/v ) washed { four times )
human erythrocytes, 3% albumin, 6.1% glucose and a,1% mixture of essential
amino acids ( 294 ). Ca++ was omitted from the perfusate.

The perfusate entered the liver Qhrough the\cannu1ated portal vein
and'left via the superior vena cava, cannulated above the diaphragm.
Residual blood was removed from the liver by preperfusion with the buffer
alone and the substrate was added to the recirculating perfusate in the
apparatus only when it was visually agparent that the 1iver preparation
was viable. In some experiments the viabi]gty of the liver at the end
of the perfusion ( 1 hour ; was monitored by measuriné the oxygen and
carbon dioxide content of the perfusate entering and\exiting the 1iver.
The pO2 of the’perfhsate significantly decreased and the pCO2 s]igﬁ%ly
increased during passage through the liver, indicating active metabolism,

A1l glassware used in both the heart and liver experiments were
siliconized prior to use to prevent the substrate from binding to the -
glass surface ( 295 ).’ )

2. Lipoprotein Isolation

A1l dnitial lipoprotein isolétion§ by ultracentrifugation were done
in Beckmén L5-50 or L3-50 ultracentrifugeke using the SW-41 or SW-27
rotors at 33,000 and 27,000 rev/min respectively. For large émohnts of

plasma, the Ti-50.2 fixed-angle rotor was used and the lipoproteins were

removed by tube slicing. Reisolation of\thé Tipoproteins pridr to or

\\

N\
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after the experiments was done in the SW-41 rotor and the lipoproteins
were removed by Pasteur pipette or by tube slicing. Both methods Qave
>95% recovery of fresh, '2%I-labelled VLDL.

a) Chylomicrons . _ \ \

Rat chylomicrons were obtained from male hooded rats from cannulated ' =
thoracic ducts following intubation with corn oil. During collection of
the iymph the rats were kept in restraining cages and fed a standard diet
saturated with corn 0il, ad libitum. Lymph was collected overnight on
ice, in tubes containing 10 mg/d] disoﬁium EDTA. 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 chylomicrons were isolated from rat lymph or plasma, or human
p]asma‘bywa 1 hour ultracentrifugation at 33,000 rev]min at 5 °C. The
isolated chylomicrons were washed twice by anlidéht$£a1 procedure, by
isolating them through large volumes of layered NaCl solution, d = 1.006
g/ml, containing 0.01% disodium EDTA, pH 7.2 . After the jodination of
washed chylomicrons, the particles of Sf > 3,200 were isolated ( 38 )
and used for the perfusion experiments. At the end of the heart perfusion
a 0.1% disodiumgﬁpTA solutiop in 0.1% M NaCl, pH 7.2 was added to the
perfusate to obtain a final concentration of 0.01% EDTA. The chylomicron

~

_ remnants ( S¢ > 400 ) were then isolated in saline ( d = 11906 g/ml ) »
by a single, 1 hour ultracentrifugation ét 33J0b0 rev/ min.
b) Very‘Low Density Lipoproteins and Oéher Perfusate Lipoproteins
Citrated plasma was obtained from male hooded rats by aortic or
heart puncture, ér from fresh, pooled and citrated human blood. Chylo- /
microns were removed as described above, and VLDL were isolated by a

modification ( 19 ) of the method of Havel et al. ( 36'), at d < 1.006
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“g/ml, at 33,bdﬁwrev/min for 18 hours. During the isolation procedure,
VLDL, as all other lipoproteins, were always kept in solutions containing
0.01% disodium EDTA, 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
perfusibn, after adjusting the perfusate to 0.01% disodium EDTA, pH 7.2, |
VLDL remnants were initially reisolated at d < 1.006 g/ml, and later at
d < 1.019 g/ml, at 33,000 rev/min for 18 hours; as the proportion of the
d=1.006 - 1.019 g/ml fraction did not increasé during ihe heart perfusion.
Higher density 1ipoproteins‘were isolated fram the perfusate by
ultracentrifugation after the addition of solid NaCl ( d = 1.063 g/ml,
at 33,000 rev/min for 24 hours ) or solid NaBr ( d = 1.21.g/ml, at 33,000
rev/min for 48 hours ). In each case the adjusted perfusate was layered
with a solution of appropriate density and the reisoTated Tipoproteins
in the top 1 m1 fraction were removed by a Pastéur pipette. Bor further
chemical analysis, each density fraction was exhaust#&e]y dia]y;ed

against 0.1 NaCl, containing 0.01% disodium EDTA, pH 7.2 .

The Tipoproteins found in the perfusate following the heart perfusion
with VLDL wexe| also sgparatéd by agarose gel fi]tra@ion using two dif-_’
ferent columns: .5 x 60 cm column, containing Bio-Gel A-150 m in the
bottom 25 cm, Bio-Gel A-50 m in the next 25 cm, agd 10 cm of. Bio-Gel
P—]O.po1yacry1amide gel at the top to retard any free iodine entering
the agarose. For better réso1ution and larger sca]e‘preﬁaration, a |
| 4 x 190 ¢m column, packed with Bio-Gel A-150 m and Bio-Gel A-50 m in
similar proportions to those in the smai]er columns were used. In this
column however, the top 20 cm was %ade up with Bio-Gel A-0.5 m. The

columns were packed:-and equilibrated in 0.18 M Tris buffer, pH 8.5 or
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0.15 M NaC1, pH 7.4 solution, both containing 0.01% disodium EDTA and
0.02% sodium azide as a preseyvative. The different composition and

pH of the two buffers used did not have any effect én the e]hﬁion profile
of the Tipoproteins. The Tlatter buffer was ysed in the majority of the.
Aéxperiments because of its more physiological pH.

Two m1 fractions ( or 8 ml for the large column ) were collected and
théir radioactivity monitored. In some experiments the lipoproteins froma
an aliquot of each fraction were applied to filter paper discs, precipi-
tated in 10% trichloroacetic acid and delipidated in ethanol/ether
( 3:1, v/v ), and the proféin—bound radioactivity counted. The shape of
the elution pattern obtained in this way was similar to the one obtained
by monitoring the total radicactivity in each fraction‘with tﬁe exception
that the small peak of free 1251 eluting at the bed volume of the column

was removed§

, . 8
3. Iodination of the Lipoproteins

i

Rat thoracic duct and rat and human serum chylomicrons were jodinated

. wusing carrier-free Na'2°I, by a modification of McFarlane's method ( 296 )

as previously described ( 9 ). The iodination of VLDL, and in some

experiments of LDL, d = 1.019 - 1.050 g/ml, was carried out as above except
thatythe ratio of nmoles of IC1 / nmoles of protein was changed to.§,

“in order tb maintain an I/P ratio of =1. To rgmovevfree iodine, the

iodinated lipoproteins were filtered through a 1.5 x 25 cm column of

Sephagex G-50 and dialyzed overnight. The small amounts of iod{nated v
1ipoprotein§”were combined with the“remainder of theﬂequiva1ent un]qpe]]ed
lipoproteins and ultracentrifugally reisolated at the gpproﬁriate

densities prior to the perfusion experiments.

-
t - [}
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4. Purification of the Apoproteins for Production of Antibodies

P Very Tow density lipoproteins were isolated frmn[xﬁged fresh human
o plasma, washed twiﬁe, dialyzed against a solution containing 0.01% disodium
EDTA, pH 7.2, and lyophilized. The dried lipoprotein was delipidated wifh
'€ ethanol/ether ( 3:1, v/v ) in large volumes. The precipitated proteins
were washed in cold ether and thorouéh]y dried.” They were then dissolved
in a-O.éaM Tris buffer, pH 8.%§‘c9ntaining 4 M gyanidine-HC1, 0.1% azide,
and 5 mM dithiothreitol and §epar$ted on two joined 2.5 x 100 cm columns
o packed with Bio-Gel A-1.5 agarose. The columns were prewas;éh‘and the
apoproteins were separated with the same buffer. A typical separation
is shown in Figure 2. Thg fractions containing-the apoB and apo(C were
collected and pooled separately, dialyzed against 5 mM NH4HCO3 and
lyophilized. Both the apoB and apoC fraction appeared to be free of any
»-other apoproteins when analyzed by PAGE ( see insgt, Figure 2 ).
The antisera to purified apoB or apoC were prepared by injecting the
apoproteins, emulsified in Freund's complete adjuvant into white New
Zealand rabbits. The antigen was injected at 50 ug/kg rabbit weight in a
Tess than 1 ml vo]ﬁme intradermally in several spots on the upper back.
~ The injections were repeated three more times, 14 days apart, using
: Freund's incomplete adjuvant. One week after thelfjna1 injection, the
| rabbits were bled by an eatr vein puncture. The y-globulins were isolated
by (NH4)2504 precipitation ( 297 ), and the specificity of the antisera L
. ’ was checked by double immunbdiffusion and immunoelectrophoresis ( 178 ).

The antisera were dissolved in 0.15 M NaCl, containfng 0.02% azide, and

frozen at -20°C in small aliquots.
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5. Analytical Prdécedures

The radioactivity of the perfus%te ‘or each lipoprotein fraction was
determined hy abp]ying an aliquot ( 50 - 100 u1 ) to a 2 x 2 cm Whatman

# 3 filter paper disc. The paper discs were air dried and counted in-a

t

Packard model 3002 gamma counter. The radioactivity of the protein moietj

of each aliquot was determined by precipitating the iipoproteins o the

paper discs in 10%.trichloroacetic acid and delipidating them overnight

in 1§£9e volumes’ of etfanol/ether ( 3:1, v/v ) at -10°C. The discs were _

3 then washed in co[g”ether for two hours, thoroughly dried and qounted

To ana1yze the separated apoprote1ns by PAGE,, a11quots of the Tipo-
~

] prote1n fractions were f1rst de]1p1dated in at least 50 vo]umes of

ethano]/ether ( 3:1, v/v\)J shak1ng 0vern1ght at -10°C. The precipitated

!

apoproteins were washed in cold ether, dried, and dissolved in 0.04M \

- - ‘
Tris, 0.05 M glycine buffer, pH 8.9, containing 7 M urea and 1% SDS.

