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"Progress ls a wonderful thing of course. aQd l can ap
preciate the lactiferins that are sprinkled on the pasture to 
turn the grass to cheese. And yet this lack of cows. however 
rational it may bé. gives one the f~eling that the fie1ds and 
meadows, depr1ved of the1r phlegmatic, bemusedly ruminating 
"presence, are p1tifully empty." 
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Stanislaw Lem , 

UThe Futurological Congress" 
translated from the Polish by 

Mi chae 1 Kande l 
Seabury Press, 1974, New York . 
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ABSTRACT 

~ 

The nature of nascent li poprotei ns secreted by hepatocytes from eu-

thyroid, hypothyroid and hypothyroid, chOlesterol fed (hyper-
! \ • 

cholesterolemie) rats was investigated uStng suspensions of' hepatocytes 

incubated in a 1 i pid - deficient medi ume Ttle effects of di et and hormonal 
\' 

status 9fI hepatic lipoprotein secretion was investigated to determin'è the 

contribution of the secretory, p'roducts to thè serum pool of abnormal 1 i po-
, : ... 

proteins in hypothyreid or hypercholestero1emi c rats. The total 1 i pid, apo-B 

and E secreted by hypercholesterolemic hepatocytés was markedly elevated. 

Triglyceride and phospholipid secretion were slightly i,ncreased by hypo

thyr!lid rat hepatocytes whereas, apo-B, E and AI secret lon rates were 

unaffected. Gel 'filtration of the nascent lipoproteins demonstrated that 
• 

comparéd to normal, proporti onately more apo-B and E from hyper

cholesterolemie hepatocytes and apo-E from hypothyroid hepatocytes were 

secreted in association with 1arger lipoproteins. Hypercholesterol~mic hepato-
, . 

cytes secreted abnormal cholesterol - rlch particles, a signiflcant pro-
1 

portion of which were discoida1. Hypothyroid hepatocytes ,secreted spherical 

lipoproteins having normal nascent lipoprote,~n lipid composition. These data 

are' consistent with the hy,pothesis that in hypothyroidism the accumulation of 

beta-migratlng lipoproteins results from impaired removal of lipo~rotein cata

bolïtes from the serum, whereas in hypothyroid, cholesterol - fed rats, this 

defect woul d on1y serve ta exacerbate the accumulation of the abnormal li po

proteins di rectly secrete~ by the l iver. 

., 

--- ._-~--------- - - - ___ ... ____ '_'": ___ ,; -:-____ ,_1 

1 
1 
1 
1 

J 

1 
! 
1 

) 

J 



___ ~_ ... _______ ._t l_d,'-__ XMéc""-iol.i'l_,_: __ _ 
__ ................ _c~, _.j_JbJ .... lIt.~~ , .... " __ ~ __ -'"" ..... 

o 

.,;: " r 

ii 

" , ";' 
RESUME , " 

, > • 

.é" Ndus avons etudié la' na'ture d~s, lipoprotéines naissantes ~écrétées' par 

les hépatocytes de' rats euthyroidiens" hypothyroi&iens et hy'pothyroid1ens 
• _ u, 'r • 

nourrit au cholestéro'l (hypercho'lestérolémique), el') utilisant des.,hépatocytes 
., ' 

isolées et incubées en suspension dans "un milieu déficient .en lipides,. Les 
~ ~ ': 

effets de la diète et de l'état hormonal su'r "la, 'synth~se. et 14 sécretion 

hépatique des lipoprotéines ont été evalués p~ur determinér jusqu'à quel point 

les produits sécrétés peuv~.,.t çontr'ibuer aux' niveaux ,d'es' lip9pro~éir:tes 
, . , 

abnormales qui existent dans le serum chez les rats hypothyroidien~ ~u nyper

cholestérolémiques. La sécrétion de lipide, apo-B et~E par les hépatocytes de 

rj:lts hypercho 1 estérolémique était trés él evée. La sécrét i on de tr~glycéride's 

et de phosphol ipides par les hépatocytes de rats hypothyroidiens était 

l égêrement él ev~e ma i s la sécrét i on des apo-B, E et AI n' ~ta i t p'as affectée. 

La séparation des 11 poprotéi nes naissantes par f~ lt:a~ 101 sur gel" a. demoRtré 

qu'une plus grande proportion des apo-B et E,secretee{'par les hepatocytes 

hypercholestérolémique et de l'apo-E sécrétée par l.es hépatocytes, hy'po .... 

thyroidi ens était aS,sociées aux pl us grosses 1 i poprotei nes comparées aux 

hépatocytes normal es. Les hépatocytes de rats hyperchol estérolémiq~e 
\ . 

sécrétaient (:les partiçules abnormales, riches en cholestérol et un,e proportion 

significati~e des particules étaient des disques lamella~res. Les hépatocy~es 

hypothyroidiens sécrétaient des lipoprotéines s~hériques ayant une com-

position 1ipidémique normale. Ces observations appuient llhypothèse 'qui 
) 

suggére que lfaccumulation des lipoprot~ines abnormales chez les rats hypo

thyroidiens résulte d'un enlè~e~t du sang 'diminuée pour les catabolites de 

lipoprotéines du serum, une condition qU,i pourrait augmentée l' hyper

cholestero1émie associée avec le cholestérol alimentaire qui-cause la synthèse'

et la sécrétion de lipoprotéines abnormales. 
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PREFACE 

In '1954; the recognition that the vari ous 1 i poprotein species could' be 

i solated' and separated from other serum components by ultracentrifugal . 

flotation gave im~~tus to research on lipoprotein metabolism. Many aspects of 
· ... ;t 

lipoprotein metabolism have subsequently received~ide attention and a 
~. '. 

burgeoning amount of information is now available on the compositi~n, 

apolipoprotein content, structure and intravascular catabol~sm of the various 
, 

lipoprotein species. However, research on the mechanisms of lipoprotein bio-

synthesis has progressed ,slowly in comparhon. There are several reasons for 

this. Firstly, the function of lipoproteins as,intravascular lipid -
o 

transport'vehicles, requires that they be transformed and catabolized once 
, 

they are\released fram their sites ?f synthesis. Therefore, the in vivo 

; solation \and resôlution of nasceht li poprotein" species from partially 

met abo 11 z e~ pa rt 'k 1 es i.s p r~c 1 uded. Se c~nd 1.y, the p /lOcesses and regu lat i on of 

lipoprotein \iOSynthesis are more complicated than that of other secretory 

p'roteins i'n th~t lipoproteins are macromolecular complexes containing various 
\ 

li pids, protein~ and ,carbohydrate. 
1 

1 

The secret ion' ofi la rge l i pi d complexes by most tissues wou l d r,equi re 

that such particles p~ss through the cell membranes of endothelial cells 
1 
1 

which line the capill~ries.,This problem )s circum~ented in ~he intestine and 
\ 

l iver by drrect secret\ion into, the lymphatic system and into the space of 

Disse, respectively. uhfortunatelY, e~en the lipoproteins secreted by the 

isolated perfused qrga~s show evidence of post - secretory modification in 

the lymph and space of \Oisse. Serum lipoproteins or enzymes that may be 
, 

present or physically calized within these campartments' in the intact organ 

may account for such ob erJations. 

As a result of thi , several researchers attempted to use the relatively 

novel system of is~late hepatocyte suspensions to investigate nascent 
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hepatic 1ipoprotein secretion. Wh en 1 began my studies in Dr. Rubinstein's ' 

1aboratory, three report~ had appeared in the literature"demonstrating lipo-

Jprotein secretion by isolated hepatocytes. On1y one of. the 1aborator1~S had 

successful1y maintained the cells in suspension for 24 hours and the 

preliminary data 1ndica~ed that the nascent VlDl'was indé~d different fram 

that secreted by isolate~ p rfused livers. 
~ 

Dr~ Rubinstein ma1ntaine a keen interest in isolated hepatocytes as an 

exper1mental model, especially in view of the information it cou1d provide, 

as nascent 1ipoprotein secretion in this system \ad not,_ as yet, ,peen 

extensive1y i,nvestigated. This mo el afforded the,\dvantages of long term 

studies as wel1 as the potential of examining lipo otein secretion under a 

variety of well - defined extracel1ular condition~. he nature of experiments 

conducted using the isolated ~epatocyte model Syst~ t investi,gate hepatic 
\ 

lipoprotein synthesis and secretion are the 'subject of 'his thesis. 
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ACAT: 

apo: 

"'aPO-Bh: 

apo-B1 : 

BSA: 

j3-VLDL: 

CE: 

c. p.m.": 

d: 

DTNB: 

EDTA: 

ER: -

Fe: 

FFA: 

GLC: 

HDL: 

HO~c: 

HMG-CoA: 

!DL: 

LeAT: 

LDH: 

LDL: 

Lp: 

lPL: 
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AaBREVIATIONS AND CONVEkTIONS,USED . , 

acyl-CoA~c!'lo restera l-O~acyl transferase 

ap,o 1 ipoprotei n 

apolipoprotein B of higher molecular weight 

apolipoprotein 8 of lower molecular weight 

; bovi ne serum al bumi n 

a~migrat1ng very low density lipoprotein 

cholesteryl ester 

counts per minute 

density 

5,S'-dithionitrobenzoic acid 

ethylenediaminetetraacetic acid 

[0 endoplasmic reticulum 

free or unesterified cholesterol 

free fatty .acids 

gas liquid chromatography 

~ high denslty 1 ipoproteln 
es" 

cholesterol-induced lipoprotein 

beta-hydro~-beta-methylglutaryl-Co~ 

intermediate density l1poprotein 

lecithin:cholesterol acyltransferase 

lactate,dehydrogenase 

low density lipoprotein 

hypothetical 11poprote1n family characterized by a 

single apolipaprotein with associated lipid; 

e.g. Lp-E, containing only apo-E as protei~ 

lipoprote1n lipase 
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Mr : 

mRNA: 

PAGE: 

PL: 

PTU: 

r.p.m.: 

SCP: 

SOS: 

TCA: 

TG: 

TLC: 
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/ 

relative molecular weight 

messenger ribonucleic acid 

polyacry]amide gel electrophoresis 

phospho11pid 

propyl thiouracil .. 
revolutions per minute .' 
sterol carrier protein 

sodium dodecyl sulfate 

trichloroacetic acid 

triglyceride 

thin-l ayer èhromatography 

VHDL: very high d~nsity li poprotein 

VLDL: very low density lipoprotein 

In designating apol i poprotelns, they are referred to according to 

the Alaupovic nomenclature which assigns a capital letter to each peptide (or 

family of related peptides), for exampl e, apo-C. Numeral s followi ng the 

letters indicate the vàrious related peptides of a single family, for example, 

apo-CI, apo-èII and apo .. CIII. Subscri pts den ote the, number of sial i c acid 

res1dues attached to the oligosaccharide of a glycoprote"in- as in apo-CIII O and 

a o-CIII3 (which have identical amine acid sequences but di ffer in charge by 3 

sia lC acid residues). 

Occasional1y in the text lipids are referred to by their ab

brevi'ations (TG.' CE, etc.) for the sake of simplicity and ectsier reading • 

-----~ ..... ' -------"_ ....... _-'~_ .. _------'-~- -~~-,- ----_._ ... ~--\-------_ ... -. 
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INTRODUCTION 
.;.' 

A) Serum Lipoproteins 

1) Definition and 

Serum ljpoproteins are discrete macromolecular complexes of lip;d, 
, 

prote;n and traces of carbohydrate which are classically isolated from plasma 

by ultracentrifugal flotation at increrSing solution densities. Lipoproteins 

function as transport vehicles in plasma for the water - insoluble l1pids 

from their sites of absorption and synthesis to the various tissues in which 

they are stored or metabolized. The four major lipoprotein classes isolated 

by ultracentrifugal flot~tion (114,000g) at serum densities less/than 1.21 

g.mL-l are dhylomicrons, very low density lipoprotêins (VLDL)~ low density 

lipoproteins'.(LDL) and high density lipoproteins (HDL). The fracttonation of> 

these serum lipoproteins is based on the density ranges corresponding to 

intervals between peaks in the flotation profiles observed during analytical 

ultracentrifugation (Fig.l) (1). Within any given class of lipoprotein, the 

particles are 'not of identical size, hYdraJed density or protein com

position, as can be inferred from Fig.l. This heterogeneity is a reflection. 

of the nature of the relatively loose association between lipid and ,protein, 

i.e. the individual components are not present in strict stoichiometri~ 

ratios (2). The lipoprotein classes are chemically, metabolically and 

functionally interrelated and should be regarded as a dynamic concatenation 

o( part}cles. It is becoming clear that the protein component (apolipo-

proteins) not only stabilizes the lipoprotein complex but plays an essential 

role in the metabolism of the associated lipids. The apo11poproteins together 

with these polar 1 i pids form a surface "coatlt around the neutral li pid core 

of the lipoprotein. 

A h t · t t' f th . th ., l d' l' sc ema lC represen a 100 0 e maJor pa ways lnvo ve 'ln l po-
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FIGURE 1· 

,/ 

CORRESPONDANCE BETWEEN DENSITY, FLOTATION RATE AND ELECTROPHORETIC MOBILITY 

OF HUMAN LIPOPROTEIN CLASSES 

Profiles ara shown for lipoproteins 1s01ated from fasted human serum and 
., , 

1 

separated in the analyt-ical ultracentr1fuge. Upper panel shows theopeaks of 
" ) 

~1poprotein concentration as a function of Sf or F1.20 (flotation rates in 

solution densit-ies of 1.063 or 1.21 g.ml~l respectinV~lY). The Schlieren 

patterns are inverted for simplicity. lower panel shows the.electrophoretic 
. ( 

mobility of the.J1poprotein ~~actions correspo~ding tp ea~h of the màln peaks 

obîained during ultracentrifugation. - , 
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protein metabolism is depicted in Fig.2. The absorption of dietary lipid by 

the intestine gives rise to the biosynthes1s of tr1g1yceride - r'ieh chylo

microns which are not seert in fasted plasma. A smaller .trig(yceride - rich 

YLOL is also biosynthes1zed. however, the l1ver is the primary.source of 

YLOL. Hepatic VLOl is distinguishable from the intestinal particle by virtue 

if its apolrpoprotein composftion (flg.3) anp is ~ssembled fromtrecycled or 

endogenously synthesized triglyce~ide and cholesterol. Low density lipo

proteins are triglyceride - d~pleted catabolites ofjYlDL. ijigh d~nsity l~po

prote'ins are synthesized in the liver (and to an extent by the intestine) but 

'also arise from the catabolism of the triglyceride - rich lipoproteins. 

Lipoproteins within each c,lass'are heterogeneous, varying continuously 

in size and composition. However, in general, with increasing density of 
1 

lipoproteins from chylomicrons (lowest hydrated density) to HOL, the size, 

molecular weight a!,d triglycerid'è content of the particles decrease, whereas 

the relative cholesterol. cholesteryl este~ and apolipoprotein content 

fncrease. The ~polipoproteins play integral roles in the degradation, trans

formation and uptake of the lipoproteins and their catabolites, byactivating 

specifie enzymes and/or serving as recognition sites for tissue receptors. 

Three major enzymes involved in the degradation and transformation of 
, . 

plasma lipoproteins are"lipoprotein lipase (LPL), lecithin choleste,rol acyl-

o transferase (LCAT) and hepatic lipase. The first of these, LPL, resides on 

the capil1ary endothelium of all tissues utilizing triglyceride (3r, and 
<' 

hydrolyzes this l'ipid' in chylomicrons and YLOL to produce fatty acids and 

2-monoglycerides. The liver is the primary source of the second enzyme, LeAT 
/ 

(4), whiéh is secreted into the plasma and is responsib~e for the conversion 

of surface phospholipid and cholesterol of HOL intq cholesteryl ester ~and 

lysolecithin (5). The relatively more hydrophobie cholesteryl ester mlgrates 
, 

to the core of the HD4 particle while the lysolecithin is largely bound by 

/ 
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\ 
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FIGURE 2 

CONCEPTUAk OVERVIEW OF LIPOPROTEIN METABOlISM 

Absorption of die.~ry l1p1ds occurs in the intestinal lumen. Lipoprotein 

assembly in the intestinal mucosa from dietary lipid and in the hepatocyte 

~~endOgenOUs lipid 1s carr1ed out. Transformation. catabolism and uptake 

'j of the secreted 1 ipoproteins occurs with1n or on the surface of cells 11n1ng 

1 the vascular compartment. Quest1pn marks ind1cate pathways-that have not been 

1 fi rm 1 y e stab 1 is he<! exp. rimenta lly • 
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FIGURE 3 

(r 

CONCEPTUAL OYERVIE~ ,OF APOLIeOPROTEIN METABOL SM . . 

The ind1vidual apolipoproieins are indicated by their desi . ated letter 
, ~. 

within specifie symbols. For simplicity, the v'a~ious related teins of the . 
LP-A and LP-C families have been considered as one (apo-A and apo-C) as the 

metabolic pathways for the indiv1dual peptides (i.e. apo-AI, AIl and AIV or , 

apo-CI, CIl and CIlI) have nat been adequately delineated ~xpk.1mentany. 

Open arrows ind1eates the secretion or der1vation of an intact lipoprote1n 

partiele. Thin lines indicate apolipoprotein transfer and/or exchange 
• (probably acçompanied by a small amount of lipid). Dotted lines ;ndicate that 

the pathways have not been finnly established' experimentally. Incompletely 

enclosed symbols 1ndieate only low amounts of the apolipoprotein are 

assoeiated wi,th the l ipoprotein partiele. 
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serum albumin (6). The third enzyme, hepatic lipase, resides on the surface 

of endQthelial cells of hepatic sinusoids and appears to be involved in 

regulating cholesterol and phospholipid concentration in lDl and HDl (7), 

hot@ver, 1t can a1so hydrolyze the triglyceride and phospholipid of chylo

microns (8). Receptor - mediated uptake of lipoprotein catabolites or 

NremnantsN 1s accomp1ished by the recognition of apolipoprotein B (apo~B) and 

1 or apo-E by specifie cellular receptors (9, lO). 

As shown in Fig.3, the entry of nascent, catabolical1y inert chylo

microns and VlDl into the plasma results in the rapid, non - enzymatic 

transfer from HOl of apo11poproteins C, and E. Lipolysis of these cata-
~ 

bolically activated part1cles results in the return of the apo-C and some--
~ 

apo-E to HOL. lipid - free apo11poproteins are probably secreted into the 

plasma and along with HDl serv~ as a pool of apolipoprotein'activators whieh 

regulate chylomicron and VLDl catabolism. 

2) Classification of Lipoproteins 

a) Density Clas-ses .. 
The n9l1lenclature of serum lipoproteins 1s still largely based 

on ultracentrifugal methods developed by delalla and Gofman in 1954 (1) based 

on the'analytical ultracentrifugal profiles obtained from fasted normal human 

sera. However, altered profiles in normal human serum can be observed after 

acute~carbohydratet fat or ethanol ingestion (11, 12), so that any one 

parttcular class of lipoprotein may not have the identical rangfte of hydrated 

densities observed in the fasted state. This apparent problem becomes more 

complex when attempting to isola~e defined classes of lipoproteln fram 

patients or animals 1n hyperlipe~ic or other abnonmal metaboi1c states. 

Despite these drawbacks. however, the preparative frac-

tionation of the màjor serum lipoprotein classes is achieved satisfactorily 

_ ...... ---~-_._--_. _. -,,--' ------_ ............ -- ~- - ~--- -~-~-~------------
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by ultracentr1fugal methods (13). Generally, the problems generated by 
• 

separating the lipoprote1ns based on a single physic~J property such as 

hydrated density, have been deaIt with by characterizing each of th~ n~rmal 

~perational classes w1th respect to thelr protein and lip1d content. 

1 

1 

1 

1 1; b) Electrophoretic mobility , 

Another system of classifi~at1on of llpopr~teins 1s based on 1 
their electrophoretic mObflity on supporting media such as paper·(14), 

agarose (15), cellulose acetate (16) or Geon - Pev1con (17). This technique 

1s generally employed as a rapid and visual means of identifying serum lipo-

protein species and 1s generally not suitable for preparative purposes. The 

electrophoretic mobilities of ultracentrifugally isolated normal human serum 

lipoproteins gives rise to the following nomenclature: chylomicrons (no 

migration), 8 (lDl), pre- S (VlDl) and Il -lipoproteins (HDL) \Fig.l). 

Abnormal metabolic states can give r1se to lipoproteins which 

isolate in ~ specifie density class but exhibit non - characteristirelectro

phoretic mobility (18). This indicates that an operational classification 

based on the relative mobilities of the lipoproteins offers no advantage to il 

~he d~nsity classification. 

c) ABC Nomenclature 
1 

Alaupovlc and his-coworkers proposed an alternative system of 

lipoprotein classification (19, 20). They initially recommended assigning the 

apolipoproteins capital letters so that the major apolipoprotein of the alpha . 
- migrating lipoprotein (HOl) was designated apo-A,'while that of the beta-

"-

migrating 11poprotei~ (LDL) was apo-B, and other apolipoproteins were 

assigned letters in ord~r of their discovery. The lipoproteins of normal 

human plasma were then def1ned in terms of the presence of a single, distinct 

, . 
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apolipoprotein mo1ety (which may be a singléî)eptide or ohe of the groups of 

" two or more related polypeptides) wh1ch resu1ted in the d1fferentiation of 

1ipoprotein "fami1ies" (20). Initially, three lipoprotein families were 

designated: 1ipoprotein family A (LP-A) characterfzed by the exclusive 

presence of apo11poprotein.A '(apO-A)j LP-B by apo-B and LP-C by apo-C. Two 

additional distinct 1ipoprotein families, LP-D (21) and LP-E (22, 23) have 

subsequently been included. It is proposed that these 1ipoprotein fami1ies 
. 

exist primarily as association complexes in the VLOL dens1ty range and mainly 

as discrete, free fonms in the HDL density range (20, 24). As the existence 

of a11 the lipoprotein partic1es in serum as defined by Alaupo~lc (20) have 

not been confinmed experimentally, this nomenclature system for lipoprotein 

classes has not gained wide acceptance (2, 13), although the a1phabetic 

nomenclature for the individua1 apo1ipoproteins is commonly used. 

In this thesis, the ultracentrifugal classification of 1ipo

proteins is used as this is~still the most wide1y accepted system. The reader 

is reminded that in the present work, 1ipoproteins fractionated by non -

conventiona1 means (i.e. gel filtration) are referred ta according to their 

density classifications. Al1 attempts have been made, however, to clearly and 

unambiguously define the lipoprotein species 50 that differences or 

simi1arities from the serum analogues are evident. 

3) The Lipoproteins of Nonna1 Human and Rat Sera 

a) Density cl asses' 

, , 

',' 

The lipoproteins of nonma1 human serum can be separated into 

density classes as shawn in Fig.l. The properties of the major classes of 

individual 1ipoprotelns are indicated in Table 1. The low and high density 
, 

lipoprote1ns have been further divided,into subè1asses. The LDL of d = 1.006 

- --- ~ ~-""-'-___ '_ •• '_IIiI""_"""'~" __ ''''''' ___ "-"'- __ "'. __ .. __ K .. -... ___ _ -- ..... - ...... ~_ ..... _-_. -----
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TABLE 1 

PROPERTIES OF-NORMAL HUMAN PL~srtA LIPOPROTEINSa 
", 

, CHVy>MICR?NS 

!VLDL: 
, 
'LDL1 '<IDL) 

tDL2 

HDLI 

HDL 2~ 

HDL3 

VHDL 

DENSITY RANGE FOR 
ISOL4TION (g/ml) 

1. Q06, 
\ 

- 1.006 

1. 006 - 1. 019 

1,019 - 1.063 

1.Q5* 

1.063 - 1.125 

1.125 - 1.210. 
~ 

1.210 - 1.250 

FLOT.~TIO~I ~ATE 
sfb • F1 . Z0 C 

~40D 

20-400 OR >20 -

12 - 2D 

o - 12 

0-2 
-

3.5 - 9 

~ - 3.5 

* v 

ELECT!{OPHORETIC 
MOBILITyd 

ORIGIN 

PRE-8 nR PRE-al 

a 

6 

IX 

IX 

IX 

-- - -------------------~ 

C· 

APPROXIMATE 
PARTICLE DIAMETER CÂ) 

>70G 

250 - 700 

220 - 240 

196 - 227 

70 - 120 

50 - 100 

ID 

-" L 
HOll refers to a minor component in the highest density region 'of the LOl. \ 

a Adapted fram ref. 2 ,-
b Sf = flotation~ate of lipoproteins in a solution density of 1.063 g.~l-l. 
c Fl:20 = flotation rate of lipoproteins in a solution of densi~y 1.21 g.ml-1• 
d Mobi1ity on agarose gel. 

{ 
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- 1.01~ g.ml-1 and LOL of d = 1.019 - 1.063 g.mL-1 are metabolical1y and 

functionally distinct, possessing marked differences in their chemical 

"'. 

composition, physico - chemical properties, distribution in plasma and 

ultimate role~ in atheroge~esis (25 and rets. cited therein). As a result, 

many researchers have adopted the convention designating normal human lipo

proteins of d = 1.006 - 1.019 g.mL-1 (IOl) as LOL1 and those of d = 1.019 -
<Il 

1.063 g.ml-1 as LOl2 (26). At least six ultracentrifugally separable sub-

fractions of LOl2 have-been demonstrated (27). In the analytical ultra

centrifuge a shoulder appears ln the high density region of the spect.rum of 

LOL (Fi g.l) correspondi ng to a' mi nor component referred to as HOLp who.st:! 

physico - chemical characteristics resemble LOL mor~ closely than the other 

HOL subfractions (28). 

Schlieren profiles of HDL in the analytical ultracentrifuge 
• provided the basis for the further subclassification of HD~ into HDL3 (1.125 

- 1.21 g.ml-1), HOL2a (1.10 - 1.125 g.mL-1) and HOL2b (1.063 - 1.10 g.ml-1) 

(29, 30). Other subclasses have been described withln the HOl3 subfract10n 

(30, 31) and by affinity chromatography of HDL (32). 

An additional lipoprotein fraction, very high ~ensity lipo

protein (VHDL), has been isolated from normal human plasma between d = 1.21 -

1.25 g.mL-l (33). SimiJarily, the presence in nonmal human serum of 

~ essentially lipid - free apolipoproteins (d > 1.25 g.mL-1 ) has been reported 

..... (34,35), although at least a percentage of these may be derived from the 

lower density lipoproteins by detachment of the apolipoproteins during ultra

~ centrifugation (36, 37, 38). 

Camejo (39) found that fracti~nation of rat serum l1poproteins 

by the convent1onal methods applied for human serum yielded pure l1poprotein 
'( 

"classes. Rat LOL isolated at d < 1~063 g.mL-1 is not h~ogeneous (40, 41). 

Lusk et al. (42) characterized a 11poprotein species within th1s class 

_~-""-"'-"",I ____ ,"~"",-- ___ ~ 
4 ____ ...-~_~ __ ._ .......... ~ _. _______ ~_._-- ________ • ~ ___________ .. ___ .... ~ ___ ........... ~_ 

, ' , . 

--~·"'-t 

1 
i 

1 
1 
! 

1 ~ 



, , 
i j 

1 

o 

"~ 
--------------~---_.-:---.::..----~-.:-----.~,- - ---. 

- 11 -
\ 

analogous ta the HDLl of nonnal human serum (28). 

The to~al concentration of LDl 1 n the rat 15 much lower than 

in human a,nd is probably due ta a more efficient removal and degradation of. 
, \ 

catabol1zed serum VLDL by the rat lfver (43). Also rats (and dogs) possess a 

, relatively higher proportion of high density lipoproteins as opposed tç human 

(44), a property which may be associated with these animals' relative 

resistance ta the development of atherosclerosis (45). 

b) ElectrophoretJc mobility 

Rat lipoprotein fractions have similar relative mobilities to 

the analogous human lipoprotein c1~sses (Table 1). Fifty percent of nonno-
- , 

lipe!'lic humans demonstrate two discr.ete populations of very low density lipo-

proteins with f-ast and slow pre-~ electrophoretic mobility, the properties of 

the slow camponent closely resembling those of "rem4nantll, very low dens1ty , 

l ipoproteins {46}. That-suc-h a lipoprotein does not accumulate in nonnal rats 
. " 

1's also indicative of the relatively more efficient uptake of VLDl remnants 

by the rat rver (47). 

c) Composition 

,. .'~ 

The composit'ion of li poproteins in human and rat are shown in 

Table II. The two spec'ies exhibit a great deal of similarity, with ~he only 

S"ignificant exception being the h1gher propo~tion of esterified cholesterol 

present in rat high dens,ity li poproteins. 

, The fatty 'acid compos'ltion of lipoprotecin cholesteryl esters 

differs considerab1y between human and rat as shown in Table Ill, the rat 

having, a high content of chole~~eryl ara,Gtridonate. Swell et al. (48) noted a 

correlation ~etween a high level of cholesteryl arachidonate and a species ' 

resistance ta atheros~lerosis. The higher proportion of èholesteryl arachi-

, 
i 
1 

, 1 

1 
j 

! 

1 

1 
.1 
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TABLE II 
WEIGHT PERCENTAGE COMPOSITION OF LIPOPROTEINS IN HU"~N AND RATSERUM a 

~ 
, ' 

, 

'I 
1 

o DENSITY SPECIES PROTEIN PHOSPHOLIPID TRIGLYCERIDE CHOLESTERYL CHOLESTEROL 

! 

! 
'j 

j 

1 

,\ 

1 
! 

"' /?1.. 

;; 
;;: 
" 

, j 
Î 

MAN 7.7 
-n ;l.ooi 

RAT (WISTAR) 5.4 

MAN 20.9 
1.007 < D > 1.Œ3 

RAT (WISTAR) 24.9 

MAN 51.9 
D>1.063 , 

RAT (WISTAR) 32.8 
.. . 
aAdapted from ref. 364. ' 
bEstetified cholesterol/unesterified cholesterol. 

.. 

ESTER 
Q; 

18.6 49.9 14.9 , 
11.2 75.0 4.3 

22.1 11.2 '=::w.u 
21.2 18.5 26.8 

22.7 8.0 15.0 

28.1 1.7· 33.6 

r. 

~ ., 
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9.0 
8.6 

2.9 
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0.7 
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TABLet III 
" 

FATTY-ACID COMPOSITION OF THE MAJOR CHOLESTfRYL ESTERS 
~ 

OF FASTED ~UMAN AND RAT SERUMa 

LI POP ROTE 1 N 
FATTY ACID ( % TOTAL) 

OR TISSUE ! , PALMITIC (16:0) OLEIC (18:1) LINOlEIC (18:2~ ARACHIDONATE (20:4) 
1 ~ 

V~ 12 26 52 6 

MAN LDL Il 22 ~5 7 
. HDl Il 22 55 6 

olIVER' 24 37 16 3 -' 
w 

v-
VLDL 16 38 25 10 
LDL 12 15 34 ~\ 34 

RAT HDl 10 5 35 46 
LIVER 17 39 25 7 

a Taken fram ref.2. 
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donate in the rat may be partially aceounted for by the preferential 

utilization of arachidonyl-CoA for hepatic phosphatidylehol1ne biosynthesis 

(49). Further to this, Holub and Kuksis (49) provided evidenee to suggest the 

operation of a plasma - liver lipld cycle mediated by a specifie araehidonyl

lecithin : cholesterol acyltransferase in rat plasma with the araehi

donyl:-CoA : lysolecithin transaeylase in the l iver. 
1 ~ 

Rat VLOL, in' contrast to human VLDL, has a cholesteryl ester 

fatty acid composition which rerlects that of the '1 iver even, under strongly 

different dietary conditions (50). This finding t as well as the lower' 

proportion of total cholesteryl ester in the VLDL of rat (Table II) may also 

be explained b.y the observation that no significant cholesterol ester 

exchange from HDL to VLDL occurs in 'rat plasma (50). This i s attributed to 

the absence of a cholesterol ester transfer protein in rat (51). In human 

plasma, the abil ity of HOL cholesteryl ester to transfer to VLDL and LOL (52) 

probably accounts for the similar cholesteryl ester composition of all human 
1 , 

serum lipoproteins (Table 111). 

The rat is also unusual in that the composition of rat serum 

cholesterol esters Changes substantially upon fasting (53). Fas'ted rats 

demonstrate an increase in cholesteryl arachidonate"with a decrease\in 

cholesteryl linoleate when compared to normal fed rats. Cholesterol feeding 

results in a decrease in the proportion of cholesteryl arachidonate (54). It 
, 

would appear that, in the rat, the production of arachidQnic acid from the 

essential precursor linoleic acid is diminished as the latter is being used 

to meet the requirements for cholesterol absorption (54) • .,. 
The phospholipid compositions of human and rat serum lipo-

" proteins are shown in Table IV. Lecithin (nd sphingomyelin are the 
" l 

predominant phospholipids in both species~ The fatty acid compositions of the 

lec1thins amongst the lipoproteins are similar withln each species, a finding 

1 
1 

j 
1 

; 
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TABLE IV 
CHOLINE PHOSPHOLIPID COMPOSITION OF HUr1AN AND RAT SERUM PHOSPHOLIPIDS 

! 
l 
1 CHYLOMICRONS 

VLDL + LDL 

1---

Afll 

a Adapted from ref.2. 
b Adapted from ref.56. 

HUMANa 

RATb 

HUMAN 

RAT 

HUMAN 
RAT 

" 

LECITHIN SPHINGOMYELIN 
.. 

81 19 
79 21 

75 < 25 
95 5 

87 13 
92 8 

Values are mean weight percent of total lecithin and sphingomYelin. 

J 

LECITHIN:SPHINGOMYELIN 
RATIO 

4.3· 
, ' 3.8 ;. 

3.0 
19 

6.7 , 
11.5 

,-
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wh1ch 1s probably attributable to the rapid equl1ibration of these lipidS 

among the lipoproteins (55. 56). Rats have relatively low proportions of 

sphingomyelin in the very low and high dens1ty lipoproteins compared to 

human. A similar condition prevails in patients with LCAl deficiency 

implicating this enzyme in sphingomyelin metabol,ism (57). The observation 

that the sphingomyelin content of rat erythrocytes is only 60% that of normal 

humans (58), paralleling a similar observation in LeAT deficiency (57). 

leaves open the possibility that LCAT activity in the rat differs fram that ~ 

in man. A relatlonship between LCAl and sphlngomyelin content is also sub-
. 

stantiated by the observations of Illingworth and Portman (59). 

4) Structure of lipoproteins : Physico - Chemical Interactions 

A systematic comparison of the relationship between diameter and 

chemical composition of all normal serum lipoproteins demonstrates a precise 

correlation consistent with a spherical model for these particles 1n which 

the polar components, phospholipids. free cholesterol and protein, occuPY a 
. 0 

surface monolayer wlth a thickness of 20 A surrounding a 1I11quid il core of TG 

and CE (60, 61). The thickness,of the monolayer corresponds to the length of 

the fatty acyl chains of a phosphat1dylcholine molecule (60). A model for the 

surface strllcture of"lipopr.oteins proposed by Shen et al. (61) that is 

consistent with recent observations is shown in Fig.4. 

The polar head groûps of the phospholipids reside on the external 

surface of HDl and LDl particles as indicated by the observation that 

ph~spholipase A2 (which cleaves the 2~fatty acid) hydrolyzes the phospho

l1pid without significant 10ss of structural integrity 

(62. 63). S1m1Jar1y for the protein moiety, water soluble reagen s such as 

succin1c anhydride cause extensive modifications of the apolipoproteins in 

nat ive HOt (64) and LDL (65). In ç,ontrast, reagents i ncorporated .1 nta the 

r , 
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FIGURE 4 
o 

MODEL OF lIPOPROTEIN STRUCTURE ~ 

, ' 

The structure model of human'lipoprotetns was adapted fram ref. 61. The 

dimensions of al1 components are der1ved from space - fil1ing atomic mode~s. 

The proposed location of each molecule should be cons1dered as a stat1s

tically predominant position (due to the flu1dity of al1 components). Su ch a 

model allows exchange reactions of molecules to occur. PRO, apolipoprote1n; 

Fe, free cholesterol; Pl, phospholipid; CE 1 esterified cholesterol • 
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apolar core of an HDL particle do not react as readi.ly w1th the prote1n (66). 
~ ~-

" Additional evidence for the surface localizat1on of 'the apol1poprotelns 

includes the observation that neuraminidase treatment can remove sial,c acid 

from these glycoproteins in the intact VLOL particle without 10ss of 

struGtural .integrity (67) and that native VLDl and LDl interac~ specifically 

with concanavalin A ~68, 69). 

Native serùm lipoproteins can react specifically with antisera 

raised againSt their delipidated protein moieties, however, the lower immuno-
~ 

reac~ivity of apolipoproteins when present in native lipoprotein particles -

(70, 71) suggest that some antlgenic sites are masked by lipids adJacent to 

the apolipoprotein. Henderson et al. (12) conducted 31p_NMR studies with 

native HDL and noted that 20% of the phospholipid polar head groups interact 

strongly with the HDL apolipoproteins. 

Un11ke membrane proteins, the amino acid compositions and primary 

'" structures of the apolipoproteins do not reveal significant regions of hydro

phobicity which would afford sorne information as to the nature of the 

apolipoprotein - phospholipid interaction (2). However, the construction of 

space - filling models of several apolipoproteins based on their primary 

sequences reveals novel structural features (73). Extensive helleal segments 

exis~ within the proteins that have a full 1800 of the c!lindriçal surface of 

the helix exposing only hydrophobie amino acid side chains while on the 

opposfte face only charged residues are exposed (73). Such an amphipathic 
'", 

helix is shown in Fig.S,A. Inspection of the helical sections reveals that 
• 

hydrophobie amino aeids on the non - polar side appear ,to be randomly 

distributed, unlike the polar side where the amino acid disposttion 1s non -

r~dom (74). Negatively eharged acidic residues are clustered towards the 
y 

: ~;ddle of the polar faee whereas the positively charged basic side chains are 

direeted toward the lJteral edges of the· polar - non - polar interface. The -. 
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FIGURE 5 )' , 

STRUCTURE OF THE AMPHIPATHIC HELIX A~~CHANISMS OF Ils BINDING Ta 

PHOSPtfUPID 

• 

A) Space - fillirig model of am1no acid residues 40 - 67 of apo-CIII demons-
.. , 

trating amphipathic helix structure. The helix 1s shown with its axis 

parallel to the plane of the page and its N-terminal end towards the top of 

the page. Two views of the helix rotated around the helix axis by 180 degrees 

relative to one another are shown, revealing the polar and non - polar faces 

of the hel iX respectively. (~"'om ret. 73). 

~) Sequence,of steps probably involved in the binding of a disordered but 

potentially amphipathic helical segment of a peptide to a phospha~idyl-
, 

~holine surface. The sequè'nce reflects experimental data (cHed in ref. 74) 

"" which indicate water displaeement, helix induction and transfer of non ~ 

polar residues to a more hydrophobie environment. 
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resultant structures can be referred to as "steric zwitterions" (74) and it 

was suggested that they could interact electrostatically with oPPositely G 
! 

charged groups of phospholipids (73). The bulk of evidence to date, however, '> 

,1ndicates that hydrophobie interactions are the major contributors conferring 
< 

st~bility ta protein -' lipid complexes and ,that few, if any, strong ionîc 

interactions exist (2, 74). It has been suggested on the basis of the unjque 

arrangement of polar residues in the helical segments that they could 

function as templates (during lipoprotein assembly) conferring a favorable 

orientation of apolipoprotein with respect to phospholipid during the initial 
;f 

phase of binding (Fig.S,S) (74). 

Analysis of the evolutionary history of apolipoproteins indicates a 

strong conservation and gene duplication of the amphipathic helical segments 

(75, 76). Examination of human apo-AI reveals a segment of eleven amino acids 

that repeats itself 13 times in succession without any additional intervening 
{ 

amino acids, beginning at the NH2-tenninal residue of the 243 residues and 

~~nning to the carboxyl terminus of the sequence (75). Although the' amino 

acid sequences of each segment are not identtFal, the physico - chemical 

characteristics of these residues have been conserved so that all the 

segments yield structures with alpha helices having an amphipathic character 

(75) • 

When Sarker and Dayhoff (76) compared t segment representing the 

repeating pattern of apo-AI with the sequences bf apolipoproteins CI, CIII 

and AIl, they found that similar segm~nts occur in a pattern that suggests an 
1 

evolutionary history of several gene dupliçations of a common precursor to 

form the contemporary sequences of all these apolipoproteins (75). Sequence 

analyses of apo-CII (77) and apo-E (78) indicate the prevalence of amphi

pathic helical segments w1th phospho11pid - binding capacities. Therefore. it 

appears that apolipoproteins and probably many other components of lipid -
" 
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transport rnechanisms are homologous throughout the vertebrates, although 

intragenic duplications in the separate lines would be expected to result in 

significantly altered proteins (76); However, sequences of apo-AI (and 

apo-AII) from several vertebrate species indicates a high degree of homology 
• 

(79, 80, 81. 82, 83). 

Apolipoproteins are rare amongst proteins in that their alpha -

helical regions are amphipathic in nature (74). In addition, apo]ipoproteins 

1ack stabilizing structural features such as ligands, prosthetic groups or 

d1sulflde links that maintain the stability and spacial disposi~ions of their 
" 

helical segments, such as is present in other proteins (a1bumin, myoglobin). 

This would therefore enab1e apolipoproteins to undergo mueh more extensive 

structural changes (74). 

The strong interaction of the apo1ipoproteins with phospholiptd 1S 

evideneed by the increase in el11ptieity (increase in ~lpha - he1iea1 
i' _ 

content) in circu1ar dichroic spectra upon the addition of phosphatidy1-

choline (74,84). The alpha.- he1ical content is further increased when 

cho1esteryl ester is~incorporated into the phospholipid - apolipopr?tein 

"complexes (85). 

The use of intrinsic reporter groups in NMR studies has shown that the 

magnetie environrnent and rnotional freedorn of the polar PL head groups are not 

slgnificantly a1tered by their interaction with apolipoproteins (86). The NMR ,.. 

studies by Stoffe1 et al. (87, 88) suggest that the apo1ipoproteins are 

prirnarily involved in hydrophobie interaction with the fatty aeyl chains of 

the phospho1ipids. The binding of apo-AII to mixed lipid vesicles was shawn 

to result in a decreased motional freedom for carbon atoms C-3 and C-ll in . 

the fatty aey1 chains of the surface Pl with an increased motional freedom 

for the quaternary methyl groups (87, 88). 

The ads~rption properties of apo-AI, apo-E and BSA to phospholipld 
< 
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monolayers indfcate that BSA 1s totally excluded while apo-E and apo-I\I are 

adsorbed to the 1 i pid - water interface at initial 'surface tensions closely 
- f 

approximating those of native 'lipoproteins (89). Apo-E 1s adsorbed at"a 

higher initial surface pressure than apo-AI~ suggesting that in native l1po-

proteins, c~mpression of the surface components, such as that which may occur 

during ltpolysis, would lead to the ejecti~n of apo-AI from the particle 

tlefore apo-E (89). This possibility certainly emphasizes the potential 
1 

. importance of non - enzymatic interconversions of lipoproteins and t'heir 

cons:t ituents. 

Radial electron density profiles obtained by small angle X-ray .. 
scattering of native HDl support the findings of the other stud;es in that 

they cons; stently show a spher;cal el ectron - dense shell surrounding an 

electron - poor zone (74 and refs. cited therein). The experimentally 

observed thickness of this outer shell 1s approximately 12 A, a value closely 

approximating the average diameter of an alpha - heUx or the length of a 
, 0 

phosphoryl chal ine head group (approx. 11 A) (84). 
. ~ ~ 

El ectron density di stributions 'of LDL have been more di fficult to 1nter-

pret. First, the thickness of the outer shell h~s consistently been found to 

be greater than that of HDL which implies a considerabJe penetration of this 

layer by solvent (90). Second, the electron density profile is tempe rature 

dependent (91), the differences in the X-ray scattering pattern being largely 

due to changes in the central'region of the particle. Between 200C and 400C a 

thermal transition is observed for lDl and 15 due ,ta a smectic ~ disordered 

transition of,the cholesteryl esters in the core of the lipoprotein particle .. 
(92, 93). The precise temperat~re at which this transition occurs depends on 

the concentration of triglyceride in t'he particle and not on the fatty acid 
" 

composition of the CE (9~). In lOL particles and HOlc (an abnonnal (j" 

11poprotein that results fram cholesterol feeding), it appears that th~ 
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cholesteryl ester;s. together with the small amount of triglycer'ide, are 

sequestered in ,the lipoprotein core where they occupy a volume large enough 

to pèrmit cooperative behavior. In contras-t, the cholesteryl ester of· ,VLDl 

cannot undergo any cooperative behavior as 1t is,completelY soluble in the 

excess triglyceride ,whfch remain~ en'btrely Huid at 10 - 45°C (94). In a 

recent report, Dav; s e~ al. (95) noted that the cholesteryl - -ester - rich 

VlDL secreted by cholesteryl - ester loaded hepatocytes contained significant 

amounts of triglyceride. This suggested that a certain amount of tri

glyceride is probably required to disorper the VLDL cholesteryl - ester core 

and allow its secretion (95). Temperature - dependent phase transitions are 
- . 

not exhibite~y HDL. Thi s has been attri buted to the 1 ack of cooperat ive 
!1 .. , 

behavi or resulting from the relatively smaller volume occupied by' the 
". 

cholesteryl esters. in the HOl particles (96). 

5) Serum apolipoproteins and their physiological functions 

A summary of the 1 ipoprotein distribution and functlons of the 

recogn i zed apo 1 i poprote;'ns of normal human and rat serum i s presented in 

Table V. The major sites of apolipoprotein biosynthesis ar~.the liver and 

1 ntest i ne (3) and t,he rel at ive contri but i on of these two organs in man and 

rat are shown in Table VI. The roles of the various apolipoproteins in lipo

protein metabo1ism will be briefly discussed here. 

APol1pop~teiil B. Human apol ;\poprotei n B const'i tutes the major 

portion of the low and very 10w density lipoprotein protein moiety, (95'-, . , 

100%) and (40 - 50%) , respectively and accounts for 20% of the protein mass 

in lymph chylomicrons. However, because of its susceptibility to degradation 

and its marked insolubility in aqueous soludons in the absence of amphi

phlles or denaturants, this apolipoprotein has, un!11 recently, remained ' 

poorly characterized. ApO-B appears to be eSsential for the transport of tri-

, 
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Apo-AI 
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Apo-AII 
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~po-AIV 

Apo-~h 
Apo-B 

. , Apo-B1 

Apo-CI 

Apo-CII 

Apo-CIII 
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TABLE V 
APOLIPOPROTEINS OF NORMAL HUMAN AND ~T· SERUM 

MOlECUlAR WEIGHT X 10-3 

HUMAN RAT 

28365 27 366
", 

17
365 

8
367 

46
148 

46
366 

549
99 ,335100,500105 

26499 24010°,250105 

].365 7
367 

8.5 365 
8

367 

8.536'5 10367 

38126 35
366 

SERUM 
LIPOPROTEIN CLASS 

chY1omicrons**, HOL, 
d 1.21 

chylomicrons**, HOL 

chylomicrons**, HDl, 
d 1.21 

ehylomicrons ** , VLOL, 
LOL 

chy10microns, VLOL, 
HDl 

chy10microns, VlOL, 
HDL '", 

chylomicrons, VLOL, 
HOL 

chy10microns, VlDl, 
HOL, d 1.21 

~ 

POSSIBLE FUNCTIONS 

Activator of LCAT; structural protein of HOL; reg-
ulation of hepatic l'fpase? 

Structural protein of HOL; regulation of LCAT and 
hepatic lipase? 

Not determi ned 

lipop~tein biosynthesis and secretion; recognition 
of lipoproteins by cellular reeeptors. 

Activator of i specifie lipoprotein lipas~; activa
tor of lCAT; ,inhibiti"on of chylomicron remant up
take and inhibition of hepaticdipase. 

Aetivator of LPL; inhibitor of chylomicron remnant 
uptake; inhibition of hepatic lipase. 

Inh1bition of hepatic uptake of 1ipoproteins; inhi
bitlon of hepatic lipase. 

Rècogni ti on ~ of 1 i poprotei ns by ce 11 rec;:~pto!rs; cho 1-
esterol transport. . . 

**Apol1poproteins associated wtth nascent, lymph chylomicrons; others acquired after serum e~posure.' 
sUperscriPts indicate number of reference cited • . ~ 
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APOLIPOPROTEIN , 

Apo-B Bh 
B1 

Apo-E 

Apo-AI 

'-- Apo-AII 

Apo-AIV 

Apo-CI 

Apo'-CII 

Apo-CI Il 
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TABLE VI 

SITES OF APOLIPOPROTEIN BIOSYNTHESIS IN MAN AND RAT* 

LIVER INTESTINE 

f'1AN RAT' 
,. 

MAN 

+ 103 + 108,368 +99 

? + 108,368 ? · 
287 + 308 369 

+ 

287 +369 + + 306 

.. 
+287 ? +369 

• 
!J 

? 
308 +135 

· + 

? + 308 369 
• 

+287 + 308 369 

287 308 369 
+ + 

-/ Q 

.,) 

( RAT 

tr10l 

+100,102 

308 

+308 

? • 

_+308 

3Ô8 

tr
308 

tr
30a 

~ The liver and the intestine are the only organs identified as synthesizing significant quantities of s~rum apolipo
proteins (308). Superscripts indicate reference number. cited. 