No SDS was present in the polyacrylamide gel or the ruhhiﬁg buffér. "The

apoprateins were sebarated by electrophoresis in,a 7 M Urea on a 10% ;ﬁgg

~

po1y5cry1amide gel with a 3% stacking gel, as previously described’( 218 ).

The gels were stained with 1% afiido black in 7% acetic acid for 15 minutes,

&

and destained overnight in 7% acetic acid. Some of the stained:gels were
scanned in a Beckhaﬂ Scannfng ebectrophotometer at 650 nm. The protein
‘banQS were then cut out, and #he radioectivity of the bands end the
intervening areas counted in the Packard gamma cohnier. a
The 1251-1abe11ed°prote1‘n in the cardiac tissue was estimated by
homogenizing all the\hearts used in a single perfusioh expehimenf; in'
10% ‘trichloroacetic acid The prec1p1tated tissue was washed threeatimes

in 10% trichloroacetic aC1d and delipidated -three t1mes with ch]oroform/

meéthanol ( 2:1, v/v ). The residue was thén=dried, and the radioactivity
N P v ]

" -

<

}



°

of a weighed aliquot Ydetermined. A second a]%quot was dissolved in 1 M
NaOH, the.d%sso]ved protein applied to a filter paper disc, which was
then dried and cou#ted. %hese two procedures gave similar results.
Protein waé\determined by the method of Lowry et al. ( 298 ). When
intact lipoproteins were assayed, 5% deoxycholate was added to augment
the delipidation %f the protein during the assay. When 1argé amounts of
Tipid were present, as with chylomicrons, the assay ﬁedium was extracted
with a sﬁa]] volume o% ether prior to the optical density determination
to remove.the cloudy appeafance. Lipids were extracted for analysis by
the method of Folch et al. ( 299 ), and TG was determined by the methoé
of VaHHande] ( 300 ). Total cholesterol was determined by the metho?
of Zlatkis et al..{ 301 ). | ”
Lipid classes were separated by glass paper chromatography and
visualized by sulphuric acid char, using a modification of the method
of Pocock et-al. ( 302 ). The chromatograms were developed for 14 cm
in isoocEane/benzene/gTaqiéi aqe§16~ac1d/acepone ( 100:30:0.1:0.6, v/v ),

air dried, and.again developed for 16 cm in 100% isooctane, with the

result that the cholesteryl esters remained behind the second solvent

., front,

. Ny
Levels of apoB and -apoC were determined by a modification of the

"rocket" immunoelectrophoretic method of Laurell ( 303 ). The following

conditions were used:'fpn\apoc, a 1.3% agdfose gel was prepared in a

barbital buffer, pH 8.6, containing 5%/dext%an T—]O.and‘z mM sodium
lactate; for apoBf a 1% agarose gel-in the same buffer was prepared, but
the lactate was omitted. In Both cases the immunoe1ectrophoresi§ wa{
runjat 2V/cm for 18 hours. The p]aieé'were soaked in O.;S M NaCl and ‘
then in distilled wé;ervfor 15 minutes each, covered with filter paper, |

N L
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and dried’at 60°C. The rockets were stained in 0.5% Coomasie Brilliant
Blue ( R-250 ), in ethanol/water/glacial acetic acid ( 45:45:10, v/v ),
and destained in the same solution without the dye. !

Purifiea‘apoc, whose protein content had been détermined by the method
of Lowry et al. ( 298 ), were used for the initial standard curve, and
to determine the ;pob‘content of a standard VLDL so]ution. The apoB !
content of 'the same VLDL solution was determined by preparing a standard
curve using a purified LDL solution ( d =1.019 - 1.05 g/ml ), of known
protein content. Judging from the analysis of apolLDL by PAGE, apoB
accounted for over 90% of the total protein applied to the gel. It was
assumed that the immunoreactivity of apoB in LDL was the same as that of’
apoB in VLDL. These ;téps were necessary, as purified apoB obtained from
column chromatograpﬁy was impossible to 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 {s’shown
in Figure 3.

To visug]ize the 1ip§proteins by electron microscopy,. small aliquots
were app11ed'to copper grids coated with a 1% solution of bovine serum
albumin. The excess was removed by a piece of filtér paper, and the
lipoproteins were stained with phbsphotungsticvacid, pH 7.2 for 5 minutes.
The 1ipoprotein-coated grids were examined under the electron microscope
(PhiTips ), within 30 minutes.

. B. MATERIALS" | Y

The male hooded ‘rats and the New Zealand rabbit§ were obtained from

Canadian Breedin§ Farms,\St. Constant; Quebec. Fresh human blood was
. i

|
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o - FIGURE 3

1

SAMPLE STANDARD CURVES FOR THE "ROCKET" IMMUNOELECTROPHORETIT
~ DETERMINATION OF HUMAN APOPROTEINS B AND C o
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The primary standard curves to determine the apoB and apoC content of
the standard VLDL solution used to obtain the above curves, was obtained,
by using purified apoC o¥ a narrow density cut of human LDL ( for apoB ),
as dgscribed in the text. : ) N
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supplied by the Canadian Red Cross, Montreal, Quebec. '

The Na'?°I, ( carrier—%reeq), was obtained from Charles Frosst and Co.,

Montreal, Quebec. Agarose and polyacrylamide 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. Both

were recrystallized prior to use from chloroform. Urea, purchased from

Fisher Scientific Co., Montreal, Quebec, was recrystallized from methanol

befare use-to remove the carbamylating impurities. Guanidine-HC1 was
purchased from Sigma Chemical Co.,”St. Louis, Mo., and recrystﬁllized
from methanol.
Silastic tubing was supplied by 55w—Corqing Co., Midland, Mich.
Tygon tubing and the Intramedic polyethylene tubing ( PE- 90,190 and 205 ),
hsea in the perfusion apparatus and cannu?atidns were obtained from
Fisher Scientific Coi, Montreal, Quebec. e
The agarose powder for %mmunoe]ectrophoresis ( Seaéem LE .), was
burchased from Marine Colloids ‘Inc., Rockland, Maine. GIags fiber paper
Q ITLC-SG ) was obtained from Geiman Instrument Co., Ann Arbour, Mich! )
Standard cholesteryl palmitate and monopalmitoylglycerol were pur-
chased from the Siﬁha éhemica1,Co., St. Louis, Mo.; tripalmitoyl- and
dipa]mitoy]g]ycero1,lfrom the Hormel Institute, Austin, Minn.; gho]estero]
from ICN Biochemicals, Cleveland, Ohio; and phosphatidylcholine from
Supelco Inc., Bellefonte, Pa. Mixed fatty acids and TG were prepared
from corn 0il. Pesticide grade solvents, and all otheq;cheﬁicals were

obtained from F%;ﬂér Scientific Co., Montreal, Quebec, or from Canadian

Laboratory Suﬁp]fes, Montreal, Quebec.
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1 CHAPTER III
RESULTS - .

4

A. FORMATION OF CHYLOMICRON REMNANTS

Our Taboratory has developed a two-stage in vitro model, consisting
of perfused rat hearts and Tivers, to study the catabolism of rat thoracic
duct chylomicrons ( 9 ). Although the main objective of this study was
to examine the suitability of this model for the invéstigation of the
products formed in the course of serum VLDL catabolism, it was also of
interest to see if serum chylomicrons from both the human and the }at
behave in a fashion ;Hmi1ar to that established for rat thoracic duct
chylomicrons. To this effect, chylomicrons obtained from rat thoracic
duct and rat and human serum were isolated and iodinated. Only particles
rof Sf > 3,200 were used for the perfusion experiments.: Diffef;nces_jn
the distribution of the '?°I-Tabel between the 1ipid and the protein
moieties of the particle were noted. While only 13% of the iodine was
bound to the protein moiety of the thoracic duct .chylomicrons, protein.
labelling increased to 53% in rat serum chylomicrons and to 77% in human\
serum chylomicrons. 4

| In the course of the heart perfusion, most of the chylomicron TG
hydr01y§is occurred in the first 60 - 90 minutes ( not shown ), in spite
of the insertion of qnother fresh heart at 80 minutes. The remoya] of o
chy]om}cron TG was accompanied by the removal of chylomicron protein ( mea-
' suréé as protein-Bound,1{§I ). As shown in Figure 4, the re]qpive removal

V

" of TG and protein of both human anfl rat serum chylomicrons exceeded that

?

of the rat thoracic duct chylomicron; significantly. Especially striking

73 . -
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FIGURE 4
\ REMOVAL OF TRIGLYCERIDE AND PROTEIN- FROM \~ \
i CHYLOMICRONS ( Sg > 400 ) DURING HEART PERFUSION

80

1.\

% REMOVED

N
o

TD-CM  RS-CM - HS-CM -

Legend: o -TG \
B -~ Protein o .
TDCM - Rat Thoracic Duct Chylomicrons ( n=3 )
RSCM - Rat Serum Chylomicrons ( n=2 )
H%FM ~ 'Human Serum Chylomicrons ( n = 3 )

Heart bgrfusions were car?ied out for 120'minutes. The loss of TG was
determined chemically andjthat of apoproteins by the decrease in the
1251_7abelled apoprotein.
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is thendifference in- the ratio of percent TG / percent protein removed

between the serum and thoracic duct dkylomicrons: for éhe serum chylo-

microns the ratio is close to unity ( 1.7 ), but it is significantly

greater for the fﬁoracic\@uct chylomicrons ( 4.7 ).
The correlation between the actual amount of TG removéz froﬁ the

perfusate ( in mg ) and the initial perfusate.chylomicron TG concentration

( in mg/ml perfusa%e ) is shown‘ianigure 5. The data show that in the

concentration range investigated ( 0.16 - 1.0 ﬁg/m] ), increased initial

concentrations of both. human and rat.serum chylomicrons }esu1ted in

incrgased amounts of TG removed from the perfusate, suggesting an unsatu-

rated syste&. In contrast,‘in the range of 0.7 - 2.2 mg/ml initial TG

concentration, the amount of TG removed from rat thoracic duct chylo-

microns is constant ( 40 - 50 mg of TG removed ), and independent of thé .

initial TG’éoncentration, indicating a saturated system. Rat heart LPL.. ... ”

may have a higher’affiﬁity for the rat chylomicrons, but not epough points

are available to establish this.