-, not biosynthesized in this organ; +, biosynthesized in this organ; tr~ trace amounts are biosynthesized. 
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glyceride out of thé 1 iver and intestine, as it i s observed that no tri

glyceride enters the bloodstream of patients with genetic abeta11 po

proteinemia (lacking apo-B) despite excessive amounts of intracellular tr1-

glyceride (97). A simi lar condition can be el icited ln rats by the 

administration of the protein (apolipoprotein) biosynthesis inhibHor, 
-.....,,.. 

purOOlycifl (98). 

In 1980, two independent groups simultaneously demonstrated the 

o heterogeneity of human (99) and rat apo-B (100). Adapting the nomenclature of 

Sparks et al. (101), two ~âjor apo-B vàriants in man and r.at are apo-Bh 

(apolipoprotein of higher molecular weight) and apo-Bl (apolipoprotein of 

lower molecular weight). 

In rat, both apo-B variants are synthesized in the liver (101) 

whereas, the intestine gives rise"solelito apo-Bl (100, 101, 102). ln man, in 

contrast, the intestine synthesizes both apo-B variants (99, 103) while the 

l iver produces ont y apo-Bh (103, 104). These observations are consi stent ~ith 

the hypothesis that apo-Bh and apo-B l are uMer separate genetic control. 

These di fferences in the relative synthesis of apo-Bh and ~pO-,Bl by the liver 

and intestine of human and rat (Table VI) could explain the metabolic 
o 

d1versity of VLOL catabolism in these two s~cies. 
. Sparks et al. (101) noted a more rapid uptake of serum 'apo-B l versus 

apo-Bh in rats in vivo (101, 105), with the result that apo-Bh preferentially 

was pooled in LOL. Other studies have demonstrated 'that human and rat chylo

microns (containing apo-B l ) are rapi~ly removed by the liver (102,)06). 
\ 

A lthough' apo-B ; s known to be essent; al 1 n, 1; poprotei n receptor recogni t ion 

(10l), it rema1ns to be detennined if apo-Bh and apo-Bl resiq,e separately or 

together on 11 poprotei ns and if they are both bound by a cOlMlon tissue 

receptor to"the SaDIe or varying degrees. 

As low density lipoprote1ns are primarily derived from VLOL and not 
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chylomicrons (l03), 1t 1s not surpris1ng that, in man, lOL (containing only 

apo-Bh) accumulates ta ~ higher degree than in rat. In the latter species, 

lipo~roteins of hepatlc or intestinal origin contain apo-B1 permitting their 

catabolites to be rapidly cleared from the circulation. Hepatogenous lipo

proteins in man, however, contain only the apo-Bh and would have a slower 

turnover rate (101, 108), consituting the sizable LDl pool. 

Apolipoprotein E. This apolipoprotein occurs in several classes of 

serum lipoproteins in both humans (109) and rats (110), and 'fn both species a 

significant proportion resides in the d > 1.21 g.ml- 1 fraction of serum af'ter 

flotation of the lipoproteins by ultracentrifugation (36, 111). Total serum 

apo-E conçentrations in rat (112) are four times higher than in man (113, 

114). This apol ipoprotein has been impl icated in serum cholesterol transport 

(115) and, like apo-B, appears to be a key protein mediating lipoprotein 

recognition and uptake by fibroblasts (10) and liver cells (116,117). rhe 

role of apo-E in cholesterol transport is sugg.ested by the tendency of this 

apolipoprotein, in rats, to redistribute to cholesterol - rich lipoproteins 

in vivo (118, 119) and in vitro. (112, 120,121). Similarily, redistribution 

of apo-E is observed in incubations of LeAT - deficient patients' plasma with 

LeAT, in t'hat an increase in the apo-E and çholesteryl ester content of VLDL 

occurs, presumably by the coordinated transfer of both components fram HOL 

(5). Apo-E is elevated in VLDL isolated from patients with type III 

hyperlipoproteinemia (l,22) and is also increased in abnormal lipoproteins (13 

-VLOL and HDLc) from cholesterol - fed rats::iSee ElAbnormal L ipoproteins). 

Heterogeneity of human and rat apo-E has been demonstrated (123) by 

isoelectric focussing (124). In man t the isoforms of apo-E have isoelectric 
k' 

points between pH 5.4 and 6.1 t corresponding to apo-EI, apo-EII, apo-EIII and 
"-

apo-EIV. The three maJor isoforms (apo-EII, apo-EIII and apo-EIV) differ fram 

one another by a single unit of charge (125) due to the substitution of 
.r 
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. 
arginine at two specifie cysteine res1dues. iannis and Breslow (123) have 

postu:iated that 3 alleles at a single gene locus are respons1ble for the 3 

major isofonns,and that the minor isoforms are derived from the major iso. 

forms by post - translational glycosylation. 

Rats appear to possess 2 major different molecular weight isoforms 

of apo-E on 2-dimensional gel electrophoresis, each having 3 differently 
r 

charged (possibly allelie) forms that are more negatively charged that any 

human isoform (123). The two molecular weight isoforms may aceount for the 

double apo-E bands observed on urea polyacrylamide gels of rat nascent VLDL 

(120, 126) and serum VLDL (Ill). Several sialic acid derivatives of apo-E in 

rat have been reported (118). 

Lipoproteins from several animaIs species includin~ man that 

contain either apo-B or apo-E can bind apo-B,E cell surface receptors on 

human fibroblasts which, in turn, regulate intracellular cholesterol 

metabolism (9, ID). It has been established that a significant homology 

exi sts in the apol ipoproteins andreceptors of di fferent species (10, 116, 

127). A hepatic apo-E receptor has been identified ~n dog (98) and rat (116). 

In addition, distinct apo-B,E receptors have been demonstrated in the livers 

~ of puppies (98), which are absent, but inducible in the livers of adult dogs 

(1 

, 
(98) and rats (128). 

Arginyl (129) and lysyl residues ({3~, 131) clearly are involved in 

the recognition of lipoproteins by tissue lipoprotein receptors. Modification 

of these residues in apo-B and apo-E results in almost total abolition of 

lipoprotein - receptor binding, suppor~ing earlier speculation that a 

structural sequence or similarily charged (stereospecific) region may be 

common to both apolipoproteins (10, 129). The interaction of lipoproteins 
, 

with the fibroblast receptor sites is not determined simply by the presence 

of positive charges, but appears to depend on other highly specifie 
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properties of the recognition site of apo-B and a~o-E (130). Studies have 

demonstrate~ that phosptlonpids clearly are involved in receptor recognition 

(132), apparently conferring to the apo-E the requisite physical state or 

conformation required for its binding to the cell surface receptor. 

1 

Human familial dysbetalipoproteinemia (Type III hyperlipoprotein- i 
emia) is a pathological disorder associated with an apo-EII homozygous state 

(124) and results in the accumulation o~ remnant lipoproteins due ta impaired 

hepatic uptake of the apo-E-containing lipoproteins (133). The work of 

Weisgraber et al. (134), showed that conversion of one apo-EIII arginine 

residue to cYS\eine causes a shift of the modified apo-EIII to the pl point 

of apo-EII upon isoelectri~ focussing and a decrease in the"binding of 

apo-EII-containing lipoproteins with the fibroblast LOL rec~r. 

Apolipoproteins AI. AIl and AIV. Apo-AI and apo-AII have been the 

most extensive)y investigated and characterized of the lP-A apolipoproteins. 

~s the major ,apolipoprotein of HOL in m~n and rat. In humans, it 

;~~oun~~ for approx. 15%'of total chylomicron protein (135) whilë significant 
i 

amounts have been isolated trom the d > 1.21 g.ml-1 fraction of serum (5, 

70). Apo-AII constitutes about 20% and 50% of the HOL and chrlomicron prot!!in 

respectively. Rats possess a higher proportion of apo-AI in their chylo

micron protein (38 - 50%) (135) compared to man. apo-AII 1s on1y a min'or 

compone nt of rat HDL (136). 

Rat and human apo-AI have similar molecular weights and amine acid 

compositions (137). Apo-AII, on the other hand , has been shown to be a 

disulfide - 1inked ~imer in humans (138) whereas in the rat, apo-AII exists 

in monomeric form in the HDL. but has, nonetheless, significant homology with 

human apo-AI~ (79). 

Th~ tendency of apo-AI to self - associate in aqueous solution has 

made the identification of distinct forms of this protein difficult. However, 

---..... ,,,_. -"" ...... ,.,_ ...... --_..-,_. ---,-' --, ., --- - -~--- .. 111"if •• i III ri **') p= 
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in human, two distinct polymorphie forms have been identified (139). A 

similar observation for rat suggests that the isoforms are chemically dis

tinct spec1es (140). Apo-AII, in contrast, does not demonstrate any poly

morpMsm in human (141) or rat (79)." 

Human apo-AI activates the LeAT enzyme (142, 143). This property is 

shared with human apo-CI and while apo-AI activation of LCAT 15 most 

effective with unsaturated fatty acyl phosphatidylcholines, apo-CI shows 

equal activation abilities for both saturated and unsaturated phosphatidyl

choline substrates (143). In contrast~ apo-AII and apo-CII bath inhibit the 

activation of LCAT by apo~AI (143). The LCAT reaction is inhibited by apo-AII 

via the displacement of apo-AI from the lipoprotein surface by a mechanism 

that does not result in any concomitant change in particle conformation or 

1 i pi d c ompa s i t i on (144). 

A report by Kubo et al. (145) indicated that human apo-AI and 

apo-AII were independently capable of inhibiting hepatic lipase acivity, the 

latter having a more pronounced inhibitory ef~ect, ~hereas Jahn et al. (149) 

suggested a specifie activator role of apo-AII. Either possibility is 

probably of physiological significance as apo-AI and AIl on the surface of 

HOL can readily come in éontact with the lipase on the surface of hepatic 

endothelial cells (7). 

'An apo-E·AII complex can be detected in the d < 1.006 g.mL- l lipo-
" 

protein fraction as well as in HDL1 of normal and Type III hyperlipo-

protei nemic serum (147). Wei sgraber and Mahl ey (147) al so demonstr'ated that 

HDl1 accounts for most of the high affinity binding of HOL to LDl receptors 

on human ffbroblasts and reduction of the disulfide linkage bètween apo-E-AII 
, f" 

" enhances the ,binding of HOLl to the lOL receptor. It remains to be determined 

whether.thfs apolipoprotein complex is of physiological significance. . ~ 

Apo-AIV, was first identified in rat HOL (136). This apolipo-

-- ...... ---' _. _ .. _--_ ..... "''----~~ ~,..- .- - --.. _. -
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• protein comprises 7 - 13% of total rat chylomicr.on apolipoprotein (135) and 

accounts for approximately 20S of the HDL prot~1n (136). Apo-AIV, in man, has 

been identified in plasma and lymph chy1omicrons (148), but' in bo~h man· and 

rat is mainly found free in plasma unassociated with any major lipopro~ein 

class (135, 149). Although a definite role for this apolipoprotein has not 

been determined, tt has been suggestèd that apo-AIV serves as a vehicle 

whereby small quantities of lipophilic subStances can rapidly gain access to 

the blood from the intestine (150). ln the absence of intestinal fat 

- transport, a significant proportion 'of apo-AIV (as well as apo-AI) bypass 

the lymph and enter the circulation directly from the small intes~ine (150) . • 

Apo11poprote1n C. Apo-C (apo-CI, CIl and CIII) comprises a sig

nificant proportion of the d < 1.063 g.ml-1 lipoprotein protein in humans. 

Approximately 60% and 40~ of chylomicron and VLDl apolipoprotein is accounted 

for by apo-C (2, 135), as opposed to < 15% of total HOl proteine In the rat, , 
apo-C represents about 40~ of chylomicron protein (151), and 60% and 20% of 

the total VLDL and HDL protein respectively (44). 

All three apo-c proteins have molecular weights of less than 

10,000, and their amine acid sequences have been determined in human (109 and 

refs. cited therein). The amino acid composition ôf human and rat apo-C's are 

quite similar. Apo-CI and apo-CII lack carbohydrate (2), but apo-CIII (79 

amino acids) has an ~ligosaccharide linked to Thr-74 via an O-glycosidlc bond 

(152). Either 0, 1 or 2 sialiç res;dues may be present on the ol;go- . 

saccharide in man (153) and a species having 3 residues has been reported 

(154). Rat apo-CIII has.on1y two major sia1ic actd isoforms, apo-CIIIO and 

,apo-ClII 3 (79, 155). 

The apo-C proteins play a prominent role in the rnetabolisrn of tri

glyceride - rich 1ipoproteins, probably the most important of these is the 

ro1e of apo-CII as an activator for lipoprotein lipase (156, 157, 158). A 
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significant correlation between serum triglycerides and apo-CII levels in 

normo- and hyperlip1demic subjeets has been reported (159). The specifie 
) 

activation of another unique triglyeeride lipase by apo-CI has been reported 

(160). This apo-CI - actlvated lipase is absent in patients with Type 1 

hyper li poprotei nemi a (160 J • 

'\ 

Hypertriglyceridemia associated with a defective lipolysis of lipo

protein triglyceride has béen identified in humans having apo-CII deficiency -

(16t1. Apo-CIII levels are elevated in the homozygous individuals (162) which 

may be related to the increased serum apo-CIII concentrations observed in 

primary Type lIb, III, IV and V hyperlipidemic patients who also exhibit 

impaired VLDL catabolism (163). 
~ 

In normal individuals, total net lipoprotein lipase (lPL) activator 

property in serum does not change after acute fat ingestion, however, the 
- 1 

apo-C's are observed to transfer from HDl to chylqmicrons postprandially and 

subsequently back to HDl while fasting (164). Recently it has been shown that 
r 

apo-CII, CIIl1 and CIII 2 are transferred to HDl and metabolized similarily 

(165). This is of significant interest, as the function of apo-CIII 1, which 

inhibits the hepatic removal of apo-E - containing lipoproteins (166), is 

different to that of apo-CII (165, 167). Huff et al. (165) suggested t~at 

apo-CII and apo-CIII I might act in unispn within the lipoprotein particle, 

the former initiating the hydrolysis of trlglyceride and the latter insur,ng 

that the particle remains in the circulation until an optimal amount of tri

glycer1de has been removed. 

H~patic lipase is thought to be involved in the removal of chylo

micron remnants from plasma (168). This enzyme is inhibited by apo-CI, Cil, 

CIII, AI or AIl and it 1s activated by low concentrations of serum (145, .. 
169). The concentration of apo-C in remnants is lower than that in intàct 

lipopro~eins ,(170) and it is possibl~ that this affords another regulatory 

) 
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mechanism in lipoprotein uptake, by directing the activity of hepatic lipase 

towards remnants as opposed to intact partfcles. 

Another role of apo-CIII in triglyceride metabolism has been 

... suggested by the findings of Ostlund a,nd Iverius (171) who noted that 

although apo-CI and apo-CIII did not possess any lipoprotein lipase 

activating power, both could independently influence the activation by 

apo-CII. Combinatfons of substrate and apo-CII giving maximum activation were 

mainly inhibited when either apo-CI or apo-CIII were added, whereas in 

conditions of substrate excess, the addition of apo-CI or apo-CIII enhanced 

lipase activity (17\). The substrate : activator ratio is therefore clearly 

of importance in determining lipase activation (172). 

Recently, Alpert and Beaudet (173) demonstrated the in vitro 

activation of lysosomal sphingomyelinase by apo-CIII 1• This suggests that 

apolipoproteins that enter lysosomes as part of a lipoprotein complex can 

also regulate the activity of lysosomal enzymes that metabolize lipoprotein 

parti cl es. 

Apolipoprote1n D. Apo-D was first identified as a "thin-line l' 

peptide by Kook et al. {l74}. It was subsequently designated as apo-AIII by 

Kostner et\al. (17S) but as this peptide was separable from the LP-A proteins 

of human HDL (176), the name apo-D was adopted. Relatively little is known, 

about apo-D. Kostner (177) reported that this protein, present mainly in HDL, 

was the single Most important activator of LCAT in vitro using lecithin : 

cholesterol emulsions. However, the precise role of apo-D in lipoprotein 

metabolism remains to be elucidated. 

1 
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6) Abnormal lipoproteins 

a) The lp(a) lipoprotein (Sinking Pre- a Lipoprot!in) 

Allison and Blumberg (178) described in 1961 the existence of 

alloptypes of human serum lipoproteins. The LP(a) antigen was thouWht to be 
.. 

o~e such allotype of LOL and the presence of this antigen has been positively 

correlated with coronary artery disease (179). 

Genetic studies reveal a wide variation in thë gene fre

quencies of Lpa (the gene expressing the lP(a) antigen) and this observation 

has been explained by Hravie and Shultz (180) who demonstrated that lP(~ is 

expressed by a quantitative genetic~rait. More sensitive assay conditions 

presently indicate that most indlviduals possess this antigen (179). 

Purifi ed LP(a) 1 i pop"rotein has a hydrated density of 1.0855 

g.mL-1, a molecular weight of 5.2 t-<>.2 X 106 daltons and exhibits fast 13 

migration in agarose - gel e1ectrophoresis (179). Examination of the 11pld 

composition of Lp(a) lipoproteins discloses a similar composition~to LOL, with 

regard to neutral lipids or individua1 phospholipids (179). In contrast, 

lp(a) has a sta1ic acid content that is about six times higher than that of 
1 

lOl, as wel1 as higher hexose and hexosamine values (181. 182). The former 

may explain the higher agaros~ gel migrat:ion rate of lP{a) compared to 

LOlo 

The LP(a) lipoprotein was shown not to be a true allotype of 

LP-B by the observation that the LP(a) antigen was dissociable from LP-B or 

LOL by various treatments (181; 183) and was found to have a significantly 

different amino a~id composition from LP-B (179). 

The presence of the LP{a) polypeptide àmongst apo-B - con-

tain~ng 1ipoproteins is not surprising in view of lts apparent affinity for 

LP ..... B (179). Studies attempting to elucidate the origin and metabo1i,sm of the 

1 
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LP(a~ lipoprotein 1ndicate that it 1s no~ a metabo11c product of chylo-
-, . 

microns Qf VLDL (184, 185) and that no exchange of LP(a) apolipoproteins with 

other l1poproteins occurs. The observation that 125I_LOl degradation by the 

-fibroblasts is inhibited in the presence of LP(~) (186) suggests a mechanism 

by which lP(a) l1poprotein ~an part1cipate 1n the pathogenesis of athero

sclerosis. Also, Lp(a) cholesterol taken up by fibroblasts is less efficient 

in its ability to suppress HMG-CoA reductase than LOL cholesterol (186). 

The occurrence of lP{a) in species other than man has been 

"'" documented for primates only (179), althaugh an animal model, if found, would 

eertainly help to elucidate the biological function of this enigmatie 

pa rt i cl e. 

~ ~ -..: 
, j " 

The eharacteristic hypercholesterolemia and hyperphospho-

lipidemia aceompanying pathologieal or experlmental biliary obstruction in 

humans or animal s "are primarily due to the presence of an abnormal pl asma 

lipoprotein, designated LP-X, having a hydrated density withio the LDL 

density class (187, 188, 189, 190, 191). 

In negative stain electron microsèopy, LP-X particles appear 

as pale stalning dises that form rouleaux with overlapping images (192). Thin 

- sections of LP-X preparations reveal 400 A spherical vesieles having an 
-

internal water compartment and charaeterized by a trilaminate staining of the 

outer edge (193). This trilamin4r appearance upon'staining is a150 observed 

with synthetic vesicle5 produeed by sonicating phospho1ipids and cholesterol 

(194) • 

The chemical composition of lP-X is unique: 6' protein, 66' 

phospholipids, 22% unesterified cholesterol, 3% esterified cholester~l and 3% 

triglyceride (189). In addition, varying amounts of bile acids are bound ta 
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this lipoprotein giving rise to unique physico - èhemical properties. The 

protein moiety consists O'T album;n (approx. 40') 10cated in the core (or .. 

masked by lipids) and apo-C and apo-D which are thoUght to reside on the 

surface of the particle (187, 189). A small amount, of apo-A may also be 

associ ated with LP-X (195). The presence of LP-X in serum i s easily 

determined by virtue of its characteristic cathodic mObility on agar gel, in 
~ 

contrast to all normal serum lipoproteins which migrate to the anode (196). 

Lipoprotein-X is also ob~erve~ in the LOL fraction of serum 

from.patients with LeAT deficiency (197) although the levels of this lipo

protein are lower than those observed in cholestasis (198). The most striking 

observation in LCAT - deficient patients, however, is that the maJority of , 
o 

high density lipoproteins are dise - shaped structures 150,- 200 A in 

diameter and 50 - 55 ~ wide and also tend to form rouleaux in negatively 
" stained prep~ations (197). The composition of the discoidal HOL fraction 1s 

approximately 21~ unesterified cholesterol, 38~ phospholipid, 10% tri

glyceride and 30~ protein with virtually no cholesterol ester (199). 

The discoidal HOL can be subfractionated giving rise to 

distinct particles rich in apo-E (LP-E or apo-E-HOL) and those containing 

apo-AI and apo-AII, but no apo-E (200, 201). The studies of Glomset (201) 

demonstrated that bath apo-E-HOL and apo-A-HOL were converted te spherical 

HDL during in vitro incubations with LCAT but apo-E-HOL was singularly 

responsible for the redistribution of apo-E from HDL to VLDL. The newly 

, converted sphe~ical HDL had a decreased affinity for apo-E and an increased 

aff1nity for apo-AI (201). 

Discoidal LDLZ and HDL appear in rat'serum-;n experimental1y -

lnduced LeAT deficiency (202) and the presence of discoidal apo-E rich HDL in 
.,. 

the plasma.of guinea pigs fed a high cholesterol diet has been reported (203, . 

204) • 
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lsqlated perfused rat livers secrete discoïdal HDL resembling 
~ 1 

that of human"ttAT deticiency when LeAT 1s 1nh1bited (205). These discoidal 

• HDL prove to be better substrates for LeAT than spherical nascent or serum 

HDL (205). An LeAT inhibitor was not added to isolated perfused livers fram 
1 

normal or hypercholesterolemic African green monkeys which, nonetheless, . 
secreted di séOida l HDL (206). 

Such observations led ta the hypothesis that discoidal HDL 

represent the nascent form of hi gh dens i ty li popJ'otei n and are converted by 

LeAT action to spherical particles after secretion by the liver cell (205). A 

model of na~cent di scoidal HDL is shown in Fig. 6. 

c) a-VLDL and HDLc ' 

Type III hyper11poproteinemia. in humans, is characterized by 

the accumulation in the-plasma of cholesteryl - ester rich VLDL that have S ' 
\ 

rather than pre- S electrophoretic mobility (18). These particles resemble 

normal VLDL in that they are polydisperse, spherical particles, 'howéver, 

thetr content of cholesteryl esters and apo-E is significantly, higher (18). 
\ 

These particles in Type III patients appear to be degradation products or 

IlremnantsU of normal triglyceride - rich lipoproteins that accumulate as a 

result of these patients' lack of the apo-E isoform responsible for lipo

protein receptor recognition and uptake (133, 134). Although this defective 

removal accounts for at least a- part of the accumulation of these particles, 

the direct secretion of f3-VLDL by perfused liver tram hypercholesterolemic 
j 

rats has been demonstrated (120). The observed cholesteryl ~ter accumulation 

~n macrophages resulting from a specifie receptor - mediated uptake and 

degradation 'of 8- VLDL implies a role of these abnormal lipoprotelns in the 
~, 

developmènt of atherosclerosis (207). 

The feed1ng of chol esterol to man (208, 209) and 'several 
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-FIGURE 6 
j 

f«)DEl OF NASCENT HDL STRUCTURE 

This annular prote1n '. b11a,)ler'disc model 15 pro'posed ,by Bro9i11ette et al. 

(ref. 376) for apo-AI dimyristoyl phosphat1dyl choline recombinants and 

nascent HOL. 
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animal species (swine (81); rat (110); rabbit (210); dog (21l» a1so results 

in the accumulation of B-VlDL and, in some cases (man, dog, rat and swine) 

there 1s an additional appearance of a cholesterol - rich, Cl - migrating 

partic1e designated HOlc (211). The la,ter part1cle is similar in size and 
, 

composition to lDL but contains large ,amounts of apo-E and lacks apo-B (208, 

211). 
\ 

J 

1 It ha-so been suggested that HDLc represents an expanded pool of 

HOL1 in hypercholesterolemia (42, 118). The hypothesis proposed by lusk et 

al. (42) suggests that HDLl functions as a readily detectable recy~ling pool 

of apo-E involved in chylomicron cholesterol metabolism. In cholesterol 

feeding a~ expanded pool of apo-E-rich HOL 1 (HDlc) would consequently be 

observed. As HOLc is effectively taken up by lipoprotein recep~ors by virtue 

of its apo-E content (107), ît is evident that this lipoprotein may exert a 

direct or indirect e"#fect on the peripheral uptake of cholesterol or the 

genesis of hypercholesterolemia and atherosclerosis. 

B) Biosynthesls of Serum Lipoproteins 

Systematical1y, the biogenesis of l1poproteins in the intestine and 

1 iver share many CORmon features (44). the 1 iver being the major source of 

l1poproteins in the absence of dietary fat (3). In addition, the liver has 

the capacity to take -tH' lipoproteins whose lipid components may~ in turn, 

regulate or contribute to hepatic lipoprotein secretion (212,213, 214). A 

brief summary of the compl ex proCess of hepatic li poprotein assembly and 
\ 

secret ion will be di scussed here, as it relates to the work presented in this 

thesi~. A schematic summary is presented in Fig. 7. 

As an introduction, the generally conce;ved pathway of lipoprote,in 

secretion in the liver 15 as fol1ows. T .. he apolipoproteins, as\hhf'{roteins, 

are synthesized in the RER. The l1pidS' are synthes1zed 1n the Ew~nd combine 
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FIGURE 1 ' 

~ 

PROPOSED SCHEME FOR THE SIOSYNTHESIS AND SECRETION OF VlDL (AND HDL) SV THE • 

HEPATPCYTE IN SITU 

, 
The possible 1 oct of Jction of fac~ors causlng the accumulation of trl-

-t 

glyceride and a fatty liver are indicated by the heavy arrows. Dotted lines 
i 

i ndi cate that ... the pathways have not been fi mly establi shed experimentally. 

HA, essential fatty acidsj CDP, cytidine diphosphate. Other abbreviations as 

indicated in Abbreviat~ol\s and Conventions Used. 
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with apolipoprotein at the junction of the SER and RER (215) at which point 

70 to 100 nm particles can be visualized by eleetron microscopy (98). The 

particles move into the Golgi apparatus (216) where modifications of the 

naseent lipoproteins oceur. Mature vesieles of the Golgi apparatus then serve 

as transport vehicles which eventually migrate to aA~ fuse with the cell 

plasma membrane and expel the lipoprotein particles into the space of Disse 

(Fig.8) (216). This space lies between the liver parenchymal cells and the 

endothelial cells of the liver sinusoid and may contain a local con-

centration of hepatic secretory products. 

1) Syn~hesis of Lipid Components 

Triglyceride. The synthesis of ttiglyceride - rich lipoproteins by 

the liver is closely lihked to that of triglyceride. Conditions eliciting 

increased triglyceride synthesis usual1y result in increased VLDL production 

whereas alterations in cholesterol biosynthesis do not affect this rate (2). 

In the normal animal, the phospholipids and cholesterol are most likely 

required to stabilize the structure of TG - rich lipoprotéins and to 

facilitate the1r solubility in the serum (3). The other major lipid component 
~ ~ 

of lipoproteins, CE, is largely formed in the serum compartment from 

cholesterol and phospholipid by the action of LCAT (6). 

The enzymes primarily involved in triglyceride synthesis are 

localized in the intrace~lular microsomal fraction which consists of smooth 

and rough endoplasmic reticulum (98). Although a variety of different dietary 

states may significantly alter TG synthesis, the effects are not usual'y 

manifested by alterations in the actfvities of these enzymes, but rather it 
~ 

appears that the availability of substrate and/or intracellular levels of 

metabolites largely determines net TG synthesis (lI7, 2l8). 

Fatty acids taken up from the plasma (free or as constituants of 

~ 
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FIGURE 8 

ELECTRON MICROGRAPH OF LIVER PARENCHYMAL CELL SURFACE SHOWING THE SPACE OF 

DISSE 

El ectron mi crograph of part of the surface of a rat t'ver' parenchymal c.~l1 

bordering on a sinusoid. The perivascular space 15 rJferred to as the Space 

of Disse (From ref. 377). 
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lipoprotein remnant triglyceride) are the major precursors of VLDL - tri

glyceride secreted by the liv~r (214, 219) although endogenously synthesized 

fatty acids may contrfbute s1gnif1cantly, especially in carbohydrate feeding, 

where this becomes a major detenninant of hepatic triglyceride secretion 

(220 5 221). The preferred substrates fQr endogenous lipogenesis are glycogen 

and lactate (222). 

The l iver i s remarkab lei n that in the transition from the fed to 

the fasted state the liver switches (in a brief period of several hours) from 

an organ of carbohydrate utilization and fatty acid synthesis, to one of 

fatty acid oxidation and ketone body production (217), the changes largely 

, orchestrated by the two hormones insulin and glucagon. In the carbohydrate 

fed state ( low (glucagon) : high (insulin) ), intracellular concentrations 

of malonyl - CoA are elevated, which inhibit the action of carnitine acyl

transferase 1, the committal step in fatty acid oxidation (217), with the 

re'sult thatlipogenesis;s favored. Conversely, upon fasting, the glucagon 

levels are elevated and malonyl - CoA production is suppressed w1th the con

comitant activation of fatty acid oxidation and ketogenesis. Ide et al. (223) 

demonstra~ed that the lrate of fatty acid oxidation is a major determinant in 

the production of,VLDL. 

As tt)e uptake of free fatty acids by perfused rat 1 iver does not 
\ '" 

exhibit any marked selectivity t~ards saturatien or chain - length, 

di fferences in the output of TG with di fferent fatty acids result from a 

specifie metabolic disposition for the ind.ividual molecules (219). In 
/ v 

general, however, increased avai1abil~ty of FFA dramatically stimulates VLOL 

secretion in perfused rat livers (219) and isola't!ed hepatocytes (224). 

Unsaturated fatty acids stimulate TG release to a lar9,er degree than----tJle 

saturates (225, 226, 227). The molecular species of secreted TG closely 

resemble the cellular TG composition (225,228), however, the TG secretion 

. 
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rates are dependent on fatty acid chain length (but not on degree of 

- sat'uration.) (225). Palmer et al. (228) observed a significant changeJn the 

composition of cellular TG From livers of fed and fasted rats in that there 

was an increase in longer - chain, unsaturated FA in the latter group. These 

observations are probably attributable to differences in Qietary an~ adipose 

tissue fatty acid composition (228). 

Nascent VLDL secreted by perfused rat liver (229) or isolated 

hepatocytes (225) after exposure to unsaturated fatty acids were larger than 
, 

those secreted after inçtlbation with saturated fatty acids and had lower 

ratios of PL ang cholesterol relative to TG (226). The larger size of these 

particles may, in part, be due .to the stimulation of TG output •. however, the 

increased volume of the VLDL is also related to the greater volume occupied 

by TG having more unsaturated FA (230). 

The ratio of CE relative to TG in nascent VLDL is larger wh en 

saturated versus unsaturated FA are infused through a perfused liver (226). 

Wilcox et al. (226) p.ostulated that CE, transported as a core lipid, is 

displaced by TG when the synthesis of the latter is increased. The greater 

proportions of'PL and FC relative to TG in nascent VLDl from livers infused 

with saturated FA suggests a hypercholesterolemic effect of the latter (226). 

More surface components may be required for stability of lipoproteins having 

a high sàturated fatty acid content (231). 

Although glucose can provide a source of glyceride - glycerol,oexo

genous serum glycerol 1s primarily util1zed (227). A decreased lipid 

production correlates dlrectly with glycerol - 3 - phosphate acyltransferase 

and glycerol kinase activity and can be increased in hepatocytes after 

exposure to estradiol and ethanol, both of which increase VLDL secretion 

(227) • 

About 75% of the total turnover of serum TG in the r~nYOlveS TG 
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returnin[ to liver via l1poproteins '(214). Triglyceride - rich chy1omicrons, 

VLOL, and their remnants cause a significant inhibition of fatty acid 

synthesis in hepatocytes from fed rats (232). whereas LDL and HDL show no 

inhibitory effect. The liver has the capacity ta metabalize the lipoprotein -

bound TG (214. 233, 234). Controversy still exists as to whether or not 

intact TG, diacylglycerol or monoglycerols are ta ken up, however evidence to 
, 

suggest al1 three possibilities is avai1able (214. 233, 234). 
, 

The evidenee to date would suggest that recycling of serum TG by 

the liver involves intracellular events, i.e. uptake and internalization of 

TG - rieh remnants (235, 236, 237). A single TG lipase present in lysosomes 

or autophagie vacuoles is believed to be responsible for the breakdown of 

exogenous and endogenous"triglyce~, respeetively (238). Radiolabelled exo

genous lipoprotein products eventuall~ migrate to the SER (237) where 

possible pooling with endogenous substrate can oeeur, since the autophagie 

vacuoles' are continuous with the SER (23~). 
. ' 

Two pools Of TG within the cell have been predicted math-

ematiea1ly. Physical1y these can be separated into microsomal and cytosolic 

(hepatic stores) fractions and theoretically only the former gives rise to 

serum TG (228), supporting the proposed scheme of endogenous and exogenous 

substrate pooling in the microsomes. 

Phospholipide Little is presently known concerning the co

ordination of phaspholipid synthesis with that of the serum lipoproteins. 

Whereas TG synthesis and release 1s strongly inf1uenced by the nature and 

relative availability of fatty acids, PL synthesis is not (220, 227, 240). 

Sorne information on t~e-r~~~ of phospholipid metabo11sm as it 
'-

relates to lipoprotein production has\been obtained fram stud1es of rats fed 

choline - deficient diets. Chôline is a lipotropit agent and a major pre

cursor for PL synthesis. Deficiency of this factor resuas in the intra"-
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cellular accumulation of TG 1n the liver (241) w1th a concomitant decrease in 

plasma TG and PL within 2 days (242. 243). The intracellular phosphatidyl

choline to phosphatidylethanolamine (PC 1 PE) ratio 1s decreased (242) as 

would be expected. Triglyceride accumulation in the livers of choline -

deficient rats has been demonstrated to be due to a) increased fatty acid 

synthetase activity in choline deficiency (241) and b) impa1red lipoprotein 

secretion. The latter has been attributed to several possibilities. The 
; 

decreased PC / PE ratio may result in alterations in micro~omal membrane con-

formation which may in turn affect enzymatic activity of any associated 

proteins (242) such as is observed for UDP-N-acetylglucosamine : glyco-

protein N-acetylglucosaminyl transferase, a membrane - bound enzyme involved 

in the glycosylation of lipoproteins, whose activity is reduced in choline -

deficiency (244). Also, the altered phospholipid composition of the nascent 

lipoproteins may confer a lesser degree of .stability to the lipid - protein 

compl e)S. (74). 

Cholesterol and choleste~l ester. The liver 1s the major site for 

endogenous cholesterol synthesis (245). In the absence of available exogenous 
1 

cholesterol, the regulatory enzyme of cholesterol biosynthesis, HMG-CoA 

reductase. provides the liver cell with a constant s~pply of free cholesterol 

for hepatic TG secretion (246). The coord1nate activation of this enzyme and 

TG synthesis by FFA has been observed (246), however, the ability of hepato-. 
cytes to take up cholesterol and presumably incorporate it into nascent VLDL 

indicates that lipoprotein production and cholesterol synthesis are not 

necessarily closely linked (246. 247). ~, 
( 1 

The role of dietary cholesterol in' influencing nascent lipoprotein 

synthesis and secretion is evidenced in experimentally - induced hyper

cholesterolemia, a condition which results in depressed endogenous 

cholesterol biosynthesis (248). The VLDL secreted by isolated 'perfused livers 
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(120) and hepatocytes (95, 112) from cholester01 - fed rats have jncreased 

proportions of core lipid CE relative to triglyc~ride. ' 

" The key" enzymes invol ved 1n hepatic cholesterol metabol i sm, HMG-CoA . . 
4-

reductase (cholesterol biosynthesis); cholesterol 7 Cl-hydroxylase (bile acid 
o ~ 

biosynthesis) and acyl-CoA - cholesterol acyltransferase' (ACAT) (esteri-

fication of cholesterol) are all confined t'ô membranes of the endoplasmic 

reticulum (249, 250). Recently, other. microsomal enzymes involved in 

cholesterol biosynthesis have been implicated asApot~ntial sites of bio .. 

synthetic regulation, governing the flow of carbon to choles~erol (251), and 

of these, 4 (1- methyl sterol oxidase is known to exhibit parallel changes in 

activity to that of HMG-CoA reductase (252). Diurnal rhythmic variation of 

both HMG-CoA reductase and 4 CI. - methyl sterol oxidase are observed (252,. 

253). The half - 1 ife est imated for HMG-CoA reductase ; s approximate ly 4 

hours (254). 

Hepatic cholesterogenesis is inhibited by exogenous cholesterol and 

rel ated sterol s. espec; ally oxygenated chol esterol derivatives, whether they 

be presented in solution, as synthetic vesicles or as native lipoproteins 

\254, 255, 256). Net cholesterol' uptake from lipoproteins by hepatocytes 

occurs readily (213), however it was shown that net uptake requires that the 

molar ratio of FC : PL in the lipid donor is greater than 1 (257). The uptake 

of cholesterol is associated with an incréase in intracellular cholesterol 

ester content (213, 257). 

In vivo studies demonstrated that cholest~rol feeding. infusion of 

Chylomicron remnants, VLDL or LDl depressed hepat1c HMG-CoA ~eductase 
-

activity (213. 249. 256) whereas HOl or apo-HDl infused into animals resulted 

1 () 
f 

tn an in~rease in reductase aCtivity ('256). Studies with isolated rat hepatb

cytes also demonstrated deprèssed HMG-CoA reductase activity in the presence 

of LOL or cholesterol - phosphol1p'id dispersions and enhanced activ1ty in f 
i 
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lipid - deficient media and in the presence of HDL,or lecith1n dispersions 

(254, 258). Lecithin dispersions increase the rate of cholesterol efflux from 

the cell, indicating that the relative rates of efflux and ,influx of 
1 

cholesterol can regulate the activity of HMG-CoA reductase (254). Similar . . 
effects on reductase activity are not observed using liver homogenates or 

isolated microsomes (258), indicating that a regulatory pool of cholesterol 

(or sterols) probably exists in the irnmediate lipid environrnent of the . 
enzyme, a possibil ity that is substantiated by kinetic stud1es (249). 

The stimul atory effect of HOL or apo-HOL on reductase acti vit y 
1 

remains enigmatic. However, sorne interesting observations suggest a role for 

apolipoproteins themselves in the regulation of chol esterogenesi S, (259). 

Soluble proteins that stimulate microsomal enzymes in the cholesterol bio-
. .' 

synthetic pathway have been reported (252, 259, 2~O) ana have been referred 

to as sterol carrier pro'tei ns (SCP). They all have aff; nit y for chol esteroiT 

and .related sterols, the af(1nity for the latter being more pronounced for 

cholesterol precursors than for other cholesterol derivatîves (259). In the 

presence of sep, the" reaction rates of HMG-CoA reductase and 4 alpha- methyl 

sterol oxidase are enhanced (259, 260) Whil'ihe extent of inhibition by Fe, 

CE or other sterol oxygenated derivatives is greater (252, 260). Ritter and" 
'.. 

Dempsey (259) noted that human or rat apo-HOL was the on ly selJjm prote, n , , 

tested that substituted for the binding and activation functions of sep 

suggesting that a component of HDL may be identical to apo-SCP. The 

observations of Jako; _and Quarfordt (256) that apo-HDL, (containing apo-AI, 

AlI and C) is capable of stimulating the HMG-CoA reductase 1s consistent with 

thi s hypothesi s. As apo-VLDL has no effect. apo-AI and / or apo-AII are . 
probably respons1ble for ttte cholesterogenic activation (256, 259, 260). On 

the other hand, Boyd and Onajobi (261) reported that some apol i poprotei ns 

(not identified) caused the accumulation of squalene. a cholesterol 
1 
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precursor. wi,th the net resul t that chol esterol biosynthesis was reduced. It 

remain~ to be determined whether apolipoprotein(s) or related proteines)' are 
, " t 

involved in cholesterogenic regulation. 

Regulation of hepatic cholesterol biosynthesis is further com

plicated by the fin<~ing that HMG,:,CoA reductase exists in a phosphorylated 

(inactive) and dephosphoryl~ted (active) form (262). It appears that under 

normal physiological cond1tio~s approx. 75' - 90% of the reductase 1s in a' 

phosphorylated fonn and hence 1s inactive (262). Brown et. al. (262) suggested 

that the i nact i ve enzyme serves as a reservoi r of reductase wh-i ch can be 
, 

, act ivated by dephosphorylati on (by phosphata se) when hepatocytes are faced 

with demands for cholesterol. Long - term alterations (Et.g. as a result of 

chronic diet) of hepatic cholesterol synthesis ln the rat are due to ;:hanges 

in the total amount of~enzyme protein (262, 263) and not due to changes in 

the proportion of phosphorylated reductase (262). These findings and studies 

~9gesting direct inactivation of reductase by cholesterol. and its cata

bolites (252, 258) indicate that the latter may regulate dephosphorylation 

with possible involvellJ.ent of sep in short - tenn cholesterogenic regulation. 

<Jt has been observed that hypothyroidi sm i s associated with 

decreased hepatic cholesterol biosynthesis (264, 265) as a result 9f 

decreased HMG-CoA reductase activity (266). 

Esterified chol esterol in rat VlDl 15 1 argely derived from the 

liver as a result of the action of ACAT on FC and FFA (250). The ester com

position of hepatic microsomal fractions and that of serum VLOL are 1dent1cal 

(250). However, man pos~sses only 25% of the (ACAT) activity present in ,rats 

(250)' 50 that the bul k of CE in humans 1s derived in the vascul ar compart-

ment by the action of LCAT (5). 

The cholesterol substrate for the ACAT react10n in rats con-

stitutes a pool distinct from that destined for bile acid synthesis (250). 

• 
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The ACAT enzyme in rats efficiently utilizes exogenous cholesterol added as 

substrate" whereas the enzyme in human 1 iYer does not (267). 

Oxygenated'sterols, have more marked regulatory effects on ACAT 
. 

enzyme act hi ty than cho 1 estèro 1 (268, 269). Substances such as, 25-hydroxy 

cholesterol have acute stimulatory effects on ACAT which are independent, of 
" 

new protein synthesis, suggesting a direct interaction of the sterol with th:e 

enzyme itself (268)., Incorporation of labelled oleic acid into CE, but not . -into TG or PL 15 1ncreased 3- to 6-f61d in intact hepatocytes exposed to 

25-hydroxy cholesterol for several hours while the incorporation of exo.. T 

genously 1 abelled cholesterol or meva] onolactone (endogenous cholesterol) 

into CE is increased ('268). This results in the accumulation of CE with a 

concomitant decrease ~f FC in the cell (268). 

It has been demonstrated that cholesterol feèding promotes 1n-

d&easèd hepatic ACAT activity in guinea pigs (210) and rats (271). Incubation 
l , , 

~, 1 

of r;at hepatoma cells with hyperlipemic serum is sufficient to activate ACAT 

(272). The activity of AC AT in reconstituted synthet;c liposomes 1s found to 
, -,' 

be dependent on . .the amount of chol esterol used in the liposomes or on .the , 
~ 

amount of free cholesterol transferred trom other membranes dur1ng experi-

mental incubations (273). Thfs finding and the ,.observation that protei," 
l, 

synthesis is not required far ACAT, activation (268,274) implies that 

sufficient ACAr ;s present in nonnal cells ta accomodate any acute (e.g. 

post.prand1 al) changes 1 n cho l!stero l l oad. 

Chronic exposure to high cholesterol levels (high cholesterol 
\ ' 

~ die~s11ears to t'he secretion of ~ôlest'erol - ester 'rich nascent VLOL 195, 

112, 1,20).- Short - term (several hours) exposur:eo to 25-hydroxy cholesterol 
n 

gives rise to relatively CE' - rich nascent VLOL, however, the total 

cholesterol content relative to TG in these l1poproteinS-- 15 unchanged fram 
" ' 

that 'secreted ,by unstimulated cells in that only the proportion of 
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cholesterol in esterified Torrn is increased (269.). 

2) Synthesis of Apolipoproteins 

The synthesis of apo11poprotein precursors, like those of other 

secretory proteins, begins in the eytosol on polyribosomes which become 

attachep to t·he cisternal membrane of the endoplasmic reticulum (275, 276, 

277). Apolipoprotein mRNA from chicken and rat have been successfully 

transl ated in vitro in hete-rologous protein synthesi s systems (276, 277, ~78, 

279). In vivo (279) and in vitro (278) stud1es with rat liver in'dicate that 

roughly 2% of the total liver protein synthesis in the normal animal is 

devoted to apo-VLDL proteins'while about 1.5% alone is devoted to apo-E 

(279). ,The,small proportion of total apo-B mRNA and the observed hetero

dispersity of anti-apo-B binding to polysomes has hampered investigation of 

the biosynthesis of this apolipoprotein in rat (279). However, studies on 

~vian apo-B, which is antigenically related to human apo-B, indicate that 

fleither protein"synthesis, attachment of the-polypeptide to the ribosome nor 

g,lycosylation is required for extrusion of the nascent chain through the ER 

membrane (280). A component, recently characterized by Meyer and Dobberstein 

(281) that is responsible for vectorial translocation of proteins across the 

ER membrane, thell:êfore, may be primarily involved in apo-B translocation • . ' 

! 

\ 
'\ 

Avian apo-AI and a unique protein, apo-VLDL-II, were both found to 

be synthesized initially as largér preproteins (282). The N - terminal 

s~uence of apo-VLDL-JI consisted of a 23 amino acid extension (276) which 
~-~. 1 

was similar ta- signal sequences reported for other prote1ns (283). T~e trans- ;-

(l 

, " 
location of this phospholipid - binding apolipoproteln (77) through the ER ," 

membrane 1s of part1cular interest as sorne mechanism would be required to 

prevent interaction of the proteinls amph1pathic reglon with the outer 

membrane surface (77, 276). It is unlikely that the signal s~quence would 

1 
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serve this function (283). Blobel (284) proposed that unique "topogenic U 

. 
sequences/in proteins may lnitia11y"serve to regulate apolipoprotein - Hpid 

t 

i nteract ion. 

The primary translation product of rat intestinal apo .. AI mRNA was 

found to be a novel preproprotein (277). Following the signal sequence, an 

unusual hex,apeptide prosegment having paired glutamines rather than argi nines 

at the COOH- terminal of the segment is present on the apo-AI (277). It has 

been speculated that the prosegment of apo-AI might serve as such a "topo

genic" sequence preventing thé interaction of proapo-AI with lipid, until 

this apolipoprotein 15 requ~red for nascent HQL formation (277). Protein pro

segments i dent i fi ed to date have been shown to be proteolyt i ca 11 Ycl eaved at 
, 

highly conserved terminal dibasic residues (285). Therefore, the observation . ~ 

) 

of .novel terminal residues for proapo-AI suggests that post-transl ational 

processi ng of this apol i poprotein occurs vi a currently undefined pathway.s and .. 

not within the Golgi as for other proproteins (286). 

Translation of. rat apo-E mRNA in the presence of microsomal mem

branes in vitro results in th~ formation of preapo-E which is sensitive to 

endoglycosida~e H whereas the product formed in the absence of microsomal 

membranes i s not (278). Thi s indi cates that the former has undergone 

co-trar)l6lational signal' peptide re,moval and core glycosylat4on (278). Plasma 

apo-E i s not cl eaved by endoglycosidase H, which "1mpl ies that further 

modification (e.g. addition Q,f sial1c acid) of preapo-E occurs prior to its 
~ -

secretioh by the 1 iver cell (278). Studies ~n apol ip,oprotei ns synthesized by 
, . 

, . 
human fetal I1ver cultures support thi s concept (287). Newly synthe~1zed 

apo-E consists of an array .of isofonns that have' higher molecular we1ghts and 

more acidic isoel ectri.c points than thei r serum counterparts, however, the 
~ 

nascent apo-E bec~e indistfnguishable from serum ape-E after treatment with 

neurami n 1 da se (287). These stud1 es suggest that rat and human apo-E are 
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initially synth&sized as sialo apo-E and are desialated in plasma (278,287). 
'" 

In contrast, apo-AI isofonns synthesized by hu~an feta~ liver cul

'tures are more basic than the two serum hofonns suggesting tt.at preapo-AI 

lsoform~ undergo post - secretory modi fication to their plasma forms 

(287). A defective conversion of these preapo-AI isoforms may explain the 

barely detectable levels of plasma apo-AI in Tangier disèase (287). The 

intestinal mucosa of patients with diàgnosed Tangier disease secrete the 

preapo-AI isoforms (287), however, a defective conversion of apo-AI could 

result in its rapid clearance from the circulation perhaps by an asialo 

glycoprotein receptor (288). 