§4nce the perfuseé rat heart is capable of hydroiyzing human chyfo—

microns in addition to rat thoracic and serﬁm chylomicrons, this system

was applied to the study of the hydro]yEis of human and rat serum VLDL

and higher density pFoducts formed in the process.

Bl -

B. FORMATION OF VERY LOW DENSITY LIPOPROTEINIREMNANTS AND

HIGHER DENSITY PRODUCTS

The remova]lof TG and protein from the '%°I-labelled human VLDL during
heart perfusiefi, shown in Figure 6, continued for approximately 90 minutes,

after which there was 1ittle activity, in spite of another fresh heart

insertion after 80 minutes. Nevergpe]ess, to insure maximal hydrolysis
it ‘ R .
!V



J FIGURE 5

i

RELATIONSHIP BETWEEN THE LOSS OF TRIGLYCERIDE FROM THE PERFUSATE

AND THE INITIAL 'PERFUSATE CHYLOMICRON CONCENTRATION
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A11 perfusions were carried out for 120 minutes and each point represents

a ‘separate experiment using a different pool of

i

chylomicrons.




by the LPL, subsequent experimenﬁs were carried out for 120 minutes:

The data in Figure 6 were accumulated from experiments with initial TG

concentrations ranging from 0.2 to 1.0 mg/ml perfusate. Due tolthis

large range, the significance of the differences between the losses of

TG and protein were calculated by paired differences. The differences

at the 90 and 120 minute points were significant at p < 0.0005 and p <
U

£0.025 Tevel respectively. The loss of TG was thus significantly greater

than that of protein, suggesting the formation of a remnant relatively

“poor in TG. Removal of TG and protein from the VLDL fraction‘was also

accompanied by a significant removal .of cholesterol ( not shown ).' The
pattern gf TG and protein removal from rat VLDL remnants-was similar to
that for human VLOL. T

‘In early experiments the VLDL ( d < 1.006 g/ml ?'and IDL ( d =1.006 -
1.019 g/ml ) were isolated seﬁarate]y. However, no accumulation of TG
é%r labelled Tipoproteins was found in the EDL in the course of the heart
perfusion. When IDL were present in the '2°I-labelled VLDL at the start
of the perfusion ( usually < 5% }, these disappeared from the perfusate
at the same rate as the VLDL. In the subsequent experiments therefore,
VLDL remnants were isolated at d < 1.019 g/ml. In the control experiments,
where concentratiors of human and rat VLDL equal to those used in the
heart perfusions were perfused fhrough the apparatus for 120 minuées,
it was shown that there was no loss Pf 1251 or TG from the perfusate,
but there_was a decrease of 6+2% in radioactivity of the°yLDL (n =17 ).
The minimal loss of rahioactivity from VLDL indicates that recirculating
the substrate through ;he apparatus does not contribute to the changes

observed in the heart perfusion experiments.

In th¢lcourse of these studies, hearts were perfused with a Vange

1

-



FIGURE 6
LOSS OF TRIGLYCERIDE AND APOPROTEINS FROM HUMAN !
VERY LOW DENSITY LIPOPROTEINS DhRING HEART PERFUSION
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Hearts were replaced every 40 minutes. The 1o0ss of TG was determined ,
chemically, and that of the apoproteins by the decrease in '23I-labelled ..
apoprotein. Values represent the average :S.E. of the number of experi-
ments, indicated in parentheses., The data were accumulated from experi-
ments with initial TG concentrations ranging from 0.2 - 1.0 mg/ml perfusate.
Because of this rapge, the significance of the differences between the
losses of TG and protein were calculated by paired differences. These
calculations gave probability values as follows: p < 0.05, 0.15, 0.0005,

and 0.025 for the s 60~, 90-, and 120-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 i20 minute perfusions are collected in Figure 7.

In general, it will be noted that there is little difference in the rates -
of TG removal of rat and human VLDL. The results suggest a saturable

system with a decreasing percentagg of the TG being removed as the lipo-
protein concentration 1ncreases,iespecia11§ in the case of rat VLDL.

AJ

several experiments utilizing higher concentrations of. humam VLDL, the

In .

percent removed was higher than that expected by saturation kineéics.
The in;et in Figure 7 illustrates that ove} concentrations ranging from
0.1 to 1.0 mg human or rat VLDL TG / ml of perfusate, between 0.10 and
0f17 mg TG / ml of perfusate were removed- during the experimé@éa However,
a much greater removal was noted in four gxperiments using %ﬂ%an VLDL
. concentrations of 0.7 to 1.2 mg / ml of perfusate. The reason for;thése "q
differences is not.apparent, but mifh§e due to indH+idual “variations
among the human blood donori, s%nce the removal of TG from rat VLDL was
almost identical at all concentrations. | ,
Significant losses of 1ipid { TG and cholesterol ) were expeéted to
result in a]terat{ons in the shape as well as the size of the VLDL par-
ticle. The electron microscope appearance of human aqd rat VLDL and
their remnants are compared in Figure 850 The hidrographs shoy a decreésé
-in the size of the remnants, with irregularities in the shape and some
evidence of membrane-1ike borders around partially emptied interiors,
The pattern is siﬁilar for both species, although sohewhat mgre marked

.
'in rat VLDL remnants.

The appearance of the human VLDL remnants is
strikingTy similar to the VLDL fouhd ﬁn patients with familial LCAT s
deficiency ("23 ), Since LCAT s not present.in the heart perfusion

“ | system, these observations support the hypothesis that LCAT may be
. ~
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"FIGURE 7 . )
LOSS OF VERY .LOW DENSITY LIPOPROTEIN TRIGLYCERIDE IN RELATION
- TO THE INITIAL TRIGLYGERIDE PERFUSATE CONCENTRATION
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A1l perfusions were carried out for 120 minutes.” Points represénting the ,

percent removal of TG from the rat VLDL perfusateé are.joimed. Inset shows
the absolute amounts of TG removed. Each point represents a separate
experiment using a different pool of VLDL. ,
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FIGURE 8
ELECTRON MICROSCOPIC APPEARANCE OF HUMAN ‘AND RAT

{

VERY LOW DENSITY LIPOPROTEINS AND THEIR REMNANTS

¢
:
j
f
1
i
|

Negative staining with phosphotungstic acid, pH 7.2, was used to visulaize

rat ( A ) and human ( B ) VLDL and their remnants ( C and D represent rat

and human VLDL remnants respectively ), formed by perfusion through rat 5
*hearts. Magnification 150,000 X. Note the appearance in the remnants ( D )

of smaller particles and ones which show areas of decreased staining ( arrows ), ¢
probably representing partial delipidation. The rat YLDL and its remnants

resemble those of the human, except that more small forms and particles

.surrounded by membrane-like borders are seen ( arrows ).
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- decrease in the particle volume.

“ ' . 82 ’
' . \
4 [ ’ \

e
involve inareshaping‘the remnant surface ( 249 ). .
. 3
A mOre'detailed pic%ure of rat VLDL remnants is shown in Figure 9.

" The part1a11y c’ﬂTapsed ,membrane -like struptures around the~TG core are

particularly discernible. As pointed out: ( arrows ), some remnants have
r

“completely collapsed into di%c-ehaped structu;es" Many of the remaining

' remnants may therefoﬁe be of discoidal shape d1so,*but laying on their

te

sides, they &ppear sphefica1: - : .
. L3
Changes in the shapt of the VLDL particles during the heart perfusions

were also accompanied by changes in size. To determine the size distyri-

bytion of.the partic]es,‘Bbp intact and reﬁhant, human and rat VLDL were’ |
counted, each z see F{gu;e 10 ). It was noted that fo]]ow1ng perfusion,
there is a shift in the distribution of the part1c1es toward the 1ower ) ‘
end of the same general size range A é%m1]ar 0bservat1on was reported \ \
about VLDL remnants prepared 1n’supradiaphragmatic rats ( 105 ). The . .

results are even more interesting when the decrease in the average volumes

of the particles is calculated ( Table III ), and compared with the total

- TG l1oss during the perfusion. An 11% decrease in the particle diameter

in human VLDL during the_heart perfusion pesulted in a 30% decrease in

the particle volume. As the initial G concentration in the experi-

ment producing these remnants was”0.5 mg/ml perfusate,\ZG% ofvthe TG was
removed, as indicated in Figure 7. The re]ationéhﬂ(betweén the T6 loss ,
and the decrease in. the part1c1e volume is even c]oser for rat VLDL. ' '

A 24% decrease in the particle diameter, equivalent toa 56% decrease in

the volume, was accompanied by a 58% loss of TG ( see F1gure 7; initial

'TG concentration = 0.2 mq&m1 ). A close correlation was thus established

between the amount of TG removed ( a core_component of ' VLDL ), and the



FIGURE 9
ELECTEbN MICROGRAPH OF RAT . \

VERY LOW DENSITY LIPOPROTEIN REMNANTS /

A higher magnification ( 320,000-x ) of the negatively stained rat
VLDL remnants reveals the presence of completely collapsed, disc-
shaped particles ( arrows g

collapsed, membrane-like structures, about 30 - 35 R thick.

PrS
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[

as well as the presence _of partially -
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T T " FIGURE 10 _
SIZE -DISTRIBUTION OF INTACT AND REMNANT
RAT AND HUMAN VERY LOW DENSITY LIPOPROTEINS
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Heart perfusions were performed at 0.5 mg/ml and 0.2 mg/ml of initial
human and rat VLDL concentrations respectively. Samples for electron
microscopy were taken at the beginning and end of the heart perfusion,
and 300 particles were sized for each distribution pattern.

<




' LOSS OF TRIGLYCERIDE AND THE DECREASE IN THE AVERAGE VOLUME OF

TABLE III

VERY LOW DENSITY LIPOPROTEINS DURING HEART PERFUSION‘
. -

ca]culéted

e mean radius % decrease in | % decrease in
1 ( nm )* volume ( nm? calcalated vol.| TG content’
Pre-perfusion ¥ o
UMAN { intact ) "~ 23.6 55.0 x 10° e r——-
VLDL? . T
(d<1.019 Post-perfusion R .
g/ml ) ( remnant ) 21.0 38.8 x 103 30% 26%
: . ‘
Pre-per%usion ) ' $
RAT o ( intact ) 24.2,, 59.3 x 10° - ——--
VLDL ’
(d<1.019 Post-perfusion . ’
g/ml ) (' remnant ) 18.4 26.1 x 103 56% 58%
N . {
i

§
b

at 0.5 mg/ml initial perfusate VLDL TG concentration

at 0.2 mg/ml initial perfusate VLDL TG concentration

*
determined hysizjng300 particles of each category as shown in Figure 10 .