Stimulation of hepatic lipogenJsis by FFA is also accompanied by 
'\, .. , 

increased de nova apol1pop.r0teins mRNA synthesis (289). Simflarily, the 

increased secretion rate of apo-E by livers from rats fed an atherogenic diet 

(120) 1s mediated ta a certain extent by an accumulation of translatable 

apo-E mRNA in liver cells (290). Hormonal stimulation by estrogen of specifie 

apo-VLDL-II rnRNA in avian Uver has also been demonstrated (282) • .. 
. .. 

3) Formation of L1pid - Apol ipoprotein Complexes 

The mechan1sms whereby nascent apolipoproteins bind lipid to fonn 

-lipoproteins within the cell are not known, although studies investigating 
, 

the interaction of isolated apolipoproteins with pnospholipid bilayers have 

prov1ded useful information that may have relevance wfth respect to the 
-. 

f.ormation of native lipoprote1ns~ The first possible interaction of apolipo-

proteins w1th lip1d can occur at the rough ER and this posstb1l1ty 1s 

supported by the finding that the enzyme AC~T co-isolate$ with RNA sU9gesting 

o that the p,rOduct of ,ACAT (CE) 1s synthesized and a5sembled on to e1ther 

prefonned apolipoprotein ~apo-B) or the nascent peptide (250). As apo-B 15. , 

almast insoluble 1n aqueaus soluti~n in the a~sence of amphiphile5, ft 15 
\ 
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\ 
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reasonable to conceive that in the fonmation of TG - rich 1ipoproteins a 

-phospholipid âpo-B complex is fonmed 1nitially on to which TG 1s subsequently 

added. Studies by Bar-On et al. (291) lend support to this~concept as this 

group n,oted that newly synthesized TG and PL continued to be added onto 

pre-ex1sting apolipoprotein even after cyc10heximide treatment. The existence 

of preformed pools of apo-B in the intestine (292) and of apo-E in rat liver 

~ (290) have been demonstrated and may confer to the organs a certain degree of 

adaptabi1ity wh en chal1enged with conditions of increased 1ipid synthesis or 

absorption. Intracellular apolipoprotein pools do not contain a11 the 
li" 

components in the proportions present in the secreted VLDL'(291). 

Electron microscopy using peroxidase - conjugated antibodies 

against apo-B and apo-C have shown that these apolipop~oteins are acquired by 

the nascent lipoprotein partic1es at the junction between the RER and SER 
'lJ 

(215, 293). 

The lipid - bjnding regions of the characterized apollpoproteins 

have been found to reside at the COOH - terminal (74, 77). This as we1l as 

the above observations, s~ggests that the apo1ipoprQteins must b,e fully syn

thesized and translocated l l1\to -the 1 uminal aspect of the ER before they 

acquire their full lipid - binding capacity. 

4) Transport and Secretion of lipoproteins by the Hepatocyte 

The pathway of 1ipoprotein ~ecretion incluQes movement from the 

smooth ER through the Golgi apparatus via Golgi secre;o~y vesiclJ[ and entry ,... 
into the circulation after fus10n of the secretory vesicles w1th the plasma 

membrane (294,and refs. c1ted there1n). Afrecursor - product re1at~onsb1p 
, 

between VLOl isolated fram the Golgi apparatus and the serum was demonstrated 

by Nestru~and Rubfnste1n (295). It 15 ev1dent that nascent lipbprotein 

particles are dynam1cally modif1ed during the course of the1r passage through 
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.. 
the ER to the Golg1 apparatus, the major funct10n of the Golg1 being the 

glycosylation of the apolipoprotein moietîes (296). Addition of oligo-

saccharide cores to apolipoproteins can occur at the rough ER whereas the 

sites of addition of terminal galactose, sialic acid or fucose moieties 

occurs' primarily in the Golgi membranes (297). Evidence presented recently 

also suggests an active-~xchange process of polar lipids between Golgi 

membranes and Golgi secretory lipoproteins (298). 

The particles pass1ng through the Golgi apparatus undergo a 

reduct10n in volume of about 50~ with an attendant decrease in TG and an 

1ncrease in CE content (299). A morphological structure (GERL) closely 

associated with the Golg1 apparatus, but chemically distinct (hydrolase -

rich), may be involved 1n such lipoprotein transformations (300). 

Studies of glycosylation of rat apo-YLOL indicated that apo-B incor

porated a major proportion of added 3H-glucosamine while apo-E and apo-CIII 3 

incorporated the remainder (301). It has also been demonstrated that 

additional apo~C peptides can be acquired by the nascent VLOL in the Golgi 

(215, 301). Difftculty in obtaining adequate sample sizes in part accounts 
~~~ ~ , r. 

t 
for the paucity of information on this aspect of lipoprotein assembly. 

1 

The accumulation of nascent 'l1poproteins in rat hepatic Golgi 

during fatty liver induction by orotte acid (OA) suggests a role of glyco

sylat10n in 11poprotein secretion (302). Fatty 11vers indueed by orotte acid 

feeding are characterized by an accumulation of'YLDL-size part1cles e 

Golgi and the ER within 72 hours (302). Pottenger et al. (303, 304) 

that VLDL apolipoproteins der1~ed from o~ottc acid fed rat I1ver Golgi re 

deficient in apo-CIl!3 and N- acetylglucosamtnes, galactose and N- a etyl

neuraminie acid, the latter being attributed to a l·ack of exposure of the 

apo11poproteins to the Golgi glycosylating énzymes. As orotic acid produces a 

dècrease in aden1nle and cyt1cUne nucleotides (305) a deficieney in CW -
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substrates for glycosylation could be envi$agetl and could have important 

implications in the enzymatic incorporation of sialic acid into apo-C in 

particular (306). It is pertinent to note that the addition of adenine to the 

orotic aci~ diet reverses the hepatic TG accumulation (306). 

A similar sit~ation occurs in fatty liver induction by D-galact~s

amine in rats,'where 24 - 48 hours after a single injection of this agent 

there is a complete disappearance of apo-C from serum VLOL and HOl (307). As 
, 

apo-C is primarily derived from the liver in rats (308) this loss indicates a 

defective hepatic synthesis or secretion of apo-C. SiroweJ and Katterman 

(307) proposed that an alteration in the glycosy1ation of this protein by 

D-galactos~ine (309), accounted for its absence. 

A clue as to the mechanism of TG accumulation in the livers of 

orotic acid fed rats is the observation that DA does not affect intestinal' 

lipoprotein secretion (310). This same organ in the normal rat does not syn

thesize apo-Ç to any significant degree (308). Therefore, the impalred 

secretion of 11poproteins by the liver could arise from a defect in apo-C 

glycosylation. Glycosylation of apo-B and apo-E may not be as critical for 

secretion. That glycosylation is not important for lipoprotein secretion has 

been suggested (311, 312), however, these short - term studies do not rule 

out long - term effects. 

To date no electron microscopie evidence is available demon-

strating the presence of ~ascent HDl within the Golgi apparatus. Discoidal 

nascent HDL is secreted by isolated livers from rats in the presence of an 

inhibitor to LCAT (205) and from nonnal or hypercho1esterolemic motlkeys- (206) 
, 

1n tte absence of 1nhib1tor. The presence of nascent discoïdal HOL ln human 
• 1 

1 
sp1anchnic circulation has been demonstrated (313). Therefore, the'failur~ to 

detett Golgi HOL may be a result of the low levels of this lipoprotein (314) 
1 

and the inherent diff1culty of dist1nguishing nasdent HDL fram membrane 
,/' 
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fragments which occur during Golgi isolatioh (2~8). 

Recently, morphologicaJ evidence for a second pathway of lipo

protein secretion by rat liver cells was reported (216) lndicating a direct 

route of lipoprotein particle transport v1a,smooth ER - derived vesicles 

which appear to bypass the Golgi apparatus en route to the plasma membrane. 

Such a mechanf sm resemb 1 es secretory processes of evo 1 utfonarily more 

primitive cells (216). Nascent VLDL particles transported via this alternate 

pathway occur singly and are slightly larger than those in Golg1 vesicles 
p 

wh; ch are found as clusters (216). 

The find1ng th~t colchicine, vincristine, phalloidin and cyto

chalasin 0 inhibit TG release by liver cells sug'gests a role for m;cro

tubul~s in the transport and secretion of lipoproteins (315, 316, 317) 

a)though this has been questioned (318). In a recent report, Yedgar et al. 

(319) observed that the synthesis and secretion of VLOl by hepatocyte mono

layers decreased with increasing medium viscosity. An explanation of this 

phenanenon, ,which appears to be responsible for the, hyperlipidemia observed 

1n hypoalbuminemic patients, is not readily apparent (319). However, that the 

synthesi s a~ecretion of al bumin 15 not signi ficantly affected by medium 

viscosity, phall~idin or cytochalasin suggests that the mechanisms involved 

in Hs secretion are different to those of lipoprotein synthesis and 

secretion (317, 319). 

C) The Use of Isolated Hepatocytes in the Investigation of Lipoprotein 
Synthes i s and Secret ion 

Studies on the synthes1s and secretion of hepatic l1poprote1ns prior ~o 

1975 were confined to the use of the isolated perfused liver (320, 321, 322, 
/' 

323). Isolated hepatocytes incubated in suspension were used as early as 1971 

(324,325) however, the short - term incubations possible (3 hours) lim1ted 

the amount of material available for analyses. In 1975, Jeejeebhoy et al. 
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(326) reported a method which pennitted long - term incubations of isolated 

hepatocytes which secreted VLDL over a 24 hour period (326). The naseent VLOL 

gave a precipitin react~on against anti - rat~ serum - VLDL, however, the 

urea PAGE profile indicated an absence of the apo-C peptides (327). As VLDL 

obtained from liver perfusions were shown to contain al1 the serum VLDL 

apolipoproteins ineluding apo-C (320, 321,322, 323), this was one of the 

first clear demonstrations that lipoproteins could undergo post - secretory 

mod i fi cat i on once rel eased from the hepatocyte. Such react ion s cou 1 d occur in 

the space of Disse (Fig.8). It had been proposed (328) that apo-C could be 

acquired by th~ VLOL after its secretion into the space of Disse, (i .e. 

transfer from HOL) on the basis that patients with abetalipoproteinemia (who 

lack VLDl) still had apo-C in their HDL. This implied that nascent HDL 

contained apo-C. In 1976, Nestruck and Rubinstein (295) demonstrated that 

Golgi VLDl could acquire apo .. C in incubatio~_~ith serum HDL. 

The advantages of i solat;fd hepatocytes over l iv~r perfusions to inves

tigate certain aspects of lipoprotei~ synthesis and secretion are apparent: 

a) the longer incubation times possible, b) the space of Disse'is eliminated, 

r.educing the possibility of post - secretory modification by preventing the 

local izatlon of potential modifiers in the extracel1ul ar space and c) 

differences between 1 ivers can be reduced by i) i ncubat i ng hepatocytes fr(JJ1 

one liv~r separately under different experimental conditions or il) pooling 

hepatocytes from more than one liver in a single incubation. Suspensi~ns of 

hepatocytes were used for the studles eonducted in thi s thesi s. 

~uring the course of the present work, developments in eulturing tech

niques led to the establ i shment of non - prol i feratiri'g hepatoeyte monolayer , " 

cultures (329) ta investigate I1ppprotein uptake.' This system was 

subsequently used to study lipoprotein synthes1s ano secretion (224, 330, 

331). Ultracentrifugation of the incubation med1l111 at classical serum 
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\ 
densities has resulted in diserepaneies ln the flotation properties reported 

for the naseent lipoproteins (224, 330, 332). The essentially lipid - free 

apo-AI and apo-E found in the d > 1.21 g.rnL-1 fraction (331) also raises the 

ubiquitous possibility that these were ultracentrifugal artifacts (36). 

Similar observations in our laboratory, prompted us to investigate other 

possible modes of separating nascent lipoproteins. Agarose gel filtration of 

~erfusate lipoproteins had proven suecessful in this laboratory (333) and did 

not subject the lipoproteins to htgh physical forces. As a result, this 

method was adapted to examine the nascent lipoprotein products seereted by 

isolated hepatocytes. 

Serum lipoproteins represent a dynamic spectrum of particle size.s. It 

was reasonable to assume that the naseent particles may share such features 

and that dietary and hormonal factors eould easily influence average particle 

size and apollpoprotein distribution. Gel filtration affor.ds a more rapid and 

simpler means to deteet such changes than ultracentrifugation. 

J) 
1) Objectives of the Pre~nt Study 

The objec'tives of the work described herein were twofold. F'irstly, 
f 

the nature of lipoproteins secreted by normal rat hepatocytes was 

lnvestigated. The second objective dealt with an aspect of lipo~rotein meta

bolism that has been a subject of mueh interest in this laboratory, namely, 

~percholesterolemia. 

The ~ypereholesterolemic rat has been used as a model to 

investigate various aspects ~)altered lipoprotein metaboHsm, in that 

abnonmal lipoproteins acc~ate in the sera of these anirnals which have 

similar propert1es to those of lipoproteins pres~t in the sera of patient"s with 

familial Type III ~perlipoproteinemia (110, 120). However, th1s spec1es, 

l He the dog, 15 particularly res1stant to thè development of hyper-
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cholesterolemia and requires the concomitant induction of a hypothyroid 

state. Thus the ~ntithyr01d drug propylthiouracil (PTU) 1s .generally added to 

the high fat, high cholesterol diet used to induce hypercholesterolem1a in 

these animals. 

The accumulation of abnormal, a -VLDL having a high cholesterol and 

apo-E content in the sera of hypercholesterolemic rats was found to be due, 

in part, to the ,direct synthesis and' secretion of these particles by the 

l ;ver (120, ,334). In order to understand the biosynthetic mechanisms 

respons1ble for the production of the abnormal lipoproteins, it was necessary 

to differentiate between the effects of the various components of the hyper

cholesterolemie diet. Dory et al. (335) observed an accumulation of LOL in 

the plasma of chow-fed hypothyroid rats. Other studies have also indicated 

that the thyroid honnones may play direct roles in regulating lipoprotein 

metabolism in rat (264, 336) and hypothyroidism is a weIl - estaQlished cause 

of secondary hyperlipoproteinemia in man (337). Elevated serum levels of 

apo-E were observed in hypercholesterolemic rats (110, 119) whereas 1'n hypo

thyroid rats maihtained on regular chow diets, normal (IIO) and elevated 

(335) serum levels of apo-E have been reported. 

The~efore, the objective of our work was to evaluate the effects of 

diet and hormonal status on hepatic lipoprotein synthesis and secretion and 

to ascertain to what extent the products directly contributed to the serum 

pool of abnormal lipoproteins ;-n hypothyroid or hypercholesterolemic rats. 

~._,----------- -- -- ._- -
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MATERIAlS AND METHODS 

1) Animals 

a) Studies on normal rats 

Male long-Evans rats (250-300g) (Canadian Breeding Farms, St. 

Constant,PQ) were used for all studies. The normal (control) group of rats j 

were malnt'ained on a e_erelal ehow' die: (Ralston Purina Co •• St. louis, MO). 1 

b) Dietary and hormonal manipulations ! 

A second group of rats was rendered ~pothyroid by the addition 

of 0.1% PTU (w/v)(Sigma Chemical Co. ,St.Louis,MO) to the drinking water., The 

third group (hypercholesterolemic) was fed a thrombogenic diet (ICN Bio

chemicals, Montreal,PQ) containing 40% butter fat, 5% c~olesterol, 2% sodium 

cholate and

6
" % PlU. Rats were maintained ,on the PlU - tr~ated water for 21 

to 25 days on the thrombogenié diet for 45 days. Serum ,thyroxine (14) was 

determined \onitor the effects of the PlU -otreatment on these animaIs 

(Thyroxine Radioimmunoassay Kit,Bio-RIA, Montreal,PQ). All groups of rats 

(normal, hypothyroid and hypercholesterolemic) were comparable in weight at 

the time ~the experiments. 

... 
2) Isolation and incubation of rat hepatocytes' 

Hepatocytes were prepared by a modification of the meth9d of Jeejeebhoy 

et al.(326).The solutions used throughout the isolation procedure as well as 

the incubation medium were sterile - filtered and contained pén1cl1li-n (10,000 

U.ml-1) and strept~cin (O.OSmM). Tubing, connectors, filters and ~eakers 

were of the d1sposable type, whereas the glassware used for incubating was 

acid - cleansed and UV - irrad1ated overnight • 
.. 
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All rats were fasted overn1yht and isolation of the hepatocytes frOOl the 

first liver was started at 9:00 A.M. the fol1owing morning. Each animal was 

anaethetized with 20-25 mg Nembuta1 (Abbott Laboratories,M6ntreal,PQ). The 
-

1 iver was t'pre'pared for perfusion accordi ng to the methods of Mi 11er (338) 

using a 16-gauge Argyle Medicut intravenous plastic cannu1a (Sherwood Medical 

Ind.,- St.Louis, MO) and Intramedic PE-90 Tubing (Becton, Dickinson and Co., 

Parsi ppany, NJ) to cannulate the afferent portal vein and efferent supra

diaphragmatic inferior vena cava respectively. The liver was preperfused with 
! , 

about 50-60 ml of a non - recircu1ating solution of calcium - free Krebs -

Hense1eit buffer, pH 7.4 containing 15 mM citrate and 15 mM glucose. The liver 

was then perfused at a f1 ow rate of 50 ml per mi n at 370 C with 100 ml of a re

circulating solution of the 'same buffer containing collagenase (Sigma Chemical 

Co.,St.Louis,MO} at a concentration of 75 U.ml-1 for 5 mins. The flow rate was 

occasionally increased to facilitate dispersion of the liver cells. The buff~r 

was constantly oxygenated by passage through' a Silastic tubing oxygenator 

(339). Calcium chloride was ,then added to a final concentration of 2.5 mM to 

enhaoce enzymatic activity and accelerate dispersion (340). After 7-10 mins 

the 1 i ver was removed from the animal, eut into smal1er pleces with surgical 

scissors and incubated with oxygen~ation and gentle agitation for 5 fl/ins in 100 

ml of a fresh collagenase solution containing 0.5% fatty - acid -' free BSA. 

The solution was then passed through four layers of surgical gauze and the 

parençhymal cells were iso1ated and washed by gravit y sedimentation or low 

speed centrtfugation (100 x 9 for 5 mins). Normally cell 5 were washed twice 

with Krebs - Henseleit buffer, however, preparations of hypercholesterolemic 

rat hepatocytes rJqUir~d 5 or 6 washes to remove visible particulate fat. 
1 

Hep~tocytes tram two li vers w,e re i ncubated in 600 ml of Waymouth 1 s MB 

752/1 medium (Gi~co laboratory Supplies, Grand Island, MY) supplemen ed'with 

11.5~ (v/v)1 horsrl sérum (~low laboratories, Mclean, VA), 10,000 U.ml 1 
l' . 
/ . -
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penic;11in and 0.05 mM streptomycin sulfate. The dOllor horse serum was heat ... 

inactivat~d at 56°C for 30 mins and delipopro'teinated by one of two methods. 

In the first set of studies, the horse serum was delivoproteinated according 

to the procedure of Jeejeebhoy et al. (327) by adjusting the 3serum density to 

1.21 g.mL-l wlth NaBr and subjecting it toultNlcentrifugation for 40 hours. 

, The serum was extensively di a1yz.ed against sal ine prior to use. During the 

course of ~his work a second method of de1 iPoprote1nating horse ser~ w~s 
developed by Weinstein (341) and was ernp10yed for' a11 experiments describe~ ~n 

" 

Part C of the Resu1ts section. Essentially a11 ,lipid,and apolipoprotèins B ~nd 

E are removed from serum by this'method (341,342) which consists of 

.incubating 3g Cab-O·Sil (Eastman Kodak, Rochester, ~Y) per ,100 ml of serum 

overni ght at' 4 Oc wi th shak i ng. Tfle Cab-O-S il 1 s rem~ved by centri fugat i on and 

subsequent filtration of the serum. Figure 9 shows gas chromatographie 

profiles of horse serum 'used in these studies before and after Cab-O-Si1 

treatment. 

Suspensjons of. hepatocytes were maintained at pH 7'.1 and 37 0C for 24 h or 

longer in a single l-l spinner flask (Bellco 8iologica1 Glassware, Vine1and, 

NJ) or equa1 parts were divided and incubated in severa1 250 mL spinner f1ask's 

(Johns SCientific, Torontp, Ont.). Oxygenation of the suspensions was achieved 

. by continu,ous gassin'g wi~h 95%02:5%C02 at a flow rate of -2L.min- l • Evaporation' J 

. 
was retarded by the attachment ,of water '. coco1ed condensers as descr1bed by 

Jeejeebhoy et al. (326,). 

Zel\.0 time w~s t~ken as the time of ad~on of a neutra1ized solution-ô;' 

ImCi 3H-1abelled amino acid mixture or 50uCi 14C~leuvine, lOOuCi 3H .. mevalono; , 

lacton~ and o.5m~i 3H-palmitate (New En~land Nuclear Corp., Bosto~, MA) t~ thé ~ Q: 

in~ubation medium. Palmitate was'coupled to fatty --acid - free BSA by a 

mo1ifi'cation of"the method of Milstein et al.(393). Addition of ~he radio- • 

i "1 toP~" occu rred. due to expe rillenta 1 procedu !e. at on ... h a 1f hou r a fte r ~he 
~'[ 
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FIGURE 9 

TOTAL LIPID PROFILES OF HORSE SERUM BEFORE AND AFTER INCUBATION WITH 

* CAB .. O-SIl 

Heat-inactivated, sterHe-filtered horse serum (A) was del ipoproteinated (B) 
* ' " 

with Cab-O-Si 1 as described in the Mater1als and Methods. Fot (A) and (8), 

O.3mL and 1.OmL serum samples were taken for l ipid analyses respectively. The 

l ip1d l>rarl1 es were o.btained using low - t~pera~ure gradient GLC. Peak 30 15 

the tridecanoyl glycerol internal standard and the identiticati on of the otlter 

peaks i5 85 in .Fig_ 31. N1nety-eight percent of the lip1ds were removed by 

* treatment w1th Cab-O-S11 _ 

GAS CHROMATOGRAPHIC CONDITIONS: 
,

<' 

The gas ch\--omatograph was equipped with'~taill1ess-steel columns (50cm X 21T111 

1.0.) containing 3% aV-l on 100-120 mesh Gas-Chrom Q (Applied Science Labs.') 

and an automatic 1iquid samp1e injector. The GLC separations were cônducted 

with tempera ture progranmi ng from 175 to 4000 a t -approx. 40/mi n wi th dry 

nitrogen as the carrier'gas (40 ml/min). The data was processed as described 

in ref. 361. 
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addition of hepatocytes ta the incubation medium in al1 cases. 

Total cell protein was determined on a 200 x ~ pellet of the s~spension 

medium after three washes with Krebs - Henseleit buffer according to the 
, 

method of 'R i cca et aL (344). 

3) Criteria of hepatocyte viability 

a) \Trypan blu.e dye exclusion 
• J. .. 

" 

An aliquot (0.5 mL).of the cell suspension was added to 0.1 ml of a , . 
0.5% solution of Trypan Blue in sali~e and mixed thoroughly. The dye was. 

allowed to stand with the cell suspension for 5 mins. A sa'mp1e was used_to 

fi 11 a' hemacytometer and the percent of stai ned cell s was detenni ned after 

viewing in a light microscope. At least 500'ce11s were measurea for each 

-li. sampl e. 

b) Intracellular ATP content 

Twenty ml of ce11 suspension was centdfuged at 200 x 9 for 10 mins 

to remov~ the: hepato'cytes. The supernatant was de'ca~ted and 2)mL of cold si 
. . 

TCA was addèd to the cell .pellet with thorough mixing. This mixture was 

centrHuged at 10,0'00 x 9 and the supernatant analyzed fq.r ATP by lIIeasuring the 

bioluminescence of added ATP~dependent luciferase enzyme in an LS counter (345). 

c) Intracell ular Potassium Content 

All Corex tubes (15 ml) (Corning Glassworks, Corning, NY) were acid -

cleansed and rinsed in deionized water prior to use. Ten ml bf cel1 suspension 

was centrifuged at 200 x 9 for 10 m1ns and the supernatant WaS dec,nted. The 

pe11~ts were drted .at 105°C to constant weight. Intracellular K+ WaS 

detennined after electro1y1;e extraction of the dried cell pe1.1et with O.lN 
-

HN03 and subsequent ana1ysis by f1ame photometry using a Beckman Klina-flame 

1 
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accord1ng to the method of Flear et al.(346). 

d) lactate dehydrogenase leakage 

, 
Two ml of cell suspension was centrifug:~(t;:t IWO- x 9 for 10 m1ns. ,1. \. 

The supernatant was decanted and reserved and 2 ml of fresh, cell~free 

incubation medium was added to the pellet with mixing. Thi~ latter sa~ple was 

sonicated at a setting of 60 on ,a Sonie Oismem~rator (Artek Systems Corp., 

Farmingda1e, NY) for 15 sees to disrupt the hepatocytes. Lactate dehydro

genase was detenmined'in the supernatant and pellet fractions by monitoring the 
, 

1 

1 
1 

conversion of added NADH to NAO+ at 340 nm aecording to Bergmeyer and Bernt (347). 

4) lipoprotein isolation 

a) Ultracentrifugation 

<~ 

Rat serum 1ipoproteins and nascent 1ipoproteins secreted by sus-
"~ " 

pensions of rat hepatocytes were isolated u1tracentrifuga11y aecording to a ' 

modi fication (348) of the method of Havel ,Eder and Bragdon (349) in a Beckman 

L5~50 or L5-65B ultraeentrifuge. An SW 41 rotor w,s used at 33,000 r.p.m. 

(134,4009) to·isolate lipoproteins from volumes of serum or medium less than 

60 ml, whereas 'the SW 27 or 50.2Ti rotors were used at 27,000 r.p.m. (96,6009) 

and 33,000 r.p.m. (99,0509) respectively., ,for larger volume·s. Iso1ated lipo

proteins were removed from the tops of the tubes by aspiration with Pasteur 

pipettes and by tube - slicing when the swinging-bucket and fixed-angle rotors 

\ were used resp~ctively. 

lipoproteins were isolated after adjusting the sample solutions to 

the appropriate dens1ties with solid NaBr"{350) and over1ayering ~fth\ salt 

sol utions of the same dens1ty containing 0.01% EOTA and 0.02% NaN3• Generally, 

for rat serum 1ipoproteins, VlOl, LOL ànd HOl were 1solated between density 
{ ,.-.. 

ranges d < 1.006, 1.006 - 1.063 and 1.063 - 1.21 g.rnl-1 respectively, unless 
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othe~ise indicated. All isolated lipoproteins were exhàustively dialyzed 

against O.l~M NaCl (pH 7.3) before subsequent utilization or analysis. Incor-
" 

pora~ion of radi~active amino acids into VLDL protein was measured by TCA 

.precipitation onto 2.3 cm filter - paper discs according to the method of Mans 

i and Nove 11 i (351). 
l 

b) Gel filtration 
" 

.. , lipoproteins were also separated by gel filtration of rat serum or 

the hepatocyte incubation medium on a 1.25m x 2.5cm Sephacryl-300 column 

(Pharmacia, Fi ne Chemicals, Upsalla, Sweden). Samples of the incubation medi um 

(300 mL) were taken at the indicated times and centrifuged at 200 x 9 for 10 
. " 

mins to remove t~e hepatocytes. The cell - free medi~m was overlay~~ed with a 

NaBr solution (d = 1.006 g.mL-1) and particulate fat (352) and membrane 
. 1 r 

\ fragments (225) were removed by ultracentrifugation for 30 mins in an SW27 
, -
rotor at 27,000 r.p.m. (48,300 g.hrs). Ethylened;aminetetraacetic acid (EOTA) 

and NaN3 were then added to a final concentration of 0.01~ and 0.02% 

respectively, before concentrating the medium approximately eight - fold 

against icing sugar (Atlantic Sugar Ltd., St.John, NB). This method was rapid 

and resulted in far less protein denaturation than occasionally observed using 

Aquacide II-A (Calbiochem - Behring Corp., American Hoechst Corp., CA) as a 

concentrating agent. Twenty mL of the concentrated medium sample was appl1ed 
1 • 

to the column and was eluted w;th O.15M NaCl, 0.01% EDTA and O.02~ NaN3, pH 

7.3 at a flow rate of 1.5 mL.min-1 • 

'In order to compare elution profiles of nascent to serum lipo-

proteins, the sera of two rats was pooled and mixed with fresh incubation 

medium and prepared as indicated above before being applied to the 

Sephacryl-300 column. Fractions (5.3 ml) were collected and poofed as 

indicated and then concentrated for apolipoprotein quantitation or used for 

ptt., ... 
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subsequent lip1d and eleetron microscopie analyses. Isolation of lipoproteins 

from the column eluates for lipid analysis ~nd electron micr~copy was 
... • 1 

achiev~d by ultracentrifugation as de~cribed above except that the pooled 

fractions were adjustèd to a density of 1.21 g.mL-1 and spun once for 40 h in 

order to retrieve all lipoproteins secreted and eluted within the individual 
fi 

fractions pooled. 

5) Electron microscopY 

a) He.patocytes 

Hepatocytes were isolated after 12 hours of incubation and washed as 

for total cell protein determination except that,after the last wasn the 

pellèts were fixed for 2-4 hours in -a solution of 2'.5% glu.tar..al dehyde at 4°C 
~ 

and post-fixed in 1% osmium tet~oxide for 2-4 hours ai 4°C. The fixatives were 

buffered in O.lM sodium cacodylate (pH 7.3). Hepatocytes were left overnight 

in 0.5% aqueous uranyl ,acetate at 4°C prior to dehydration ~nd embedding. Thin 

, sections were eut on an LKB - Huxley ultratome and double - stained with 2% 

aqueous uranyl acetate and lead citrate. 

b) Lipoproteins 

Freshly isolated lipoproteins from,pooled column eluates were 

~egatively stained with 2% sodium phosphotungstate, pH 7.2, on Formvar-coated 

200-mesh eopper grids. Photographs of the hepatoeytes and isolated-
o 

lipoproteins were taken with a Philips/200 electron microscope. Mean lipo

pr()tein particle diarœters and distributions were calculated after meas~ring a' 
/ 

minimum"of 400 particles per sample~ 

6) Apolipoprotein guantitation 
, 1 

a) Purification of aRolipoproteins and production of antibodies 
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Native rat serum VLDL was used'to· elicit antibody production against 

apo-B as descr1bed by Dolphin (33,4). Rat apo-E was purified according to the 

procedure of WongQet al. (119). Purification of rat apo-AI was accomplishéd by 
,;J 

preparative isoelectriè fo~ussing of ap~-HDL (155). Antisera were prepared by 

injecting the apolipoproteins, emulsified in Freund's complete adjuv~nt into 2 

kg. white New Zealand rabbits (apo-B and apo-AI) or a young male goat_(apo-E}. 

The animals ~ere given an intramuscular inJection of Pertussis vaccine 

(Connaught Laboratories, Willowdale, Ont.) with the first apolipoprotein 

injection to enhance antibody response. Rabbits were injected with 100 ug of 

either apo-B or apo-AI in a total volume of 1 ml sUbcutaneously in several 

spots al~ng the back of the animal once a week for three or four wèeks. The 

a Qoat was injected with 150 ug of apolipoprotein subcutaneously in several 

spots~long the rear flank once a week for five weeks. The titers were checked 

after the indica~ed immunjzation pefiods before exsanguination of the animals. 

Rabbits ,were bled by cardiac puncture whereas the 'goat was bled -by cannulation 

of the carotid artery. 

Gammaglobulins were isolated by (NH4}2S04 precipitation (353). 

Anti-apo-B was cross - adsorbed with HDL to remove apo-E and apo-C titers 
\ 

(334). Antibodies directed towards apo-E and apo-AI were passed through a 

column of rat albumin linked to Sepharose to remove any pos'sible anti-albumin 

titer. Specificity of the antibodies was then checked by double" immuno

diffusion and no precipitin reactions were observed ,for any of the other rat 

apolipoproteins, albumin or horse serum proteins. The antibodies were dialyzed 

against 5 mM NH4HC03 and lyophilized (anti-apo-B and anti-apo-AI) or stored in 

small aliquots at -20°C (anti-apo-E). 

b) Electroimmunoassays 

The conditions and validation of the apo-~ electroimmunoassay were 
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.as described' by Dolphin (334). 
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The apo-E elèctroimmu~oassay was val;dated as per Wong et al~(rI9). 

For the a'po-E a~say, gels consisted of 1.8% agaros: (SeaKem LE, Marine " 
. \ 

Colloids, Rockland, ME), 5% Dextran T-I0 (Pharmacia Fine Chemicals, Upsalla, 
1 j .... 

Sweden) and O~1% Triton X-lOO (Sigma Chemical Co., St. l~uis, ~O) in 0.06M 
\" .,. 

barbital buffer, pH 8.4, containi'ng 2.5 mM calcium lactarê"~ The same buffer 

without the Dextran was used as the electrode huffer as weIl as s~mple . ' 

diluent. Electrophoresis was"performed'at l20 C for 18 ,'at 2.8 V/ém. 
" 

The apo-AI assay was carried out as follows. The gel was prepared 
~ , 

with O.06M barbital buffer, pH 8.4, containing calcium lactate, 1% agarose and 

5%,Dextran T-10. Sample diluent and.electrode buffers consisted of the same 

buffer without the Dextran. 'Electrophoresis was cond,ucted at 2.5 V/cm for 18 h -

at 120C. rre purif;ed apo-AI whose prote;n content had been det~rmined by the 

method of Lowry et al. ,(354) was dissolved in the barbital buff rand was 

initially used as standard. Apo-AI content in lyophilized refer nce serum 

" 
f" sampI es was quantitated against the-standard i 1'1 the presence or bsence of ~ 

urea (355). No di fference in apo-AI concentration as determi ned,~ the~ two 

observed. ' .'.' \ methods was 

Standard curves of reference serum samples for each 

immunoassays are shown in Figs. 10' - 12 and were rout;nely run for eve 

assay. 

7) Immunodiffusion and immunoaffinity chromatography 

Double immunodiffusion was carried out as described previously (24). For 

imm~noaffinity chromatography rat album1n or p~rified anti-apo-E IgG was 

linked to Sepharose Cl6B (Pharmacia Fine Chemicals, Upsalla, Sweden) using 

cyanogen bromide accordfng to a modificatipn of the method of March et 
o . b-

- al.(356). Isolated lipoproteins were delipidated whereas other fractions were 
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r.. FI~RE~_ 
'STANDARD 'CURVE FOR THE.E[ECTROIMftlNOASSAY OF RAT APOLIPOPROTEiN B 

pre~aration of the antibody and th~ 'assay COnd1tiO~S ar~' as d~scrib~/-~~, 

J , 

l ' , ' \ 

'. Mater1~1s 'and MethoJs. :Each point ~epres~nts the area und,er each peak cal\-