T determined chemically and shown in Figure 7.

-

*

1
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Significant losses of protein from the VLDL particle puring the heart
perfusion suggests the formation of higﬁer density products in the per-
fusate. The fate of the apoprotein removed from the VLDL is shown in
Table IV. On the average, the removal of appproteins from the d < 1.019
g/ml fraction of the perfusate amounted to 36+6% from human VLDL and

51£10% from rat VLDL. The data represent 13 and 7 experiments respecti-

_vely, with in{£1a1 VLDL concentrations ranging from 0.1 to Jff mg/ml\

perfusate. Approximately 20% of the labelled apoprotein lost from rat
or human VLDL was recovered in the d = 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 VLDL ( d < 1.019 g/ml ) is e
surprising. In the human VLDL this represents, on the average, 16% o%
the thextotal VLDL apoprotein added to the perfujate. An eQen larger
proportidn of rat VLDL apoproteiﬁ added to the perfusate was taken up
by the heart ( 21% ). i

In order to rule out the possibility that the uptake of the apoproteins

4by the heart is simply due to the ultrafiltration and trapping of VLDL,

the following experiment, summarized in Table V, was performed. Hearts
were perfused for three minutes with 200 ug of heparin dissolved in 20 ml
of non-recycling perfusate, releasing the {ipoprotein Tipase ( 22 ).
The hearts ( three ) were then perfused for 90 minutes with perfusate
containing human 2°I-labelled VLDL. The resulting uptake of labelled
apoprotein was negligible ( < 2% of the total protein radioactivity ).

The same perfusate was then perfused through two normal rat hearts for

an additional 90 minutes. Uptake of the labelled apoprotein was similar

[ R ST o
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TABLE IV

FATE OF THE APOPROTEINSﬁREMOVED FROM
VERY LOW DENSITY LIPOPROTEINS DURING HEART PERFUSION\.,

]

87

\ | - \
i |
‘' .Distribution of '2%I-labelled
"7 Protein Lost From VLDL ( % )
Lipoprotein ST :
Fraction " Human - Rat T
, A 1 \
d=1.019 - 1:063 g/m ' 211 (13) 21 7(7)
d=1.063 - 1.210 g/ml . 11+ 1 (12) 15+ 4 (7)
d>1.210 g/ml - ; 5+ 2 (11) o 8t 4 (7)
n
Heart / 44 £ 5 (7) 42 £.02 (4)

Removal of apoproteins from the d < 1.019 g/ml fraction of the perfusate

amounted to 36 + £% from human VLDL, and 51 % 10% from rat VLDL in 13
and 7 exper1ment§ respectively.
number of experiments indicated -in parentheses.

were carried %ut for 120 minutes. ’

) .

Each figure is the mean #S.E., of the *
The initial TG concen-
< trations ranged from 0.1 to 1.1 mg/ml of perfusate, and all perfusions
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TABLE ¥
APOPROTEIN RECOVERY IN THE PERFUSATE AND HEPARIN-TREATED AND
. NORMAL HEARTS FOLLOWING PERFUSION WITH **°I-LABELLED
o HUMAN VERY LOW DENSITY LIPOPROTEINS N
Total perfusate 1257 ppoprotei
1251 _Apoprotein ' recovered Tﬂ“hegrt
- t1ssue
- SR 3
. kg
Experiment time cpm % total J_ Cpm 'y total
Y . 53 ! N h >
. L ‘, ,
AT - 0 1.82x108 1001 J——— P
90 1.75x10° 9% 0.03x105, 1.6
* - G
B° . 7 0 1.75x108 100 Cmee e
" ~ " ‘
90  1.51x10° 86 0.20%10° "11.0
‘/.»’)
&
% * A ‘ ™
perfusion time in minutes + o
¥ perfusion with heparin-treated he%ﬁ&é‘( 3 hearts )
§

perfusion with normal hearts ( 2 hearts ), using perfusate from -
Experiment A. : .

Perfusate containing human VLDL at an initial TG concentration of 0.5
mg/ml was perfused first through hearts that were preperfused with a
heparin-containing Krebs-Ringer solution \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 radiocactivity. The protexn-
bound radioactivity was also 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 minutes 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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to that shown in Table IV, and about seven times greater™ than by the
hep§¥in~treated hearts. It therefore seems 1ike1y‘that lipolytic activity
is a prerequisite for the uptake of the perfusate YLDL apoprotefns by the
heart. This finding, wﬁiie incidental to this study, is particularly
interestiﬁg, since the uptake of rat VLDL remnants by cultured raf aortic
smooth muscle cells ha% been shown ( 255 ). The recovery of 80 - 85% of
the 1251-Tabelled protein removed from VLDL, of which approximately 50% -
is in the perfused hearts ( see Table IV ), suggests a relatively slow
degradation of protein, just as observed in the cultured smooth muscle

@

cells. \
« v \
Data in Table IV reveal a considerable variation in the percentage

\bf rat V}DL‘apoproteins recovered in the d =1.019 - 1.063 g/ml fraction

and that taken up by the heart, as 1nd§cated by the'high standard errors ’

( 2t+7% and 42t12%,‘respective1y ). The reason for the large variation

is apparent when the percentades of nat VLDL apoproteins recovered in

the d = 1.019 - 1.063 g/ml range and in the heart, in the‘jndiyidua1

experiments are plotted as a function of the initial VLDL TG concentra-

tions, ( Figure 11 ). The data clearly show an inverse relationship

between the amounts of VLDL apoprotein reco&ered in the heart and that

recovered in the LDL density vange, This observation suggests that the

heart tissue confains a high affinity receptor for the rat lipoproteins

that is easily saturated. Thus at 1ow,\physio1ogica1 concentrations of

VLDL, only negligible amounts of d = 1.019 - 1.063 d/m] material are

&formed, most of it being removed by the heart. Increasing lipoprotein ///&kﬁt
concentrations however, saturate the receptors and lipoproteins in the .
LDL range begin to accumulake. . ¢

‘When the production of d = 1.019 - 1.063 g/m1 material from human

A s
/ -




90

FIGURE 11 : A
RECOVERY OF THE RAT VERY LOW DENSITY LIPOPROTEIN APOPROTEINS IN PERFUSED
HEARTS AND TN THE d'= 1.019 - 1.063 o/m1 FRACTION OF THE PERFUSATE
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O - recovery of !25I-Tabelled apoprotein in tue
d =1.019.- 1.063 g/ml fraction of the pe fusate

After the experiment the hearts were flushed with 30 ml of Krébs- R1nger

solution under pressure and the *25I-Tabelled apoprotein was determined
in" all hearts used in a single perfusion experiment, as described in )

Chapter II. Each point represents a separate experiment using a different
pool of VLDL. \
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VLDL is compared to the uptake of human VLDL apoproteins by the perfused
heart, as a function of the initial TG concentration, a qualitatively
different picture is obtained ( see Figure 12 ). A relatively constant
proportion of the human VLDL apoproteins is recovered in the heart and in
the LDL density range, regardless of the initial VLDL TG concentration, _
suggesting a low affinity mechanism of uptake of the human 1ipoproteins
by the ra} heart. |

The inverse relationship between the percentage of rat VLDL converted
to d=1.019 - 1.063 g/ml materié] and that takg; up by the heart, in
‘contrast to thg constant proportion of the human VLDL found in{this dénsity
range and in the heart, indefendent of the initial TG contentration,
highlights a fundamental difference in human and rat VLDL catabolism by
the perfused rat heart. fhe precise nature of the uptake of lipoproteins
of both species obviously demands a more rigorous study using a different
experimgnta] approach. On the basis 6f the presented data it is, for
insténc;;\impossib1e to decide which lipoprotein species is taken up:
the VLDL remnant or the material from the d =)1.019 - 1.063 g/ml fhnge.

The following experiment was carried out in an attempt to further
characterize the nature of the specifiéity of 1ipoprotein uptﬁke from '
the perfusate by the heart. Human and rat serum LDL ( d = 1.019 - 1.050.
g/ml ) were iodinated and perfused through the hearts. The amognt of
the LDL .apoprotein present in the perfusape was adjusted to Qg equivalent
to that present when human or rat VLDL were erfused at Tow ( 0.15 mg/ml )
initial TG concentrations. It was found that over 50% of both rat and
human '%°I-labelled apoLDL\was removed from the perfiusate, of which over

90% was recovered in the heart tissue. The experiment further confirmed

the ability of the perfused heart to take up apoproteins. The similar -
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. FIGURE 12
RECOVERY OF THE HUMAN YERY LOW DENSITY LIPOPROTEIN APOPROTEINS IN PEﬁEggED
HEARTS AND IN THE d = 1.019 - 1.063 g/ml FRACTION OF THE PERFUSATE
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After the etxzeriments the hearts were flushed with 30 ml of Krebs-Ringer
solution under pressure and the !?%I-labelled apoprotein was determined
in a1l hearts used in a single experiment, as described in Chapter II,
Each point represents a separate experiment using a different pool of WLDL.
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uptgke of rat and human LDL indicates 11tt1g specfe§-specificity. [t | —~emmg—
would thus aépear that the specific, high affinity uptake of ratFVLDL
apoﬁroteins is confined to the VLDL remnants and LDL-1ike maferié] is not
produced at low rat VLDL concgntrationl It also appears‘that tHe rat.
hear% is"capabte of removiné,pnon-spegjfica]]y, other lipoproteins.

The 1ipid composition of human VLDL and its catabolic products. is .
illustrated in }igure 13. Following heart perfusion, there is a notice-
able decrease in all lipids with the'possible excéﬂtion~0f the cho]estery1\
esters.. A trace of free .fatty acids is also discern}b]ex Qualitatively
similar changes in the 1ipid composition of the rat VLDL remnants were
‘also observed. The d= 1.019 - 1.063 g/ml fraction produced froﬁ»human -

a

I VLDL has virtually no TG, dith cholesterol, cholesteryl esters and phos-

pholipid as the dominant 1ip%ds. Small quantities of MG and free fatty ‘
gcids are also seen. The d= 1.063 - 1.21 g/ml fraction contains Targé{;//—‘\\\\\\\
- phospholipids, witﬂ trace amounts of MG, TG and some cholesteryl ‘esters.
The 1ipid composition. of these fractions corresponds to those normally
associatedhwith human serum LDL and HDL ( 124 ).

The distributiog of thg apoproteins of VLDL in the various dens}ty
_fractions following a heart perfusion was also investigated. An a]iqyot
of gach fraction was delipidated and'the‘apoproteins, so]ubi]ized in a s
solvent containing 7 M urea ana 1% SDS, were separated by PAGE in 7 M
urea in the absence of SDS. The locations of the major apoproteins
‘( apoB, apoannd apoC 5 were 1dentified by com?arison with the mobility
" of the purified apoprote%ns.‘ Typical gels of the human and }at VLDL as
. well as the purified apoproteins are shown in Figure 14. The gels were
divided into four ione§; zone .1 contained apoB, the material found at the

top of the running gel, as well as small amounts of aggrggated material

\
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FIGURE 13

S

AN

LIPID COMPOSITION OF HUMAN VERY LOW DENSITY LIPOPROTEINS AND THEIR

CATABOLIC PRODUCTS FOLLOWING HEART PERFUSION
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Legend: STD - mixtu e“of 1ipid standards ]
. VLDL prior to perfusion

d < 1,019 g/ml VLDL remnants
d=1.019 - 1. 063 g/ml Tlipoproteins
d =1.063 - 1721 g/ml~1lipoproteins -

LI I B B

N

The quantity

Lipid c]asses were separated b)) glass paper’ ch‘?‘dmatog?‘aphy.
of lipid spotted on the chromat‘bgram is equal to-the .lipid extracted if

the lipoproteins had been isolated from the following-volumes of perfusate:
1 ~-0.03ml, 2 -0.03ml, 3-0.07ml, and 4 - 0.06 mi.

1 7 ’ N
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() FIGURE T4
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!
TYPICAL POLYACRYLAMIDE GEL ELECTROPHORESIS PATTERNS OF
[ ‘ HUMAN AND RAT VERY LOW DENSITY LIPOPROTEINS /| '
AND SOME PURIFIED HUMAN APOPROTEINS
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Human and rat VLDL were delipidated and their apoproteins separated as

described in Chapter II. The gels were cut into zones, designated

1 - 4, for the assay of the radioactivity. The major apoproteins of . -
. zones 1 - 4, corresponded to apoB, apoE, apoD or apoA-III, and apoC-II '
/ and C-III. The area between zones 1 and 2 ( apoC-I ) as well as the

ear portion of the gels beyond zone 4 were &1so assayed for radio- .

Ckgzgazity, but contained only negligible amounts. It will be noted

that\under identical electrophoretic conditions, the rat apoproteins

migrated relatively faster than the equivalent human apoproteins.

. Q &
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that failed to penetrate the stackifg gel. The area below zone 1,
cohtainind‘époC-I, had only minimal amounts of radioactivity associated
with it, undoubtedly dué to the lack of ‘tyrosine in this apoprotein ( 74 )
The major apoprotein of zone 2 was apoE, although minimal amounts of

. apoA-1 may have been also present.. Zone 3, a large segment of tﬁe g%],
< contaiped only one light protein band, probably apoD, and minimal amounts
‘ of radioactivity. The apoC-I} and apoC-III were located in zone 4.

The gels were cut into the zones indicated and the radioactjvity in
each zone, as well as the interventing area between.zone 1 and 2 was )
determined. The distribution of the apoproteins of the intact VLDL
( circulated through the apparatus in the absence of hearts,), VLDL
remnants, and the higher catabo]ic products is shown in Table VI.. It
should be noted that the d < 1.019 g/m1 remnants are richer in apoB and
poorer in apoC. These changes are even more ‘pronounced in Cat VLDL |

remnants.\\Since small amounts of unidentifiég aggregated protein, \
containiﬁg no more than 10% of the total radioactivity applied to the
gel were,sometimes observed at the top of the stacking gel, in some
expe;iments tetramethylurea ( 53 ) was used to de]ipidate/and aissolv;‘
an aliquot of the VLDL and VLDL rempants, in addition to the conventional
ethanol}ether delipidation of another aliquot of the‘same prgparation.
Tetrqmethy1urea présumab1y solubilizes all of the apoproteins, with the
exception of apoB. The precipitated apoB was separated from the tetré—
met@y]urea-so]gb]e apoproteins, which were‘then séparated by PAGE. The
resu]king gels contained no radioactivity or visible protein on the top
of thé stdcking or running gel. The distribution of the radioactivity

between the tetramethylurea-insoluble apoB and the Various tetramethyl-

" urea-soluble, separatéd apoproteins was similar to that obtained when
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- . TABLE VI ‘
PERCENT DISTRIBUTION OF 2SI-LABELLED APOPROTEINS IN VERY LOW DENSITY
{ LIPOPROTEINS AND JTHEIR PRODUCTS FOLLOWING A HEART PERFUSION
“HUMAN RAT
;7 o j
VLDL . d=1.019-  d=1,063- " L
Zone ,Intact Remnant 1.063. g/ml 1.21 g/ml "~ Intact Remnant
1 47:5 . 51:4 .59 3 B4 - 456 66 + 5
2 8 +2 10 £+ 2 11 £ 2 10 + 2 8 +.2 8 + 2
3 5+ 1 6 2 7:2 0£3 e e
4 383 293 20 + 3 33z 1 , 31 1 8+ 4
- £ te -
nt 7 7 4 _ 4 4 4

* -
Gels were divided into zones as shown in Figure 14

1 /
T number of experiments .

—

Zone 1 corresponds to apoB and zone 4 to apoC. Initial TG concentrations ranged from
0.1 to 1.0 mg/ml perfusate. Each value represents the mean +S.E.

L6



ethanbl/ether delipidation and so1ubilﬁzat%on\in urea was used.

Because of the variatj?n in the ‘extent of jodination of apoB andl
apoC between differefit VLDL preparations, changes in the proportion of
these apoproteins can best be seen‘by analysis of theopaired differences
in each experiment ( Table VII ). As the result of the action of LPL, .
significant increases in the proportion of apoB and decreases in that of
apoC in the VLDL remnant occur. A close correlation ( r = 0.75, p <
0.001 ) between the percent loss of VLDL TG and the percent decrease in
VLDL apoC during the formation of remnants can be seen when the data from
individual experiments are plotted ( see Figure 15 ). .

‘ The data in Table VI also indicate that the products of human VLDL
catabolism in the d = 1.0719 - 1.063 and 1.063 - 1.21 g/ml fractions do
not have the apoprotein composition commonly associated with centrifugally
isolated serum LDL and HDL, respectively. Thus in spite of the lower
percent of apoC in the d = 1.019 - 1.063 g/ml fraction, the proportion of
the non-B apoproteiﬁs exceeds that found in the circulating LDL ( 115 )‘
The d = 1.063 - 1.21 g/m1 fraction containéd a larger amount of Tlabelled
apoprotein at the top of the gel ( zone 1 ) than is usually found when
the apoproteins, of circulating HDL are analyzed, A]though apoA tends

to polymerize after centrifugation at 10w-concentrations ( 182 ), apoK:I
is found in only minute amounts in the original VLDL. Thus the Tipo-
proteins isolated at q =1.019 - 1.063 g/ml and 1.063 - 1.21 g/ml may
represent miftures of aroducts of VLDL catabolism. Indeed, asout 20%

of the material in the d = 1.019 - 1.063 g/ml range was not absorbed by
-Concanavaline A column and therefore represents lipoproteins deficient

in apoB ( 304 ). This was confirmed by PAGE of the unretained material,

containing 75% of the radioactivity in apoC and negligible amounts at

- the top of the running gel.

o
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TABLE VII /
CHANGE IN THE PROPORTIONS OF APOPROTEINS B AND.C IN HUMAN AND RAT /
VERY LOW DENSITY LIPOPROTEINS DURING A TWO HOUR HEART PERFUSION

3
APOPROTEIN HUMAN , RAT
Change p ©  Change p
. Kk + .
ApoB ( zone 1 ) +4,0.+ 2.0%(7)" <0.05 +20.5 * 6.5%(4) <0.05
ApoC ( zone 4 ) °  ~8.6 + 1.2%(7) <0.0005  -22.8 + 4.8%(4) <0.01 °
* * -
as shown in Figure 14
+ : '

represents the number of experiments

Due to the variation in the extent of iodination of apoB and apoC
between the different VLDL preparations, changes in the proportions
of these apoproteins in human and rat VLDL during the heart dérfusion
were analyzed by paired differences in each individual experiment.

-t
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- FIGURE 15 -
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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Legend: m - Human VLDL remnants /

O - Rat VLDL remnants

The loss of TG was determin@d c;h/emicaHy. The Toss of apoC-II and apoC-III
( zone 4, see Figure 14 ), is expressed ds percent decrease in the pro-
portion of these apoproteins “in the d < 1.019 g/ml remnants isolated after
the perfusion. The correlation coefficient ( r ), was calculated using
all points from both humap and rat VLDL. The TG concentrations ranged
from 0.1 to 1.0 mg/ml perfusate. \
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C. SEPARATION OF HUMAN PERFUSATE LIPOPﬁOTEINS BY AGAROSE GEL FILTRATId&&
A
Tﬁe gbservations that the higher density catabolic products of VLDL

had Tipid compositions similar to those of serum lipoproteins of the same

i_ density, but a different apoprotein composition ( &¥. Figure 13 and

Table VI ), suggests that the ultracentrifugally isolated lipoprotein
fractﬁons %rm¢ the perfusate represented mixtures of different Tipo-

protein spegies of similat hydrated densities. ,This is a reasonable

assumption, since the amfunt and the kind of lipid associated witﬁ the
apoprotein(s) is the main determinaﬁt of tﬂe particle density. An

attempt was therefore made to separate the lipoproteins found in the

heart |perfusate by ;garose gel filtration without prior ultracentrifuga-
The distribution onghe Tipoproteins -in a typical control ( cir-
through the apparatus without hearts ?,'and experimental perfusate

containing human VLDL is shown in Figure 16. Exceptqfor a very small

peak at the void volume, usually smaller than in the experiment shown,

the contrl VLDL eluted as a single peak. Following the heart perfusion

three lipoprotein peaks were discernible. The first was found in the
/ \ \
void voT me. Jhe major peak corresponded to the control VLDL peak,

- -

a]though n;some experiments a slight shift to the right was observed.