. culated for the "rockets" shown in the inset. A standard curve accompan1ed 

each assay and was:gen~rated with a reference serum standard which had been 

quant1tated ~ga1nst isopropyl extracted VLDL (ref. 372). 

\ 

,~ 
'-'~---.". 

, . 

'-

\ 
\ 

, ' 

\ 

\ 

." 

l '..-

\ 

1 

lA ' 

, { 

" 

T' ' 

! 
l ' 
l' 

l" 

1 
f 
[ 

" 
1 

i 

[ , 

! 
!. 
i 
j 
l' ; 
1 . 

f· r 
1 -' 1; 
1 

r.<'\ ",-.. V· 



, 
~ -

" 

ct-



-
", ' 

72a - • 

" -

FIGURE 11 

, \ . 
"STANDARD CURVE FOR THE ELECTROIMMUNO~SAY OF RAT APOLIPOPROTEIN E 

Preparation of the antibody and the as'say conditions are as described)n 

Materials and Methods. Each point represents the area under each peak cal-
r • 

- l , 

culated for the "rockets" shown in the inset. A standard curve accompanied 
~ . 

, each assay and was generat~ with a reference serum standard which had been 

quant1tated against purified apo-E (ref. 119). 
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f,IGURE 12 

, 

STANDARD CURVE FOR THE ,ELECTROIMMJNOASSAY OF RAT APOLIPOPROTEIN AI 
o 

. ." 

Preparat1.o" of the antibody and the assay "conditions are as( descrjbed in 

Material sand Methods. Each poi nt represents the ar,ea under each peak cal

cul ated for the "rockets" shown in the 1nset. À sta~ard curve accompanie~ 
. ,'.1 

each assay and was generated wi th a reference serum stilndard whictl had been 
\ 

quantitated agai nst apo-AI as described 1n Mater1al s and\Methods. The apo-AI 
\ " 

\ 

was purified by preparative isoelectric focussing of apo-HDl, (ref. 155). 
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simply d1alyzed against.O.05M phosphate buffer, pH 7.4,{runn1ng buffet) prior 

to, 1 ncubation with the protein - 1 i nked Sepharose. Incl4Pation was carried out 

dvernight at 40C with shaking~n polypropylene Econo - columns (Bio-Rad. 

Ri chmond t CA). The col umns we're 'wa shed wi th severa l vol urnes of borate -

buffered saline, pH 8.5 and the adsorbed protein was eluted from the immuno-
~ 

affi~ity column with 6M NaSCN in O.-m Tris-HCf buffer, pH 7.2. 

8) li pid' analyses 

a) Chemical methods 

-Lipoprotein lip'ids were extracted during the delipidation pr"ocedure 

w1th ethanol : ether 3:1 at -10oe (357) in the earlier studies. The lipids 

,9 were, separated by TLC as descTibed previ ous1y (120). Phosphol i pids~ were 

determined according to the rnethod of Fiske and SubbaRow (358), triglycerides 
v ~" , 

according to Van Handel (359) and cholesterol by the method of Zlatkis et 

al. (360). 

_ b) Gas 1 iguid chromatography 

1 

The individual lipids of rat serum and isolated nascent 11po-

proteins!were analyzed by gas liquid chrornatography acc'ording to the methods 

of Kuksis et al.(361) on a Hewlett - Packard model 5840 A automatic gas 

chramato~raph. Separation of lipids prior to gas chromatagraphy when indicated 

was achieved by TlC (362) to separatè neutral from other li pids t followed by 

TLe using the solvent system chloroform : methanol : acetic acid : water 

(74:45:12:6) to separate the neutral lipids. 

9) Agarose gel electrophoresis 

Electrophoretic mobilities of rat serum and nascent lipoproteins were 

determ1ned by agarose gel electrophores1s according to the method of Maguire 
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et al :(363). Gels were sta1ned w:lth 0.21 Sudan Black. 

10) Polyacrylam1de gel electrophoresis 

De11pidated apolipoproteins or serum proteins were solub111zed in , 
Tris-glycine butter:. pH 8.9 èonta1nfl\g 7M urea, 1~ a .. mercaptoethanol and l~ 

....-
SOS. The prote1ns were separated by electrophoresis on a,10~ polyacrylamide 

gel w1th a 3S~stack1ng gel both conta1n1ng 7M ~as prev10usly described 

\(348). The gels were stained w1th 11 amido black in '7' acetic ae1d anG. 

d~stained in ~O~ acet1c ac1d. Rad1oact1v1ty associated w1th the apol1po 
1 

protein bands was determined after slic'ing the stained and interven1ng gel 

regions, dry1ng and \OXidiz1ng the gel p1~~es 

previously descr1bed (2951 ... _ 
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RESULTS 

A) Criteria of Viabj 1 it.)! and Suitabi 1 Ù.)! of isolated Rat Hepatocytes as a 
Model to Investigate Lipoprotein S.)!nthesis and Secretion ' . 

The isolation and long '- tenn incubation of hepatocytes ,as suspension,s 

has been shown to be potentially very useful as a model to investigate,nascent 

lipoprotein synthesis and secretion (327). The purpose of'these studies was to 

exploit this system in arder ta acquire 1nfonmation as to the nature of 
1 

nascent lipoprotein secretory products in normal and experimental rats. 

Init1ally, however, it had to be estab'lished that isolated rat hepatocytes as 

prepared and incubated in our laboratory was a suitable and viable model for 

such studies. 

Isolated rat hepatocytes as they appear at zero time of incubation under 

the light microscope are shown in Fig. 13. The percent of cells unstained by 

trypan blue exceeded 85% in a11 cases. Electron mi~roscopy of i~olated 

hepatocytes even after 12 hours of incubation reveal ed that the majority of 
J'" 

cells had a well - preserv'ed ultrastructure (Fig. 14) with an intact plasma 

membrane (Fig. 14,c) and rough endoplasmic reticulum (Fig. 14,a,d). Lipid 

droelets (Fig. 14,a) and glYncogen particles (Fig. 14,c) could be observed 

within the cytoplasm. It would appear that intracellular polarity was 

maintained in these hepatocytes. A region'correapqnding to the peribiliary 

region of the hepatocyte is shown in Fig. 14,b. Such areas are commonly seen 

in freshly isolated cells and are characterized by being almost devoid of 

m1tochondria and containing autophagi c vacuole~, lysosomes and' GD 1 gi 'campl exes 

(370) • 

A rapid and sensitive means of establishing cellttJar viability was needed 

to routinely monitor preparations of hepatocytes. Many researchers have 

confined themselves to the trypan blue test, however, this method requires the 

tedious numeration of large numbers Of cells for accuracy. This method also " " '''-. 
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FIGURE 13 
1 " 

lIGHT MICROSCOPY,OF FRESHLY ISOLATED RAT HEPATOCYTES 

Cell suspensions were prepared, and a sample was taken at zero time of 

in~ubat1on and rnixed w1th trypan blue dye as des~~1bed in Materials and 

Hethods. Non-viable cel1~ sta1n blue and routinely account"for less tha~15S 

of the total cell number~ (X 310)" 

\ 

\' 

\ 

/ 
• 

• 

" 

", 

'. 

1 

°1 



ut ad __ • 
1 t 1 lb lA LZi 211l lx .... J dl IIJUL1I4 b 

'.' 
Ji LI ta.,. ai • i~ !. " ....... ·""'wl\ ........... ~ - 1 

; 1 

) 

l 



, .. 

FIGURE 14 

ELECTRON MICROGRAPHS OF ISOLATEO' HEPATOCYTES FROM NORMAL RAT 

Cells obtained after, 12· hours of incubation were fixed ·in glutaraldehyde and 

post-fixed with osmium tetroxide. Sections were stained with uranyl acetaté 

and lead citrate. Lp,lipid droplets; ly,lysosomes; N,nucleus; 

M.mitochondrionj RER,rough endoplasmic retic~lum; ~C,Golgi complex; 

AV,autophagic vacuole;- g,glycogenj PM,plasma membrane; MV,microvi1l1;. (a) 

Single isolated cell prepared fram normal rat liver by cOllagenase perfusion, 

X 6,490. (b) Higher magnificatlon of section of cell in (a) showing 
\ 

well-preserved cell organelles, X 16,310. (c) Area of a céll showing intact . , 

plasma membrane and m1crovilli, X 46,570. (d) Area of a cell showing lamellar 

reticulum as well as numerous ribosomes. Material with1n reticulum 15 , 
1 

ind1cated by the arrowheads, X 37,990. 
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has the drawback tba~ wholly dis1ntegrated'cells cannot be detected and that 
, 1 

medium proteins have the ability to interfere wtth the penetration of the 
, " 

trypan blue dye into the cells. Therefore, the trypan blue test could give an 

artificially~high value for viability. 

A sensitive index of cellula~ integrity is the amount of LDH (a cyto

plasmic marker enzyme) released into the medium by thé cells (371)~ Hepato

cytes initially retaining larger proportions of the total measurable extra; 
. 

and intracel1u~ar LDH, tended to retain h1gher proportions of LDH over the 

entire incubation period (Ffg. 15). This indicated tha.t LDH provided a good 

initial index of cellular integrity. Preparations of hepatocytes used for the 

studies presented here retained more than 85% of the total measurable LDH at 
~ 

zero time. Such preparations retained no less than 60% of the total LDH after 

24 hours of incubation. 

The trypan blue dye exclusion test consistently gave values for cell 

viability higher than those obtained by measuring LDH leakage as shown in Fig • 
... . ' 

16,A. The ratio of viability as measured by trypan blue to that measured by .. 

LDH was always greater tnan'l.O which is probably a consequende of the 

tendency of the fonner assay system to overestimate cellular viability as 

indicated earlier. 

A good correlation between the total milligram cell protein and total 

units of LDH act1vity (determined at various time points for several 

experiments) was observed (Fig. 16,8). A correlation of 0.85 suggests that LDH 

15 'synthesized by the cells' at a similar rate in all cases. Hence, measure-
, 0 

ment of LDH activity affords a quick and reliable index of total cell proteine 

To determlne whether or not the LDH assay provides.any index of subtler 

cellular functions than s1mply severe irreversible damage, experiments were 

carried out to measure the capacity of isolated hepatocytes to synthesize ATP 

and retain or recapture potassium ions. Such studies indicated that these 
,,' 
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LEAKAGE OF LOH HTO THÈ INCUBATION MEDIUM OF SUSPENSIONS,OF ISOlATED' 

HEPATOCYTES . 
, 

\ 
\ 

LOH was qetena1ned as descr1bed in Mater1als and Methods. Each l1ne 

"represents the result~ of dupl icate assays' on a single suspension. lt compare 

10ss,of LDH enzyme, the values for the percent of total lDH reta1n~at t~O 
, 

for the 4 suspensions were arb1t'rarlly assigned 100%. The actual initial' 
. . 

values are also 1ndicated for. each experiment. The cont1nued 10ss of 
, 

cytoplasmic lDH ta the medium is more marked -for hepatocytes havtng poorer 

viab111ty as init1al1y determ1ned by tbe lDH assay •. 
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FIGURE 16 

ASSAYS PERFORMEO TO DETERMINE VIABIlITY OF ISOlATEO HEPATOCYTES AT VARIOUS 

TIMES OF INCUBATION 

(A) Ratio of cellular v1ability as determined.by trypan blue dye exclusion to 
. . 

that detenmined by LBH enzyme retention. At least 400 cells 'were counted 

under the light microscope for trypan dye exclusion. Values for trypan blue 

and lDH represent the percent of the total hepatocytes excluding dye and the 

percent of total LDH retained by the hepatocytes, respect1vel~. (8) 

Correlation between total milligrams cell protein and units of total lDH 

activity";n hepatocyte suspensions. (C and D) Time course of intracellular 

ATP and potassium levels in hepato(yte suspensions for ~ix and four experl-
, . 

ments respectively. Each open symbol represents the mean of dupl icate assays 

on three separate incubations of the same hepatocyte-preparation~ Closed 

symbols represent the me an of duplicate assays on a single incubation. Levels 

at zero time for experiment,s four and six were not determined. 
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cells retained or increased their levels of ATP and potassium over ~ 24 hour 

incubation period (Fig. 16,C,D). It should be noted that in experiment 3 the . 
marked decrease" in 1ntracellular ATP after 12 hours was paralleled by a loss 

of potassium ions. This was similarily reflected in the low viability of the , 

cells as determined by trypan blue uye exclusion (481) and LDH retained (30%) 

by these hepatocytes (Exp't. 3) at 24 hours of incubation. Viabil ity at thts 

time as determined by LDH for the othe~ experiments was not lower than 60%. 

Thus LDH retention correlated well with the ability of the cells to synthesize' 

ATP and recapture potass;'':Im ions." 

B) Stud1es on Ultracentrifugally Isolated Nascent Lipoproteins Secreted 
6y Hepatocytes from Normal Rats 

1 0 

Incubation of the hepatocytes in a lipid - deficient, .glucose 

containing medium provided the s1mplest system with which to study lipoprotein 

secretion, as the cells are dependent on endogenous synthesis (or' s~~res) for 

lipoprotein precursors. With this sytem, a) differences in the lipoprotein 

products secreted by hepatocytes from trea~~~ rats\could be attributed to 

differences in the endogenous production of l'{poproteins rather than the 

~bility ta uti~or be affected by externa~ lipid substrates and b) the 

effects of the subsequent addition of specifie components to the medium could 

be more readily interpreted. 

1 

1 

1 
i 

" , 

For the studies reported here, VLOL was isolated from the incubation 

medium after adjusting'the solution densities to d = 1.063 g.mL-I • This 

p r.cedur'. al so i so lat e s 1 i poprote i n s of the i ntemed l .. te an ~, 1 ow den s ity r ange '~, 
which have been shown to be secreted,by hepatocytes in short - term 

• "'l 
l 1 

incubations (32'4). Capuzzi et al •. (324) noted, however, that t"he low density 
-

lipoproteins accounted for only a minor fraction o~ the total d = 1.006-1.063 

g.mL -1 1 ipoproteins secreted"therefore no attempts were fjitiall y made in our 

studies ta separate and iso'late the low density lipoprotein sp~cies. Hence, 
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f-or conven,ience, VLOL ,refers to the range of densities 1.006-1.063 g.mL -1 for 

the purposes of this section (8),/of the resylts only. 

The incorporation of 3H-labelled amino ac1ds into VLOL prote1n secreted 

by the isolated hepatocytes 15 shown' in F,1g. 17. The incorporation of 

radioactive amino acid5 and total amount of VLOL prote;n seëreted into the 

" medium increased over a 20 hour incubation period, with a 51 ight reduction 
,; 

after 24 hours. 

VLOL apol i poproteins were separated by urea polyacryl amide gel 

electrophoresis and 3H_ a~ino acid incorporation into the various protein 

'bands was measured. The results of these experiments are summarized in Table 
• • 0 

" 
VII. The bulk of the tadioactivity was associated with the topmost region of 

the gel (stacking and running gel 'interface) corresponding ta the high 

molecular weight apolipoprotein B and thé only other significant proportion 
", ' 

(which in~reased to approx. 20% after 20 hours)' was associated with a li ghtly 

staining band with apo-E mobility (gel region 3). No stainable protein band --
nor significant radioact1vity was detected in the gel region corresponding to 

" apo-C (gel region 6), a normal component of serum apo-VLDL. An unexpected ob

se~vation was the consistent presence of dark1y stained protein bands observed 

in VLOL isolated at any time dur,;ng the incubation which had little radio-
c 

act i vfty assoc i ated wi th ~hem (gel regi ons 2 and 4). We suggest that these 
" " 

~ands were horse apolipoproteins derived from the ultracentr1fugal d > 1.21 

g.mL-1 fraction after delipoproteination of the horse serum used in these 
\ 

i~J~bations. This possibillty is evaluated later. 

The lightly staining protein band having a significant amount of radio

activity associated with it after 6 !tours of incubation had the mob.-ility of 

apo-E, however, in order to c~nfirm this possibility, the de1ipidated nascent 
~ -

VlOL was applied to an anti-rat-apo-E immunoaffinity column. The results of 
"<, 

such an experiment are shown in Fig .. l8. The protein adsorbed to the immuno-

[ 
i 
! 
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FIGURE 17 

~ 

SECRETION AND RADIOACTIVE AMINO ACID INCORPORATION INTO YlQL BV HEPATOCYTES , , 

FROM NORMAL RATS "" 

Each value represents the mean ± S.E.M. of duplicate assays pe'rformed on VLDL 

i~_olated from three separate hepatocyte au~pensions. VLDL secreted Jnto th~ 
o 

b ' ~ .. 

h'epatocyte incubation medium was 1so1ated ultracentrifugally as described 1n 

Mater1 als and Methods. Al iquots (200-40,O,ul) were appl ied to f11 ter-paper 
. 

dises, prec1p1tated and delip1dated according to the procedure outlined 1n 

the Materials anq Methods and counted for 3H-am1no acid incorporation '1nto 
, 

VLOL proteine Total VLDL protein was determi ned by the method of Lowry et al. 

(354) on who le, fresh VLOL in the presence of 5% deoxycho l ate. 
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,'" TABLE VII 

% OF TOTAL RADIOACTIVITY INCO~PORATED INTO VLDL PAGE GEL BANDS VERSUS TIME 

~ 

II 

• 

Gel 
Region 

:3 

:~ 

5 

:,; 
~\'r, _____ _ 

6 

NO$Cent VLOL 

~ .... 

... 

GEL 
REGION 

1 

,2 

3 

4 

5 

6 

·6 (2) 

A 
95 i 

2 

1 

0 

2 

0 

INCUBATION TIME ( HOURS ) 

12 (3) 

\,' 
'1( 

~ 

75 ± 9.2 

4.2 ± 0.8 

10 ± 1.51 

3.2 ± 1.7,. 

5.8 :t 4.4 

1.8 ± 1.4 

'20 (2-) , 

69 

5 

22 

2 

1 

o . 

24 (3) 

71 ± 2.8, 

6,0 ± 1.4 

19 ± 3.9 

. 2.0 ± 0.4 

2.1 ± 0.8 

0.4 ± 0.1 

Each value represents the mean % of dupl1cate gels for the number of experiments in 
parentheses ( :t S.E.~. is tncluded where the n\llber of experiments pemits ). Urea 
gel$ were run and COURted as descrtbed in Matertals and ttethods. 

Average cpm 
app1ied per 
.. gel 7500 
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_. 
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25440 16910 ' 
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FIGURE 18 

C~ROMATOGRAPHY OF NASCENT VlDl ON ANTI-RAT-APO-E IMMUNOAFFINITY COLUMN 

~ ) VLDL secreted into the incubation medium was i solat,ed by ultracentri fugation ; 
, 

after 24 hours of incubation, delipidated and applied to an anti-rat-apo-E 

immunoaffinity column as described in Materials and Methods. Electrophoretic 
" 

p~il es on urea polyacryl amide gel arê, shown for VLD~ at var,1ous stages of!' 
,. 

th~ exper1ment. (a) Gel pattern of de11pidated rat serumJlDl (d < 1.006 

g.mL -1) with the major apo11 poprotein species 1nd.icated. (b) Deli p1dated. 

nascent VLDL before be1ng app11ed to the immunoaff1nity ~olumn. (c) 

Non-adsorbed VLDL protein eluted from co1umn. (d) Adsbrbed VLOL protein 
, 

eluted fram column with 6M sodium thiocyanate, pH 7.2. The numbers refer to 

the % of total gel radioactivity associated with the gel regions designated 

between the lines and was determined by oxidiz1ng and counting the gel slices 

as described in the Materia1~" and ~ethods. Gels were divided as in Table VII. 

Total cpm applied per gel track: (b), 11,000; (c), 8,000; (d), 19,000. 
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affinity column was indeed the lightly stained but radioactive band, as . 
evidenced by the absençe of'any significant radioactivity assoc1ated in this 

gel band region after passage through the column (Fig. 18,c). The adsorbed 

apo-E eluted from the column gave the PAGE pattern shown 1n gel (d). The bulk 

of the radioactivity was found at the stacking and running gel interface and . , 

probably represents self - associated apo1ipoprotein, however, in this 

experiment 30% of the radioactivity was associated with the apo-E band. Upon 

cl oser examination. the apo-E band is composed of two or more narrowly 

separated bands, an observation that had previous}y been noted for VLOL apo-E 

obtained rrom perfused rat liver (120), rat serum (111) and the hepatic Golgi 
. 

apparatus (334). Similar immunoaffinity studies for apo-B were not conducted 

in view of the insolubility of th~s apolipoprotein in aqueous solutions. 

The secretion of VLOL lipid by nonmal rat_hepatocytes is shown in Fig • . 
19. The secretion of triglyceride was significantly greater than any of the 

other lipids, 'although the concentrations of a11 components increased in the 

medium over the 24 hour incubation period and was due to de novo biosynthesis 

as indicated by the incorporation of the a.d,ded radi,oactively labelled 

precursors, 3H - p~lmitate and 3H - mevalonolactone '(Fig. 19). 

Isolation of high density lipoprotelns (d = 1.063-1.21 g.mL-1) from the 

incubation medium gave urea polyacrylamide gel patterns shown in Fig. 20. The 

patterns diffe·r significantly from those of serum HDL, in that no apo-C nor 

apo-E was visually detected and a darkly staining band having mobility 

slightly faster than serum apo-AI was observed. The bulk of the radioactivity 
, 4 

incorporated into the nascent HOL was assûciated with the stacking and running 

gel interface and probably represents apo11poprotein B, a compone nt found in 

normal serum HDL1 (d = 1.063-1.085 g.mL-1) (334). The remainder. of the radio

activity was associated with the gel reglon d1rectly below the stacking gel, a 

reg10n nonmally devoid of any of the major serum HOL apolipoproteins with the 

1 
f 
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FIGURE 1,9 

SECRETION OF VLDL LIPIO SV HEPATOCYTES FROM NORMAL RATS 

VLDL was isolated frcm ~he medium at various t1mes of incubation and was 

delipidated as descr1bed in Materials and Methods. The 11pids ~ere separated 

by TLe and quantitated chemical1y. Points on each graph represent the means ± 

S.E.M. for the total amount of each l1p1d component secreted as VLDL for 

three exper1ments. The dashed line represents the 3H-palmitate and 
~ ! 

3H-meva\onol~ctone in~~rporated into total VLDL '11pid for a single expe'r1-

ment. Incorporation of 3H into the ftldividual lipid components was a'ssayed in 

duplicate and each point on the dashed 1ine represents the sum of the means 

to give radioactivity incorporated into total VLDL lipide 
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FIGURE 20 ,,,, ", 

UREA POLYACRYLAMIDE GEL PROFILES OF NASCENT HDL AND HORSE SERUM 

,APOl t"POPROTEINS 

,,-
HDL was i'solated from the incubation medium at '12 and 24 hours of incubation, 

delip,ated "and run on urea polyacrylam1de gels as described in Material sand 
\. 

Methods. (b,c) The numbers reter ta the S of total radiQactiv1ty assoç1ated 

with the gel regions desfgnated between the 110es. Rat serum HDL was treated 

sim11ar11y and the major serum HDL apolipoproteins are designated, (a). Horse 

serum VLDL (d < 1.006 g.mL-1) was ultracentrif~gal1y isolated from,fresh. 

non-frozen ho~se serum as for rat serum VlOl. Isopropanbl - extraction of 

horse serum VlDl was perfonmed as described by Holmquist and Carlsop (372). , 

Urea polyacrylam1de gel patterns of these preparations are shawn (d,e). Total 
, ""~ 

cpm applied per gel track: HDl. 12 hour (2600) and 24 nour (2500). 
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exception of albumin; which 1s often found associated with unwashed 
. 

preparations of serum HDl. No significant radioactivity was detectable in the 

lower portion of the gels, despite the presence of the darkly stained band and 

falnt bands having apo-Al mobility. T~ test the possibillty alluded to 

previously that these non-~adioactive protein bands may represent horse 

apolipoproteins associating with the nascent rat lipoproteins, horse serum 

• VlOl was isolated and,a portion of it was extracted with isopropanol (372). 

The faster~migrating, lower molecular weight apollpoproteins (1.e. apo-E and 

apo-c) are soluble in this solvent and are selectively extracted fr~ the 

insoluble higher molecu~ar weig,ht apo-B. We considered it reasonable to assume 
--

that the former apolipoproteins could be lost fram the horse lipoproteins 
, 

during the ultracentrifugal delipoproteinati,ng procedure. Rat or human serum 

are found to contain e'ssentially li pid - free low molecular weight apo11 po

proteins in the d > 1.21 g.ml-1 fraction after being subject to the ultra

centrifugal forces required to isolate the lipoproteins (36). These apblipo

proteins present in the d > 1.21 g.ml-1 fraction could be'available for 
, , , 

binding to the nascent lipoproteins, if indeed, such a mechanism did operate. 

It can be seen in Fig. 20 that the horse proteins designateG by the arrow

heads migrate to identical positions as the darkly staining proteins seen in 

nascent VLOl and HDl as well as the more lightly staining duplet seén in 

nascent HOl. These bands were not visualjzed~when colloidal silieic acid 

* -(Cab-O-Sil ) was employed to delipoproteinate the horse serum (Fig. 35). 

The d > 1.21 g.ml-1 or lipoprotein - free fraction of the incubation 

medium was tested for the presence of apol ipoprotein by double immuno..' 
, 

diffusion. The results of these studies are presented in Fig. 21. 

lmmunodiffusion of anti-rat-VLOl against VlOl isolated from the hepato-, 

cyte incubat10n medium at 20 and 24 hours of incubation gave reactions of 

ident1ty with rat serum VLDl (Fig. 21.~). The lack of a detectable reaction 

t , 
1 

1 
1, 

1 
1 
1 
! 
i , 
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FIGURE 21 

DOUBLE IMMUNODIFFUSION STUDIES ON ULTRACENTRIFUGALLY ISOLATE9 LIPOPROTEINS 

, SECRETED BY NORMAL RAT HEPATOCYTES 

IlIIJlunqdiffusion plates wer~ prepared from 1% il; agar and 4.0mm well~ "~ere 
, , 

eut with a Bio-Rad gel punch in the patterns shown. Gels we're stairled with 
l::Z"'~", .... -

Coomass1e Blue. Other conditions were as described in ref. 24 .. Purified prie-..;-

parati ons of anti-rat-apol ; poprotei n IgG 1 S were appl ied to the center well s 

and serum and incubation medium samp1es were allowed to diffuse from the 

peripheral wells. Abbreviations are as follows: Vs' normal rat serum VLDL;-
, . 

Vh, VLOL isolated':from no,""a'l 'hepatocyte incubation medium; Vp' VLOL isolated 

from homogenized hepatocyte cell pellet; Hs' normal rat serum HOl; Hh' HOL 

isolated from incubation medium; Is' d ) 1.21 g.mL-l infral'latant of normal -, 
rat serum (after remQval of salt);' Ih' d·) 1.21 g.inl-1 infranat~nt of hepato-. . 
cyte incubatiQ,n medium; lm' d )11.21 g.ml-1 infranatant of the incubation 

medium, not having been incubated with hepUocytes; E, purified rat apo-E; C 

or apo-C, purified rat apo-C; HSw' de1ipop~oteinated horse serum applied 

undiluted;,HS/2, HS/5,' HS/IO, HS/20, d.enote horse serum diluted 2-, 5-,-10-, 

and 20-times, respectively. Subscripts oindicate in,cubation time samples 
"> - ' • 

taken. Where no subscri pts are indi cated, time of incubation was 24 hours. 
f , 

Anti-rat apol1poprotein IgG'S in center wells: ·(a) Anti-rat VLOL;. (b,c) 

Anti-rat apo-E; (d,e,f) Anti-rat apo-C. 
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for similarily dilut'ed samples at 6 and 12 hours probably reflects the low 
" 

amounts of VLOL present at those t imes, result1ng 'in no immune compl ex 
f 

formation in the regions;of those wells at the antibody - antigen con-
~ 

centrations applied. 

In contrast, HOL from hepatocyte incubations fa1led to show a precipitin 

reaction against anti-apo-E as is observed for rat serum HDL (Fig. 21,b). 

However, a falnt, yet consistently observed reaction was detected against the 

d > 1.21 g.mL-l fraction (infranatant) o~ the incubation medium~ Upon 

incréasing the concentrations of the infranatant âpplied to the immuno

,diffusion plates, distinct preeïpitin reactions formed against anti-ap9-E 

(Fig. 21,e). Similarily treated incubation medium alone did not yield a 

reaetion, indicating that there was no cross - reactivity with any horse 

apolipoproteins that may be present. Rât serum HOl appeared to exhibit a 

reaction of identity as well as partial identity as indicated by the spurs at 

either end of the-precipitin arc. This is probably indicative of different 

exposure of antigenic sites on the HOl versus the essentially lipid - free 

form of d > 1.21 g.ml-1 apo-E. 

The lack of a Ptecipitin reaction agains7 anti-rat-apo-C confirmed the 

visua1 absence of this apolipoprotein "in PAGE gels of the nas~ent VLDL (Fig. 

2l,d) and was not a result of medium proteolytic a'ctivity·(26).Although 1nmuno

cytochemical evidence exists indicating that apo-C is synthesized and bound to 

VLDL - size part1cles within liver parenchymal cells (215}, we failed to find 

immunological evidence for its presence in VLDL obtained from homogenized 

hepatocyte cell pellets, sugg~sting that the intracellular levels of this 

apol1~oprote;n are probably l~. HoweYer', secreted nascent HOL gave a } 

preeipitin reaetion against ant1-apo-C (Fig. 21,e) when applied at h1gh con

centrations. Unlike serum HOL, only a single precipitin arc was observed. The 
~ 

double reaetions against serum and pur1f1ed apo-C' oecur as the antibody was 1 

'. 
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el ic1ted in animals using -apo-C purified by column chromatography which 

consists of apo-CII and apo-CIlI. A~o-C was not detectable in the d > 1.21 

g.mL- l fraction of the medium that had not beert' incubated with hepatocytes. 

Since several protein bands in the nascent HOl PAGE gel patterns were 

suspected ta be horse apoliRoproteins, the possibility was investigated that 

the anti-rat-apo-C reactlon for the nascent HDl c'ould, in fact, result from 

cross-reactivity of a horse apolipoprotet.n. However, no detectabfe precipitin 

reactions were observed for the ultracentrlfugally delipoproteinated horse 

serum used ln these studies {Fig. 21,f}. 

For the remainder of the experiments, nascent lipoproteins were 

fractionated by gel filtra~ion and li pid analyses were performed by gas -

liquid chromatography. Hepatocytes were isolated from normal, PTt; - treated 

and PTU - treated, cholesterol - fed rats and incubated as for the previous 

experiments. 

Rats administered propylthiouracil with nr without cholesterol feeding 

became hypothyroid, with serum thyroxine levels at the times of the 

exper1ments that were barely detectabl'e by the assay system used. Specifically 