‘A new Tipofrotein peak:appeared as the bed volume of the column was

approached.
The apoprotein composition of each Beak was analyzed by PAGE. The

]

ratios of th‘\rad1oact1v1ty iw zones 1 and 4, representing apoB and apoC

respectively| ( c¢f. Figure 14 ), for each peak is shown'in Figure 16. It
will be noted that the perfusion did not produce a significant change in

the ratios of the main peak ( II ). Peak I contdined lipoproteins pre-

dominantly labelled in apoB, resembling circulating LDL. Lipoproteins
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FIGURE 16

AGAROSE GEL FILTRATION ( SMALL COLUMN ) OF PERFUSATE FIPUPROTEINS

VN .

FOLLOWING PERFUSION OF !2ST-LABELLED HUMAN VERY LOW DENSITY LIPOPROTEINS
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Perfusate 1ipoproteins after perfusion in the absence (----) and presence
( ) of hearts were separated on a 2 x 60 cm aggrose column as descr1bgd.
in Chapter II, A typical elution pattern is shown® The ratio of radioactivity
in the apoB and apoC region of polyacrylamide gels ( see Figure 14 ) of the .
delipidated lipoproteins in the three peaks represent a mean of three
experiments #S.E. ) |
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in peak III on the othen hand contained‘gery little, if any apoB relative
to epoC, a pattern more’consistent with serum HDL. Electron microscopy
of the material eluted in peak I ( Figure 17 ), shows large aggregates
containing many particles resembling LDL in size, in addition to some

VLDL sized particTes.’

A similar pattern of lipoprotein distribution in the perfusate was

.
A

obtained, with a somewhat better separation, when the perfusate ( and

control ) 1ipoprotein§;were'separated,1n larger and longer ( 4 x 100 cm )

agarose column of similar.composition. The efgtion pattern is shown in @

Figure 18. While the control VLDL eluted again as a single peak, the
trailing portion of the material was éﬁ#%ﬁcged/as a separate fraction L

| ( IIIb ). Following the heart perfusion four peaks were obtained: a peak

at thekveid volume K I ) and a second, smaller peak ( II,) preceded the

main peak ( IIla and IIlb ). 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 cofhmnT’the main peak was followed

by a new lipoprotein peak ( IV ). ’ )

Material from each fraction-was pooled separately, concentrated by
aquacide andadialyzed. hThe apoprotein composition of each fraction was
studied by PAGE. The apoB and apoC content o% each pooled fraction was
determined by "rocket" immunoelectrophoresis. The apoB t7 apoC ratio of
peaks I, IIla, IIIb, and IV, determined by these two methods is 1nd1cated
at the top of the elution profile .( Figure 18 ). The total amounts of
- apoB and apoC in each of the peaks is shown in Table VIII. Aboprotein B
is the predominant apoprotein in peak I as well as the major protein of

the trailing portion‘of the main peak ( ITIb ). Apoprotein § on the

other hand, is the predomineﬁt apoprotein of the peak IV lipoproteins.



*5

FIGURE"17

ELECTRON MICROGRAPH OF LIPOPROTEINS

IN PEAK I OF AGAROSE GEL FILTRATION

Visualization of the negatively stained 1ipoproteins of peak I
obtained by agarose gel filtration of the human VLDL 2eart perfusate
reveal the presence of numerous, apparently aggregated, LDL - sized
particles as well as a smaller number of VLDL - sized Tipoproteins «
(magnification 78,000 x). - '
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FIGURE 18

. . - Ly
AGAROSE GEL FILTRATION ( LARGE COLUMN °) OF PERFUSATE LIPOPROTEINS

.FOLLOWING PERFUSION OF '2SI-LABELLED HUMAN VERY LOW DENSIT.Y LIPOPROTEIIS!S
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Legend: * -~ the content of apoB and apoC in each peak was determined by -
“rocket" immunoelectrophoresis and the ratios.calculated.
After perfusion in the absence (----) and presence (——) of hearts, per-
p fusate Tipoproteins were separated on a 4 x 100 cm agarose column as des-
cribed in Chapter II. The ratio of !2°I-apoB to !25I-apoC in each_peak
was also determined, as described in Figure 16. .

ju' / 4’ ]

130




TABLE VIII

" THE.DISTRIBUTION OF APOPROTEINS B AND C IN THE VARIOUS LIPOPROTEIN

FRACTIONS OF THE PERFUSATE SEPARATED BY AGAROSE GEL FILTRATION*

106

- HEART PERFUSATE' conTRoL®
0 PEAK "1 -Illa  -I1Ib IV IlIa 11Ib
apoB ( ug/peak )° 364 1156 935 172 , 1826 818
apoC (ng/peak )¥ 0 70 1326 446 510 2310 315
Y — :
. ug apoB/ug apoC 5.) 0.9- 2.1 0.3 0.8 2.5
1257_apoB/ 25T -apoC? ~3.9 0.9 3.5 0.4 0.9 1.2
as shown in Figure 18 - T

N

Peak I1 did not contain enough materia1 _for me ningfu1 analysis

Peaks I, II and IV were absent when contro] perifusate ( absence of
hearts ) 11popro eins were separated J° ' .
[ .

as.determined by “rocket" 1mmunoe1ectrophores4s

©

as determ1ned byfseparat1ng the de11p1dated apoproteins of each peak

by PAGE ( see F1gure 19 ), and counting zones 1 and 4, correspond1ng

x

to apoB and apoC respect1ve1y

<
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The apoB to apoC ratios determined by PAGE an& }mmunoelectrophoreSis”hren

very similar, Furthermore, as determined'immunolog;cq11y, significant

amounts of apoB were remoygd from the front portion of tﬂ;“ﬁain peak ( Il1a )
during the heart.perfusion. Some of it redistributed to the trailing. ‘
portion of the same héak, but most of it was recovered 1in peak I. On

N

a weight -basis, almost twice as mch apoC as apoB was removed from.
u

fraction IIla. While 13% was regcovered in the trailing portion of the

main fraction, most of it ( 52% ) was found in peak IV. )
The separation of the perfusaté lipoproteins by agarose -gel filtra-

tion %ndicates that catabolism of human VLDL by the perfused\rat heart

gives rise to LDL-Tike lipoproteins in apoprotein composition as weld

as size ( see Figures 17 ;ﬁd 18 ). Furthermpr R the production of a

lipoprotein coﬁtaininé aTmost exclusively apoC was demonstrated. 'The

small amount o% apoB found in this peak appearkd to Se a contamihation

from the trailing portion of the méin peak, 55'U£>separation of the ~ N

nEWb peaks was not complete. At the same time it should be fgmempered

, that when perfusaté 1ipoprote{ns were 1so]afe¢ by u]traceﬁtrifugatioi, t.

a method#;hjéh separates 1ipoproteinsqon the_basis of the amount and

kind of 1ipid they contain, an LDL-1ike lipoprotein in 1ép%d composition

was found. Similarily, the HDL density range of the psrfusata had a

1ipid composition typical of serum HDL ( see Figure 15 ).

D. HEPATIC 'UPTAKE OF THE TRIGLYCERIDE-RICH LIPOPROTEIN REMNANTS

Preliminary data were obtained on the hepatic uptake of human and
- 1

rat TG-rich Tipoprotein remnants prepared by perfusing them through rat

Rearts. Remnants were prepared from rat thoracic duct chylomicrons arfd
. %

»
\ . \




rat and human‘serum chylomicrons and-VLDL, as described in the previous

section;: Chylomicron rempants, 1soiated from the ‘heart perfusate at T
© d < 1.006 g/ml, were added direct]y’{h;q the 1liver perfusate. Very'1ow
density'ﬁipoprote;n rehnants, isolated at d < 1.019 g/ml were:pialyzed
Jto d ==1\006\g/m1 prior to Aiver perfusion.In three experiments the d =
1.019 - 1.063 g/ml fract1on produced from human VLDL was also d1a1yzed
po d= 14006 g/ml and the1r uptake by the perfused liver was‘stud1ed
" Control exper1ments cons1sted of perfusing the TG-r1ch Tipoproteins of-
rat and human origin thréqur%he heart apparatug, in the absence of hearts,
- dnd subsequent]y 9& perfus1ng them through the Tiver. The resu]ts are
presented in Figure 1d The rapid uptage of %at serum chylomicron remnants
was s1m11ar to that/bbserved with rat thoracic duct chy10m1cron remnants 4
and reported previogusly ( 9 ). The action of LPL was necessary, as the
intact particles are not taken up to aﬂsignif%cant deggee. Rat serum
’VLDL remnanﬁs were also rapidly removed by the’perfuaed !1ver, although
not to the same extent as the rat chylomicron remnants. 'Interestingly,
a significant portion .of fntact rat VLDL was:also removed ( over 20% V.

In d%rect contrast, %uman TG-rich 1ipoprotein remnants'were remeved
from the perfueate.ih significantly smaller amounts.,*Uthke the rat,

& .

. no.difference‘in the rate of uptake between the human chy]omipron ahd

VLDL remnants was observed. In fact, the degree of uptake of human TG-
rich 11poprote1n remnants . appeared to be similar to that of the intact
rat TG-rich lipoproteins. These data suggest ‘that some species-specifi-

city in the hepatic uptake of 1ipppro§eins may be operating in the rat.

«C

.
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FIGURE 19

~.

UPTAKE OF THE—HUMAN AND RAT INTACT AND REMNANT

N

TRIGLYCERIDE-RICH LIPOPROTEINS BY THE RERFUSED RAT. LIVER

% UPTAKE

; RTCM  RSCM Rat HSCM Human d=1019-

VLDL ~ ViDL lOéBgﬁM'
2 2 4 2 4 ‘33
Legend: R - remnant Tlipoproteins ( prepared by heart perfusion’)
I'- intact lipoproteins ( circulated in the heart perfusion™
apparatuz in the absence of hearts )
RTCM - rat thoracic duct chylomicrons ( Sf > 400 )
“ RSCM - rat serum chylomicrons ( S¢ > 400 )
HSCM - human serum chylomicrons ( S¢ > 400 )
* .

lipoproteins of d = 1.019 - 1.063 g/ml produced during the
catabolism of human VLDL by the perfused heart

The hepatic uptake of intact triglyceride-rich lipoproteins and their
remnants, prepared by heart perfusion, was measured in terms of the
disappearance of !25I-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 experiments performed for each, intact and remnant lipoproteins. The
bars represent the mean of two experinents, or the mean +S.E. when 3 or 4
experiments were pooled. Each experiment was carried out with a different
pool of Tipoproteins. “The-intact lipoproteins and their 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 Tﬁpoprbteins has produced a number of interesting
observations. The heart is a source of immobilized LPL which has similar
kinefic characteristics to the heparin solubilized heart LPL ( 22 ). &
However, Fhe beating heart is a more physiological greparation si;ce some |
of the catabolic products are taken up by the ”ue.

Preliminary experiments reported here aemonstrafé the capacity of |

thé rat heart LPL to hydrolyze chy1oﬁicron 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 rat LPL has a lower affinity for the human

chy1omicfbns. There may be a number of reasons for this, but since little

 is known about the precise nature of the LPL-substrate interaction, it

is difficult to speculate on them. ferences in the accessibility of

thé substrate or subtle differencesdin the activator protein ( apqt—II )

may be responsible. The organization and composition of thg surface

coﬁponents may not only affect the accessibility of the substrate ( TG ),

but’also determine the number of-®he enzyme molecules ( LPL )} the particle

caﬁlget attached to at any one time ( 238“7:' k / \ -
Under identical perfusion conditions, at saturating levels the rat;

heart is consistently able to hydrolyze more TG in chylomicrons than in

VLDL. Since in both cases 1ittfe\hydro]ysis occurs after 90 minutes of

-
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~perfusion in spite of a fresh supply of the enzyme, the limitation must

be a property of the remnant particle itself. The sensitivity of the
LPL to the Tipid composition of the substrate has been reported ( 305 ).
A cholesterol to TG ratio of 1:10 in artificial substrates completely

inhibited the LPL. A similar ratio of these lipids is reached relatively

sooner dyring the hydrolysis of TG in VLDL than in chylomicrons, resulting _

in an earlier inhibition of VLDL hydrolysis. l N

In general, there appears to be Tittle difference in the extent of
removal of TG between human and rat VLDL. The relatively constant amount
of TG removed from rat VLDL over a wide range of perfusatg concentratidns
suggests that the enzyme system is close to saturation at the lowest
concentrations used in these experiments. This would be predicted from
the reported kinetic characteristics of the heart LPL ( 22 ). A]though
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 e hydro]ysiseof human and
rat VLDL differ.
=~  The action of LPL on human and rat VLDL ‘produced ; number of‘physica1\
and chemical changes in the particle. Follewing the heart pérfugion
Phere was a noticeable decrease in the proportions of all of the Tipids
of the VLDL remnant, with the possible exception of the cholesteryl
esters. Substantial removal of TG, a core component of VLDL, resulted
in ; shift in the distribution of the particles towards the lower end
of the same general size range. The average decrease in the volume of
the particle, ¢alculated fr;m the average diameters, corresponded closely

to that in the TG content, which was determined chemically ( see Table

IIT ). Similar changes in the size and lipid composition of rat V??S;/,..
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remnants prepared in vitro by incubation of VLDL with post-heparin ﬁlasma .
or in supradiéphragmatic rats were reported ( 243,105 ).
*The removal of TG from VLDL was not evenly distriputed between éach
.particle. Electron microscopy revealed the preéence of VLDL particles -
at various stages of delipidation, ranging“from apparently intact ones
to comp]éte]y co]]apsed: disc-shaped ghosts with excessive surface material —-
surrounding the empty, relatively hydrophilic interior. Rat VLDL remnants
in particular were consistently surrounded by a membrane-like material,
a feature never observed with “intact particles. The appearance of exces-
sive surface coat was not reported in VLDL remnants formed in the pfzsence
oft plasmd. The possibility thus existsothat the remnants formed in the
present experiments are incomplete, requiring a second step, probably
involving the action of LCAT, an enzyme absent in the heart perfusion
system. Indeed, the appearance of remnants produced by heért perfusion
is remarkably similar to the lipoproteins ( VLDL and LDL ) 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
modifying the 1ipoprotein surface coat to accomodate the continuous
\ 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-
1ial 11n1ng of thé arteries., A fusion of shch lamellar structures with
the endothelial §e11 membréngs during the attachment of the TG-rich 1ipo-
proteins to the LPL has‘Egen guggested as a mechanism for the transport
’of the 1ipolytic products ( MG and fatty acids ) to the surroundiﬁg

tissues ( 238 ).
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Hydrolysis of the TG-rich lipoproteins is associated with a loss of
.apoC, and thus a relative enrichment of apoB ( 9’105’240f243’255 ).
The present data show a significant correlation between the Joss of TG
and apoC from both human and rat VLDL during catabolism. The data
furthermore demonstrate that the apoC leaving the VLDL particle during theg
hydrolysis contain considerable amounts of 1ipid ( primarily phospholipid )
to remain in the HDL density range without the presence of a postulated
obligatory acceptor ( serum HDL ) ( 103,306 ). Negligible recovery of
apoprotein in the d > 1.21 g/ml fraction of the perfusate, the large
recovery of phospholipid containing apoC in the d = 1.063 - 1.21 g/ml
fraction, and the isolation 9f a lipoprotein species containing-almost
exclusively apoC by column chroﬁatography, all provide strong evidence~
of LpC formation during VLDL catabolism. Such observations are cohsistenf
with the postulated existence of discrete primary lipoprotein families
( 115 ), described in Chapter I, and reprasent the first demonstration
of primary lipoprotein production during lipoprotein me¢abo1i§m.

Although a recent report has also shown a correlation between the
]oss of apoC and the degree of VLDL TG hydrolysis ( 306 ), these inves-
tTga}ors 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 devoid of lipid. A closer examination of their experimental
design exp1ains.this apparently contradictory finding. The VLDL used
in their experiments was labelled in the apoC moiety by absorption of
purified, delipidated exogenous apoC, which during the process of isola-
tion ( in 6 M urea“) was considerably denatured. While delipidated apoC
or even fragments thereof can activate LPL ( 307 ), it is not surprising

that after the detachment from the yLDL 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 coﬁposition of human VLDL remnants, properties that have not been
defined to date. Thus while the transformation of large human VLDL into
smaller ones hgs been suggested on the basis of in vivo kinetic studies
( 13,244,246 ), the compositional 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 composition of VLDL particles
of decreasing size, or. reduced electrophoretic mobility ( slow pre-g
mobility ), isolated directly from the serum ( 243,245 ). In %hgéé
studies however, small VLDL partic]es\secréfsa directly by the liver
cou1dﬁnot be distinguished from the remnants. The present data provide
evidence of the in vitro transformation of larger VLDL particles into
smaller ones of defined chemical composition, similar to that of rat VLDL
remnants produced in the present expgriments or reported by otﬁers ( 105,

240 ).

The present studies have furthermore confirmed the in vivo kinetic
studies, iﬁdicating that degradation of rat.VLDL results in only minimal
production of LDL ( 14,117,255 ), in confrast with human VLDL, a Tlarge
part of which is transformed into LDL ( 10-13,156,253 ). At low levels
of rat VIDL in the heart ﬁérfusate (¢ cdjresponding to the normal rat
serum coﬁcentrations 3,'very little LDL ( d =-1.019 - 1.063’g/m11) is
formed, most o? the lipoprotein being taken up by the heart or remaining
in the VLDL ra;ge (d<1.019 g/m1"). This correlates well with the Tow
concentrations of LDL found in the rat. In contrast, a constant proportion
of the catabé]ﬁzed human VLDL in the heart perfusate 7Js consistent]y\

4

found in this density range.
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The‘finding of progressively more delipidated remnants throughout
the Tipoprotein density spectrum of the perfusate demonstrates the dis-
advantages of the ultracentrifugal isolation of ]ipoproteins, a technique
that is convenient but may be dangerous when used to define distinct 1ipo-
protein species. Thus despite the fact that fhe LDL and HDL density range
lipoproteins isolated from the human perfusate had a very similar .
lipid composition.to serum LDL and HDL re\pective1y, their apoprotein com-
position was quite different. The LDL ﬁrac:;::>of the perfusate contained
larger than normal amounts of non-apoB ap96\ ins and the HDL fraction
contained significant amounts of apoB-Tike material. These observations
suggest the presence {ﬁ each of these fractions of a mixture of lipoprotein
species of similar hydrated densities. Indeed, 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 Concanava]ipe A column,
over 20% of the material was not absorbed, corresponding to a Tipoprotein
lacking apoB ( 304 /). Over 75%)of this material was apoC. Th& aggregated
material in peak. I obtained by agarose gel filtration contained almost
exclusively apoB. Numerous LDL:sized particles were observed with a few\-
VLDL-1ike particles also present, probably accounting for the minimal
non-apoB apoprotein found. Furthermore, the preseﬁce of partiaily delipi-
dated smaller VLDL remnants was reflectéd 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 trai]ing portion &f this peak. Finally, an
apoC-rith fraction ( LpC ) was also isolated, eluting well before the bed
volume of the column, indicating § large molecular weight complex.

Although the major objective of the present work was to characterize

the producté of VLDL catabolism, the finding that the VLDL apoproteins

are removed from the perfusate by the perfused heart is of interest.

P~ \
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While the present data do not completely rule out the possibility that some
VLDL is trapped in the vascular system of the heart, this possibility seems

uniikely, as lipolytic activity was foqu to be~necg§sarynfor uptake to

occur. The differences between the uptake of the ﬁuman and rat VLDL apo-

proteins ( cf. Figure 11 and Figure 12 )5 provides further evidence that

the uptake is not due to trappin%.L Trapping should be equally effective
for human\and rat lipoproteins. )
As pointed out earlier, at low rat VLDL perfusate concentrations, only
neg]igib]e\amounts of LDL denéity material was produced, while a large
portion of the catabolized materiai was recovered in the heart. Increasing
concentrations of rat VLDL in the perfusaté ;esulted in an increased
proportion of the catabolized VLDL recovered in the LDL density range,
while the proportion taken up by the heart rapidly decreased. Such a
relationship ( see Figure 11 ), would suggest the presence of an easily
saturated high affinity receptor for the rat VLDL catabolic products.
In view of the 'similar and incomplete uptake of both human and rat !25]-
labelled serum LDL at Tow 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/ml, without prior degradation to an
LDL density range product: These products however, accumulate at higher
rak VLDL concentrations when the receptors are presumably saturated. ¥t
is not known 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

cells from the rat could not detect a significant species-specificity,

but rather suggested a limited capacity to take up any rat lipoproteins.
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While it is genéra11y bef%eved that the rat VLDL, after remova{ of
much of their TG-content by the peripheral tissues are rapidly cleared
from the circulation by the Tiver ( 308 ), the present data provide a
first indication that the peripheral tissues in the rat may play an
iﬁportant role in the clearance of the VLDL remnant as well, much in
the way the product of human VLDL catabolism, LDL, is thought to be g
cleared ( 261 ). The relative contribution of each of these tissues is
impossible to establish from the present data, as the relative degree of
VLbL delipidation necessary for the uptake by either of these.tis§;és
was not investigated. Nevertheless, the ability of the rat peripheral
tissues to remove VLDL remnants may provide an additional mechanism to
explain the Tow Tlevels of LDL in this species. A recent report ( 309 )
may provide/fﬁrther support for this hypothesis. In addition to signif§-
cant losses of Tipids, VLDL in supradiaphragmatic rats lost over 50%
of their protein content within 30 minutes. During the same time only
a small increment in HDL proteins was noted, leaving a great proportion
of the protein lost from VLDL unaccounted for, strongly suggesting uptake
by the peripheral tissues.

The proportion of the human VLDL apoproteins taken up by the heart
and that recovered in the LDL range of the perfusate appears to be
independent .of the VLDL concentration in the perfusate, suggesting a ‘

; ﬁon—specific andi at least in the conéentration range investidated, not
saturable mechanism of uptake ( see Figure 12 ). Thi; observation and the fact
that LDL-Tike material is formed from human VLDL even at the lowest VLDL
concentrationsLinvestigated, highlight the difference in human and rat

VLDL catabolism by the pérfused rat heart.

Studies on the hepatic uptake of the TG-rich, Tipoprotein remnants '
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confirmed the rapid uptake\of the rat thordcic duct and serum chy]omicrbn
remnants. E;der similar céhditions, significant amounts of rat VLDL
remnants were also removed. The slower rate of rat VLDL remnant removal
is probably a reflection of the in vivo situation, where the rate of the
chylomicron clearance exceeds that of the VLDL removal from‘éhe circula-
tion ( 16,17,96’). .

The ability of/fH; per#g;;% rat liver to take up human TG-rich
11poprofe1n remnants appears to‘be~1im1ted. Human chylomicron and VLDL

’—;émnants, as well as the fraction of d = 1.019.- 1.063 g/ml, produced

during-the catabolism of human VLDL, are taken up only to a limited extent.

Interestingly, the degree of uptake was similar to that of intact TG-rich
lTipoproteins of the rat, suggesEing that the Timited uptake of the huéén
lipoprotein remnants may involve a non-specific mechanism, proposed for
the intact rat TG-rich lipoproteins ( 251 ). In view of the even more
restricted uptake of the 1ntac£ human TG-rich lipoproteins, it appears
more feasible that the intact rat and the remnant human.1ipoproteins may
exhibit some partial characteristics necessary for a specific uptake,
thus augmenting the already operative non-specific uptake. The intact
human TG-rich lipoproteins are probably taken up only by the non-specific

. l .
uptake. These conclusions are of qourse speculative, and much more work

1s needed in this area: ¢

\

»

The observed species preference for the hepatic uptake is surprising
since studies for lipoprotein degradation by a variety of cultured cells
have failed to detect any significant species-specificity. The data
obtained in these experiments suggest the presence of receptors of some
specificity for the rat TG—éich 1ibpprotein remnants however. —

In summary, ¢it was initially attempted to extend the‘two-stage,

P

v
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heart and liver perfusion model of chylomicron cata?o]ism {9) tq the
study of rat and human serum VLDL catabolism. As the presented data/zéi_
indicate, the catabolism of VLDL is more complex than that of chylomicrons.
Rat VLDL at Tow concéntrati;ns are catabolized to remnants significantly
depleted of 1ipid§ and apoC, and are rapidly removed by the liver or

by the extrahepatic tissues, such as the heart. On the other hand, human
VLDL catabolism results in a consistent p;oduction of LDL-Tike material,

In the process of VLDL catabolism, apoC leaves the particle as a protein-
1ipid complex, LpC, which can exist in the deng%ty range usually associated
with serum HDL, without the presence of an adceptor.

Some questions may be raised as to the va11q1ty of using the rat to‘
stud¥ the fate of human remnants and their higher density catabolic
products. C1e§f1y, any species-§pec1f1c1ty on the part of the rat tissues
may preclude a meaningful study of the fate of the human VLDL apoproteins
in the rat. Undoubtedly however, the model is extremely useful in
delineating Ehe delipidation steps of VLDL and the pro&uction of higher
dengity products. )

The present study, which largely restricted itself to the investigation

. of the action of LPL, contributed significantly to and complemented, the

overall picture of VLDL catabolism obtained from in vivo studies in the

human and rat. The perfusion system employed j§ part{cu1ar1y suitable

- for further investigation of'some of the questions left unanswered. An’
obviogs extension of the present $tudy should be the investigation of
the effects of additional serum gomponents on VLDL catabolism. These
could be added to the perfusate in a/stepwise fashion, possibly enab]ing~
a distinction between the action of each. The addition of LCAT would be

@

the next 1ogicq1 step. .Because direct action of LCAT on VLDL remnants

é’
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L
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&

appears to be unlikely, HDL should also be added, which would provide

the activator protein ( apoAiI ) as well as cholesterol,&either directly

or through itSjﬁgteraction with the tissues. Also, a more detailed study ,7

\

into the nature of the uptake of lipoproteins by the perfused heart

and IjVer may greatly increase our understandiné of lipoprotein metabolism

and diseases related to it.

€8

-,

a
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. . SUMMARY

The rat heart LPL can hydrolyze TG in-both rat and humap serum
chy]omicron; but appears to have a greater gffinity Yor the former.

In theﬁrange of the initial perfusate Té concentrations invegtig?ted,
the rat heart was ab]é to remove more TG froh chylomicrons than VLDL
of either species. Little hydrolysis of T6 occurred after 90 minutes
;of perfusion iﬁ&igite 6f a fresh S?UYCﬁ of enzyme,vindicating an alte-
ration of the lipoprotein particle inhibiting furtherlenzyme action.
Tr1glycer1de was removed from the VLDL to a greater extent than the
prote1n moiety, 1eaV1ng remnants conta1n1ng relatively more apoB and

\

less apoC. The extent of TG remova] from rat or human VLDL was simi-

1araand appeared to saturate the hea}t LPL. The remnants were slightly

smaller in size than the VLDL and included partialiy é@ptied'paniiclés.

The proportions of all 1ipids, with the exception of cholesteryl es-

ters, decreased in the VLDL remnants.

!

N

. - The loss of TG correlated with the change of the apoC content of the \\,\

remngnts. Tﬁe apoC 1pst froﬁ the VLDL‘jn lhe courée of'the hydroly~
Sis was mostly recovered in the d =" 1.063 - 1.21 g/ml fraction of the
perfdsate, suggesting the formation of LpC. This fraction resemb]ed
serum HDL in its lipid compos1t1on, phospholipid being the dom1nant
lipid.

In addit1on to remnants of 'd < 1.019 g/ml, iodinated lipoproteins of
d=1. 019 - 1.063 g/ml were also produced during VLDL degradation,

‘ containing largely cholesterol and cholesteryl e;ter. However, very
little of this material was produced from Tow ( phys{ogogicaI Y conr

centrations of rat VLDL, most of the lipoproteins beiné removed by

- the heart. At high rat VLDL concentrations material of this density

.3

7\
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accumulated and the proportion taken up by the heart rapidly decreased
suggesting a specific and saturab]e mechanism of uptake-by the heart
tissugs. ‘7b '

Liéopr;teins of d = 1.019 - 1.063‘§/m1 were formed from human VLDL at

all concentrations. Human apoproteins were also taken up by the heart,

-
‘but the proportion recovered in the,heart and in the LDL density range

-,

was\consfant at all VLDL concentrations, suggesting a non-specific,

and in the concentration range investigated, not saturable mechanism

L

s - -

of uptake.

Agarose’' gel filtratjon.of Tipoproteins following heart perfusion with

G r
human VLDL reyealed large aggregates containing particles which resemble
Y ' |
“ . (; i v
LOL in size and apoprotein composition, since they contained largely

apoB. A %raction containing predominantly apoC.was-dTso obtained by

agarose gel filtration of the perfusate 11poprote1ns

The “hepatic uptake of the TG-rich 11poprote1n remnants, produced by
heart perfus1on, was s1gn1f1cant1y greater than that of the intact
Tipoproteins. Furthermore, the uptake of the rat TG-rich lipoprotein
remnants by the perfused rat liver w§s significantly greater than that
of the human Tipoprotein remnants. These data suggest some species
spec1f1c1ty of the uptake of the rat 1ipoprotein remnants by the rat

11ver.

8

.~ The-presented data suggest that at nowmal concehtrations, rat VLDL are

. . i

.compTetely‘catabolized by “the heart and the liver without significant

. formétion of LDL. Low density lipoproteins are produced from human

VLDL at all concentrations. These‘observations may account for the

.. large differences,in the observed serum LDL levels between the two

species.
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CONTREBUTION TO KNOWLEDGE

The author cdhsiqers all of the findings outlined in the Summary

!

as original contributions to the understanding of lipoprotein metabo-
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