the values were 0.6 ± 0.07 and 0.6 ± 0.18)J9/dl for PTU - treated and PlU -

treated, cholesterol - fed rats respectively, compared to 7.4 ± 0.3 )Ag/dl for 

the normal group (p < 0.001). 

Serum data was obtained for each of the three groups of animals in order 

to determine to what extent the nascent llpoproteins resembled their serum 

counterparts. Agarose gel electrophoresis of the serum from each of the three 

gro~ps of rats gave the patterns shown in F\9. 22. Normal rat serum patterns 

are characterized bY"'mainly a -migrating and pre- a -migrating lipopr~teins 

(HOl and VlDl. respectively). In hypercholesterolemia, the pre-a lipoproteins 
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FIGURE 22 , ' 

" .. ' ", 

'AGAROSÉ GEL ELECTROPHORESIS OF SERUM 'SAMPLES FROM tfORMAL, HYPOTHYROID AND 

, HYPERCHOLESlEROLEMIC RATS 

... 
Agarose gel electrophores1s of samples from normal (N}. hypercholesterolemic 

(He) and hypothyroid (Hl) rat serum was'performed' as described in Materials 

and Methods. Serum samples were"obtained from animaIs that had been fasted 

overnight. The plate was stained with 0.2% Sudan Black. 
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are increased and the presence of a darkly staining a -migrating band 1s 

evident. This band 1s also present in the sera of hypothyr01d rats, however, 

no ,inçrease in pre- f3 -migrating l1poprote1ns was observed. 

Total ser.um 'lipids were markedly increased in the PTU - cholesterol ~ fed 

(hypercholesterolemic) group (Table VI~I). Treatment w1th the hypothyroid 

agent alone gave rise to higher free cholesterol and phospholipid levels with 

a reduction in total serum triglycerides. 

The serum levels of apolipoprote1ns B, E and AI were markedly increased 

in the hypercholesterolemic group (Table IX). The hypothyroid state without 

cholesterol feeding was characterized by increased serum levels o~polipo

proteins Band E when compared to the normal group, but these levels were sig-
~ 

nificantly lower than those observed in hypercholesterolernia. 

Separation of the nascent lipoproteins secreted by the isolated hepato

cytes was achieved, in these studies, by gel filtration of the concentrated 

incubation medium on Sephacryl-300 for the reasons outlined previously. A 

typical elution prQfile of samples of the incubation medium is shown in Fig. 

23. Lipoprote1ns having a density less than 1.21 g.mL-1 eluted in Fr~ctions 1 

to 3a. 
. 

The apolipoprotein distribution amongst the column fractions f r normal 

rat serum is shown in Fig. 24. ApO-B elutes only in fractions 1 and 2. with a 

greater proportion (55%) found in fraction 2. Apo-E 1s associated 

with particles eluting in f.raction 2 (60%) whereas fraction 3a co ed the 

only other significant proportion (30%). In contrast, apo-AI is primarily 

associated with a particle eluting in fraction 3a (55%) with 35% eluting in 

fraction 2. It 15 significant to note that very ~ittle apo-E or' apo-AI in 

serum could be detected as essent1ally lipid - free particles tn fractions 3b, 

4 or 5. This suggests that gel filtration is not as harsh a procedure as 

ultracentrifugation and does not give r1se to essentlally 11pid - free 

---_._-,--- ~- .- .. --- ---- ------~----_._----_ .. --
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TABLE VIII . 

TOTAL SERUM LIPID LEVELS IN NORMALJ-HYPOTHYROID AND HYPERCHOLESTEROLEMIC RATS 

mg 1 dl 

LIPID NORMAL (11) HYPOTHYROID (9) HYPERCHOLESTEROLEMIC (8) , . 
-

TRIGLYCERIDE 24.6 ± 4.2 8.5 ± 2.6b 43' ± 9a 

. 
PHOSPHOLIPID 52.0 ± 2.2 66.0 ± 7.0a 483 ± 87c 

CHOLESTEROL ESTER 135 . .5 ± 6.4 132.5 ± 14.4 1421 ± 300c 

FRE~ COOLESTEROL 16.6 ± 0.6 25.1 ± .2.7b 331 ± 56' 
<-

TOTAL CHOLESTEROL. 96.2 ± 3;,..,9 103.2 ± 11.0 ' 1191 ± 235c 

Each value represents the mean ± S.E.M. Q,f the numer of experiments in parentheses. Lip1d analyses were perfonned on 
sera of fasted ani~ls by GLC as described in Materials and Methods. Statistical evaluation compared ta normal group 
accordfng to Stude~t·~·t-test. g P < 0.05 

P < 0.005 
c P < 0.001 
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wt TABLE IX 

SERUM APOLIPOPROTEIN LEVELS IN NORMALJ HYPOTHRYOID ANp HYPERCHOLESTERO[EMIC RATS 

mg- / dl 

APàLJ~PROTEI N 
• 

NORr·1AL HYPOTHYROID HYPERCHOtESTEROLEMIC 

.-
APO-B 35.5 ± 1.4 '(49) 61.2 ± 2.'2 (34)a 310 ± 72 (6)b r :, 
APO-E 24.2 ± 0.9 (37) 28.2 ± 1.1 (34)a_ 67.3 ± 5.0 (6)b 

1.0 ..., 
'. 

APO-AI 90.9 ± ll~ (49) 92,4 ± 3.4 (28) 161 ± 8.0 (6)b 

Each va~ue represents the mean ± S.E.M. of the number of animals incparentheses. Apolipoproteins were quantitated by 

a P < 0 005 
electlmmunoassay as described in the Materials and Methods on sera fram fasted rats. ~ . 

b P < 001 
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FIGURE 23 

ELUTION PROfiLE' OF INCUBATlO~ ON" SEPHACRYL-300· 

Tlhe hepatoc'yte-fr~~ incubation medium ~~ained at 0, 12 or 24 hours of 
~ , 

incubation from sus~~~~~ons of normal, hypothyr01d or hypercholesterolemic 

rat hepatocytes was concentrated and applied to a 1.25m x 2.5cm Seph,acryl-300 
i 

column as descr1bed. in the Mater;als and Methods. The result1ng profile shown 

here is essentially that of the horSé serum proteins used in the incubations, 

the secreted rat proteins being obscured due to their relatively small 

contribution to the overall protein content. A volume of 5.3 ml was collected 
-

per tube. Column void volume (Vo) 1s indicated by the arrow. Eluates are 

pooled as indicated by the vertical dotted Unes into Fractions l, 2, 3a, 3b, 

4 and 5. The ca-libration curve (Stokes radi;) is shown (-). Each point 

represents the peak concentration of each of the proteins used for'~ 

calibration: .. , thyroglobulinj ., aldolase; ., human serum albumin; • , 

ribonù~lease A. The bars ae the top of the profile indicate the elution 

ranges for three separate preparations of rat serum lipoproteins isolated 

ul trac:':2fU9allY at the density ranges indi cated. 
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FIGURE 24 

DISTRIBUTION OF NORMAL RAT SERUM APOLIPOPROTEINS AMONGST SEPHACRYL-300 * 

COLUMN FRACTIONS 

, 
,'\ The sera of two fasted rats were pooled. mixed with the incubation medium and 

treated 1 ike al1 incubation mediun samples as descr1bed 1n Materiars and 
t 

i. Methods. The results of three such exper1ments ± S.E.M.ls (indicated I;>y thin 
1 

bars) are presented. Column fractions are as indicated in Fig. 23. Per

centages refer to percent of total serum apolipoprotein present in a 

particular co1ullln fracti,on. 
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apol1poproteins (36). 

The total ~ount of apolipoproteins secreted into the incubation medium 1 
(fractions 1 to 5) i s shown in Table X, for incubations of hepa~ocytes from all 

\ 

three groups of rats studied. Hepatocytes from normal rats secreted all the 

apolipoproteins at a' higher rate after 24 hours of incubation than at 12 

hours, the difference in all cases. however. was not sign1ficant. An 

explanation for'this observation is not readily apparent and 1s unlikely to be 

due to the release of apolipoprotein into the incubation medium by cell lysis 
1; 

, '. 
as hepatocytes from hypothyroid animals secreted the apolipoproteins at 

simi 1 ar rates at 12 and 24 hours. Although hypothyroid rat hepatocytes 

secreted apolipoproteins at a comparable rate to the nonnal group. secretion 

rates at 24 hours of incubation were consistently lower than that observed for 

normal rat hepatocytes. However. this did not reach statistical significance ' 

although a consistent trend was n~ted. 
" 

Hepatocytes from hypercholesterolemic rats, in contrast, secreted 5 to 10 

times the amount of both apolipoproteins Band Ethan the normal rat hepato

cytes. Apo-AI secretion was i ncreas'ed to a 1 esser extent and di d not reach 

statistical slgnificance. The secretion rate for apo-B and apo-E decreased 

after 24 hours. To determine whether the secretion rate at 12 hours for the 

hypercholesterole~ic rat hepatocytes simply reflected either an initial 

release of intracellular"apolipoproteins or serum contamination (as a result 

of inadequate washing of the hepatocytes during the isolation procedure), , 
. 

sampl es of the incubation medium were taken at time zero after the addition of . , 

hepatocytes and processed as descr.lbed in Materi al sand Methods. (Due to 

experimental procedure. zero time was taken as one - half hour after the 

addition of hepatocytes to the incubation medium ln all cases). Ko apolipo

protein was dete~table by electroimmunoassay (Fig. 25). Therefore, the 

- decreased secretion rate observed after 24 hours for apo' s Band E, probably 
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TABLE X 
TOTAL APOLIPOPROTEIN SECRETED INTO THE INCUBATION MEDIUM BY HEPATOCYTES FROM 

NORMALJ HYPOTHYROID AND HYPERCHOLESTEROLEMIC RATS 
~__ ___ ~_ . .Jt.,.~/ 

--_._--~ 

~g apolipoprotein 1 9 cell protein 1 hour 

APOLIPOPROTEIN 
\ 

APO-B 12 hour 

2~ hOHr 

APO-E i2 hour 

24 hour 

APO-AI 12 ho ur 

24 hour 

"' 

NORMAL 

43.6 ± 12.7 (8) 
56.5 ± 10.4 (10) 

33.5 ± 4.3 ·(7) 

58.1 ± 9.0 (9) 

,--1.7 ± 2.9 (3) 
16.4 ± 5.2 (4) 

HYPOTHYROID HYPERCHOLESTEROLEMIC 

42.0 ± 4.6 (4) 439 ± 198 (4)b 
44.3 ± 7.1 (4) 219 ±, 66 (5)C 

31.8 ± 3.8 (4) 309 ± 125 (4)b 

33.1 ± 3.8 (4) , 137 ± 35 (S)a 

12 . 8 ± 6.7 (4) 24.4 ± 17.3 (2) 
11. 6 ± 2.3 (4) 23,'2 ± 5.5 (3) 

Total apolipoprotein secreted ioto the incubation medium was determined after 12 and 24 hours of incubation by electro
immunoassayas described in the Materials and Methods. Each value represents the mean ± S.E.M. of the number of experi
ments in parentheses. Where N< 3, mean ± difference 1 iN is given. Statistical evaluation compared to normal group 
according to Student's t~test. - , 
~ P < O.Q25 

P < 0.01 

/ 

/ 

C P < 0.005 
~ 
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FIGURE 25 

APOLIPOPROTEIN ELECTROIMMUNOASSAYS PERFORMED AT ZERO TIMt.FOR AN INCUBATION 

OF HYPERCHOLESTEROLEMIC RAT HEPATOCYTES 

0-
ilectroinununoassays were performed on column fraction samples from hyper-

tholesterolemic rat hepatocyte inc~bations prepared as described 1n-Materials 

and Methods. The first five wells (ana last three in the apo-B assay) 
/ -

contain,ed reference serum standard dilutions. Di fferent dilutions (dupli-
... - , 

cates) of each sample were applied for column fractions 1 ta 5 for the apo-6 . 

and apo-AI assays whereas three di fferent dil utio_ns o( each sample ·were 

appl ied for column fractions 1 to 3a for the apo-B assay. Dilutions of the 

same sample are enclosed within square brackets. No "rockets" were detecta~le 

for any of ~hese samples. The streak,s abserved result from non-specifie 

(mainly horse serum) prot~ins ,that elute in the column fractions indicated. 

These nonnally do not interfere wjth rocket dete~t1on. Prolonged soak1ng of~ 

plates in saline prior ta staining removes these streaks. For comparison, the 

bottom anti-apo-E plate is shown. Two diffe~nt preparations of column 
. fI\ ,'1 

fractions 1 and 2 (w~th and without asterisk) from 24 hour incubations of 

nonnal rat hepatocytes were applied ta the center wells. The wells on the far 
e 

right contain the designated volumes of normal rat serum that had been . 
lnCubated with Cab-O-Si1 ~emonstratin9 theQcomplete removal of apolipo-

protein E by this treatmen~. The dots indicate heights 'and half - heights of 

"rockets" used for measuring are'as. 
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FIGURE 26 

. ' 

PERCENT DISTRIBUTIONS OF APO-B, E ANU AI V.ERSUS SEPHACRYL-300* COLUMN 

FRACTIONS A~TER INCUBATION OF HEPATOCYTES FROM NORMAL. HYPOTHYROID AND 

HYPERCHOlESTEROLEMIC RATS 

Apolipoproteins were quantitated in the various column fractions by electro

i/llllunoassay after 24 hours of incubation. Column fractions are as indi cated 

in Fig. 23. S.E.M.'s of percentages are indicated by thin bars over histo

grams for experiments with normal (0), hypothyroid (.) and hyper

cholesterolemie (~) rat hepatocytes. Significance as compared to the normal 

group was determi ned accordi ng to Student 1 st-test and i s indi cated by 

symbbl s over the hi stograms: •• p < 0.05 j •• p < 0.025; •• P < 0.005. 
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reflects a genuine phenomenoo. 

The dis~ribution of apo11poprote1ns amongst serum (110) and nascent ~ipo

proteins secreted by isolated perfused l1vers (120) can be altered by feeding 

cholesterol supplemented with PTU to the rats. The extent of the influence 

these factors have in regulat1ng apolipoproteln distribution amongst nascent 

l1poproteins secreted by rat hepatocytes was investigated by,quantitating the 

levels of apo11poproteins B, E and AI in the various column fractions after 

gel filtration of the concentrated medium from incubations of normal, PTU 

treated (hypothyroid) and PTU - treated, cholesterol - fed (hyper

cholesterolemie) rat hepatocytes. The distributions after 24 hQurs of 

incubation are shown in Fig. 26. No significant difference in the apolipo

protein distribution profiles was observed between 12 and 24 hours of 

incubation for each group of hepatocyte incubations. 

ln incubations of normal rat hepatocytes, apo-B was secr~ted into 

fractions 1 and 2 only, with 55% secreted into the latter. No significant 

difference was observed for the distribution of secreted apo-B in hypothyroid 

rat hepatocyte incubations when compared to the normal incubations. In 

contrast, mor~ apo-B secreted by hypercholesterolemic rat hepatocytes' eluted 

as a largèr particle (fraction 1) and significantly less eluted in fraction 2. 

Apolipoprotein E was detectable in all column fractions after gel 

filtration of the medium from incubations of hepatocytes from all t~ree groups 

of rats (Fig. 26). The ~po-E secreted by normal rat hepatocytes showed peaks 

of highest concentration in fractions 3a and 4. The distribution of apo-E 

amongst the column fractions 1ndicated that this apolipoprotein was secreted 

in association with a lipoprotein particle (fractions l, 2 and 3a) as well as 

1n an essentially lipid - free form (fractions 3b, 4 and 5). 

A signiffcantly increased proportion of the apo-E secreted by hypo

thyroid rat hepatocytes eluted in association with a large partlcle (fraction 

" 

\ 

i 
'j 
1 
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2) with the result that signifieantly less was seereted as a partiele with a 

Stokes radius smaller than albumin (fraction 4) when compared ta normal. 

Cholesterol feeding appeared ta augment th1s trend, as the proportion of apo-E 

secreted into both fractions 1 and 2 was signifieantly increased in 

incubations of hypercholesterolemic rat hepatocytes. Proportionately far less 

eluted as a lipid - free parti,cle than observed in nonnal or hypothyroid rat 

hepatocyte incubations (fractions 3b, 4 and 5). However, it is pertinent to 

note that the absolute amount of apo-E secreted into these latter fractions by 

hypereholestero1emic rat hepatocytes was approximate1y ~the same as in nonnal 

incubations. 

Apolipoprotein AI was primarily secreted by al1 three g~s of hepato

cytes as a particle hav1ng a Stokes radius smaller than albumin, eluting in 

fraction 4 (Fig. 26). In incubations of hypothyroid rat hepatocytes it appears 

that there may be a shift in apo-AI distribution towards the higher molecular 

weight fractions. The only significant shift in distribution was observed in 
, 

incubations of hypercholesterolemic rat hepatoc~tes, in that there was 

proportionately less apo-AI in fraction 1 when compared to nonnal incubations. 

The relative apo-E enrichment of nascent lipoproteins from hyper

cholesterolemie rat hepatocyte incubations is more clearly indicated i~ Table 

XI. The ratio of apo-B to apo-E in these lipoproteins is low in both fractions 

1 and 2 compared to normal or hypothyroid nascent lipoproteins, although the 

difference 1s only significant for fraction 2. 

The total lipid secreted into fractions 1 and 2 (corresponding to d < 

1.21 g.mL-1) by hepatocytes from the rat groups studied 1s given 1n Table XII. 

Only very low amounts of lipid were obtained from fraction 3a. The lipid 

secreted into fraction 1 by normal and hypothyroid rat hepatocytes accounts 

for 90% of the total lipld secreted compared to 77% for hepatocytes j;om 

~percho1estero1emtc rats. In incubattons of nonna1 rat hepatoCytes~,r;-

-----,------
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TABLE XI 
. 

RATIO OF IMMUNOASSAYABLE APO-B TO APO-E IN NASCENT LIPOPROTEINS SECRETED BY 

'"' 

FRACTION 1 12 HR 

24 HR 

FRACTION 2 12 HR 

24 HR 

NORMAL 

4.9 ± 1.1 (7) 

4.6 ± 0.7 (8) 

7.1 ± 2.2 (6) 

4.1 ± 0.8 (9) 

ISOLATED HEPATûCYTES 

HYPOTHYROID 

6.3 ± 0.8 (4) 

4.8 ± 0.5 (4) 

4.0 ± 0.9 (4) 

2.8 ± 0.5 (4) 

HYPERCHOLESTEROLEMIC 

3.26 ± 0.2 (4)C 

3.42 ± 0.6 (5) 

1.1 ± 0.2 (4)a,c 

1.4 ± 0.2 (5)b,C 

Values represent means ± S.E.M. for the number of experi~nts in parentheses. Statist1cal evaluation according to 
Studènt's t-test. 
: P < 0.05, compared to normal 

P < 0.01, compared to nonnal 
C P < 0.01, compared to hypothyroid 
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TABLE XII 
-

TOTAL LIPOPROTEIN LIPID SECRETED INTO FRACTIONS 1 AND-2 BY HEPATOCYTES FROM 

1 LIPID 

TRIGLYCERIDE 

CHOLESTEROL ESTER 
FREE CHOLESTEROL 

PHOSPHOLIPIDS 

TOTAL LIPID 

NORMAL~ HYPOTHYROID AND HYPERCHOLESTEROLEMIC RATS 

~g lipid 1 9 cell protein 1 hr 

NORMAL (4) HYPOTHYROID (3) HYPERCHOLESTEROLEMIC (3) 

90.7 ± 38.5 226 ± 91a 317 ± 93b 

10.4 ± 8.7 12.5 ± 5.5 383 ± IS6e 

Il.5 ± 4.9 18.0 ± 4.9 285 ± 143b 

41.4 ± 14.0 89.2 ± 32.5a 370 ± 140c 

154 ± 73 345 ± 133a 
.~ 

1350 ± 530c 

-0 ...... 

t 

Total lipid secreted into Fractions 1 and 2 was determined by GlC after 24 hours of incubation as described in Materials 
and Methods. Each value reprçsents the mean ± S.E.M. of the number of experiments in parentheses. Statistical eva1uation 
compared to normal group according to Student's t-test. ~ 
~ P < 0.10 . 

P < 0.05 
c P < 0.025 
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FIGURE 27 

ELECTRON MICROGRAPHS OF :NASCENT LIPOP~OTEINS ISOLATEI) FROM COL~~ FRACTIONS l 

AND 2 FROM INCUBATIONS OF HEPATOCYTES FROM NORMAL, HYPOTHYROID AND 

HYPERCHOLESTEROLEMIC RATS 

li poproteins were 1s01 ated from column tract ions 1 and 2 after 24 hours from 

incubations of nonnal (NI and N2), hypothyroid (HTl and HT2) and hyper-

cholesterolemie (HCI and HC2) rat hepatocytes. lfpoproteins were negatfvely 

sta1ned with 2% sodium phosphotungstate. x 96,220. The inset in HC2 shows a 

higher magnification of a rouleau formati~n of discoidal particles. x 

264,000. 

" 

,-----_._-~~--,-----

o 

) 

'" ~ 0 

. l 

1 
1 
i 
! 
i 





- ~--,-------------------------------~-------------~ ------ ---

- 109 -

-

glyceride and phospholipid account for approximately 85% of the total lipid 

secreted. The total amount secreted by hypothyroid rat hepatocytes is higher 

." - than for normal cells and with a larger number of observations could probably 

become significant. Triglyceride and phospholipid secretion were consistently 

higher in these·hepatocyte incubations accounting for the elevated secretion 

rates for total lipide Cholesterol secretion was unaltered compared to normal 

rat hepatocytes. 

A drastically elevated secretion rate for aIl the individual lipid 

components was observed for hypercholesterolemic rat hepatocytes, in agreement 

with earlier studies using isolated perfused livers from these animaIs (120). 

It is especially interesting to note that compared to normal rat hepatocytes, 

the triglyceride and phospholipid secretion rates increased 3.5 and 9 times 
~ 

respectively, while the secretion of free and esterified cholesterol was 25 

and 37 times greater than normal for hypercho1esterolemic rat hepatocytes. In 

view of the observation that hepatic cholesterol biosynthesis is markedly 

reduced after cholesterol feeding (373) or thiouracil treatment (264), the 

high secretion rates for cholesterol by hypercholesterolemic hepatocytes 

probab1y reflects a release of a portion of the expanded intracellular pool 
• 

that is characteristic of the livers of these animaIs (120, 374, 375). 

Electron micrographs of the nascent lipoproteins isolated from the 

incubation medium are shown in Fig. 27. Nascent lipoproteins secreted by hypo

tnyroid (HT1,2) and hypercholesterolemic (HCl,2) rat hepatocytes are larger 

than those from normal (Nl,2) incubations. A higher degree of heterogeneity is 

evident in the nascent lipoproteins from hypothyroid or hypercholestero1emic 

rat hepatocyte incubations wh en compared to normal incubations, which is more 
, -

clearly visualized in Fig. 28. Nascent lipoproteins secreted by normal rat 
o 

hepatocytes have a fairly narrow range of particle diameters (220-460 A) 

whereas the lipoproteins secreted by hypothyroid or hypercholesterolemic rat 
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FIGURE 28 

DISTRIBUTION OF LIPOPROTEIH PARTICLE DIAMETERS FOR NASCENT LIPOPROTEINS FROM 

INCUBATIONS OF HEPATOeYTES FROM NORMAL, HYPOTHYROID AND HYPERCHOLESTEROLEMIC 

RATS 

Lipoproteins were isolated from column fractions 1 and 2 after 24 hours of 

incubation as descr1bed in the Materials and Methods. Diameters of at least 

800 particles were measured fo~ each profile for normal, hypothyroid and 

hypercholesterolernic rat hepatocyte incubations. The dotted l1ne in the 
'" 

hypercholesterolernic histogram ind1cates the limiting size range for 

spherical lipoprotein particles. 
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hepatocytes eX~bit a wide spectrum of particle size, and up to 5S 'of the 
" ~ 0 

parti cl es have di ameters greater than 1000 A. ' 
t.r 

Rather unexpectedly we observed discoidal particles in fraction 2 of the 

medium with incubations of hypercholesterolemic rat hepatocytes (Fig. 27,HC2). 

Discoidal particles were not detected in incub~tions of hepatocytes fram 

normal or hypothyroid rats. The discoidal particles secreted by hyper-
o 

cho 1 estero 1 emi c rat hepatocytes were 227 X 54 A, tended to aggregate in 

rouleau formations and were similar to di scoidal particles observed in the 
o 

plasma of hypercholesterolemic guinea pigs (252 X 51 A) (203). A hfgher 

magni fication of these particles showing a variety of aggregate fanns i s shawn 

in Fig. 29. 

Agarose gel electrophoresis of column fractions 1 and 2 fram incubations 
" 

of hepatocytes from all three groups of rats is shown in Fig. 30. Nascent 

lipoproteins in fraction 1 of the normal rat hepatocyt~ incubation medium show 

several faint bands having mobilities extending from a to a • with the most 

predominant but diffuse band having a mobility. Fraction 2'exhibits a darkly 

staining band with mobility between the normal serum pre- a and a (VLDL and . 
LDl) respectlvely. The lipoproteins secre~d into fraction 1 by hypothyroid 

l' 
rat hepatocytes had a, fast pre- a mobil ; ty, however, the band tended' to be 

diffuse but more heavily stained than lipoproteins from nonnal rat hepatocyte 

incubations. Lipoproteins in fraction 2 from these incubations had similar 

mobility ta normal nascent lipoproteins, but did not have the f3 -migration U 
characteristic of the lip~protelns whic~ accumulate in nypothyroid rat serum. 

Hypercholesterolemic rat hepatocytes secreted lipoproteins which, in fraction 

1, exhibited fast pre- a mObility. The amount of lipid secreted is far 

greater than observed for normal or hypothyroid hepatocytes as evidenced by 

the darker staining of the lipoprote!n band. The narrowness of this band also 

suggests a hi gher degree of homogenei ty wi th respect to charge on these 
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FIG~RE 29 

ELECTROti MICROGRAPH OF DISCOIDAl LIPOPROTEINS SECRETEO BV HEPATOCYTES FROM 

HYP'ERCHOLESTE~OLEMIC RATS \ 
, " -• 

~ J 

Lipoprot6i'rls wer, ,1so1ated from column fraction Z of the med1.UIJ1 frœ 1n-
. ' 

cubattons. ,of hype,rchol.esterolem1c rat hepatocytes and negat1vely sta1ned w1th 

2% sodium phosphotungstate. The small arrow destgnates a sjngle discoidal 

part;cle viewed edg~ on. Rouleau fonnations of discoidal partlcles are in-
':.~. 

'dicated by medium arrows. Occas1onally 'fouleaux of double lèngth are observed 

in fr-iction 2 (large, arrows) 'as. well as other }ârge aggre9~tes. {X' 270.000~. 
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FIGURE 30, 

,\ 

AGAROSE GEL ELECTROPHORESIS OF COLUMN FRACTIONS FROM INCUBATIONS OF NORMAL, 

HYPOTHYROIO OR HYPERCHOLESTEROLEMIC RAT HEPATOCYTES 
~ 

Agarose gel.electroph9res1s was perfonned on concentrated co1umn fractions 

~nd serum samples as described in Materials and M~thods. Gels were stâined 

w1th 0.2% Sudan B1 ack. El ectropherograms of fractions 1, 2 and 3a fram 

~onmal, nypothyroid and hypercho1esterolemic ~at hepatocyte incubations are 

shown with serum'samples (or a density less than 1.085 g.mL-1 fraction) run 

with each for compar1son. No detectable lip1d - staining'band was noted for 

fractions 3a nor for fractions 3b, 4 and 5 (not shawn). 
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nascent hypercholesterolemic lipoproteins. The discoidal particles 1n fraction 

2 have mobility virtually identical to the same fraction from the other 

incubations, however, the discoidal lipoprotein band was much less intensely 

stained, a characteristic typical of lipoproteins containing predominantly 

polar lipids (20S). 

The lipid compositions of the nascent lipoptoteins isolated after 24 

hours of incubation.from column fractions 1 and 2 are given in Table XIII. 

Nascent lipoproteins secreted into fraction 1 by nonnal rat hepatocytes 

compare favorably in lipid composition to ultracentrifugally isolated VLOL 

obtained from hepatocyte monolayers (330). Unlike serum VLDL, the nonnal 

nascent rat lipoproteins are relatively deficient in cholesterol ester (126). 

The smaller lipoproteins eluting in fraction 2 are still rich in triglyceride 

and deficient in cholesterol ester, indicating that the hepatocyte secretes a 

"small" VLOL which has no semblance to serum LOL (126). 

Hypothyroid rat hepatocytes secreted nascent lipoproteins having lipid 

compositions that closely resembled those of lipoproteins secreted by nonnal 

cells. These lipoproteins were not enriched in cholesterol. Nascent lipo

proteins from incubations of hypercholesterolemic rat hepatocytes differed 

significantly from both the nonnal and hypothyroid lipoproteins in that they 

were rich in chol~sterol and deficient in triglyceride. Even after 24 hours of 

incubation in a lipid - deficient medium, the hepatocytes frOm hyper~ ~ 

cholesterolemie rats still secreted an abnormal lipoprotein in agreement with 

previous shorter - term studies using perfused livers (120). 

Total lipid profiles obtained by gas Tiquid chromatography of the nascent 

Jipoproteins fsolated from incubations of nonnal, hypothyroid and hyper

cholesterolemie rat hepatocytes are shawn in Figs. 31 - 33. When compared to 

normal, the nascent hypothyroid I1poproteins were enriched in trl~lyceride, 

and ~ad relatively less free cholesterol (See also Table XIII). The striking 
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TABLE XIII 
LIPID COMPOSITION AND PARTICLE DIAMETERS OF NASCENT LIPOPROTEINS SECRETED BY 

NORMAL~ HYPOTHYROID AND HYPERCHOLESTEROLEMIC RAT HEPATOCYTES 

c· 

COMPONENT NORMAL (4) HYPOTHYROID (3) HYPERCHOLESTEROLEMIC (3) 
(% of total 1 ipid) 

FRACTION 1 
0 

TRIGLYCERIDES 62.8 ± 3.6 64.9 ± 3.1 29.7 ± 2.9 
CHOLESTEROL ESTER 2.5 ± 1.3 1.9 ± 0.5 30.5 ± 0.5 
FREE ~HOLESTEROL 7.5 ± 0.4 6.0 ± 1.3 16.9 ± 2.3 
PHOSPHOLIPIDS 27.2 ± 3.8 27.2 ± 2.2 23.0 ± 0.5 

0 

PARTICLE DIAMETER (A) 354 ± Sa 613 ± IDa 562 ± l2a 

FRACTION 2 

TRIGLYCERIDES· 42.0 ± 6.2 44.5 ± 4.3 10.4 ± 1.4 
CHOLESTEROL ESTER 3.2 ± 1.3 6.6 ± 1.0 20.0 ± 1.5 
FREE CHOLESTEROL 12.7 ± 2.6 9.2 ± 2.1 27.3 ± 1.9 
PHOSPHOLIPIDS v - 42.2 ± 4.8 39.8 ± 1.4 42.3 ± 2.3 

0 
. 

PARTICLE DIAMETER CA) 303 ± 3a 370 ± 4a 227 X 54a •b 

Each value represents the mean ± S.E.M. of the number of experiments in parentheses. Lipids were quantitated by GLC for 
lipoproteins isolated after 24 hours of incubation. a Mean particle diameter as determined by electron microscopy. 

bOiscoidal particles. ... ... 
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FIGURE 31 

GAS CHROMATOGRAPHIC LIPID PROFILES OF NASCENT LIPOPROTEINS SECRETED SY NORMAL 

RAT HEPATOCYTES 

Total 1 i pid profi 1 es for nasc~t lipoproteins isolated from column fract,ions 

1 (A) and 2 (8) were ob~ained JSin~ low - temperature gradient GLe. Peak 27, 

trimet~lsilylether of cholesterol; peak 30, tridecanoylglycerol internal 

standard; peak 34, trimethylsilylether of palmitoylsphingosine; peaks 36-42, 

trimethylsilylethers of diacylglycerols of a total number of 34.40 acyl 

carbons; peaks 43-47, cholesteryl esters of fatty aéids with a total number 

of 16-20 acyl carbons; peaks 48-56, tr1acylglycerols with a total number of 

48-56 acyl carbons. GLC conditions as described in legend to Fig. 9~ 

SPECIFIe IDENTIFICATION OF PEAKS 

Peak Number 

27 

30 

34 

36 

38 

40 

42 

43 

45 

47 

Lipid (Comman Nomenclature) 

Trimethylsilylether of unesterified cho
lesterol 

Tri decanoyl glycerol Inte,"nal Standard 

Palmceramide 

Palmsteari n 

Di steari n 

Arachi s tea ri n 

\. 
Trimethylsilylethers of 
diglycerides of phospho
glycerides resulting,from 
phospholipase treatment. 

A mixture of arachi- and behenceramide 

Cholesteryl palmitate 

Cholesteryl oleate 

Cholesteryl arachidonate 

/ 

48. 48+n •.. TriacylglYGerols having 48, 48+n ... acyl 
carbons 

() 
, ' 

( ) 
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FIGURE 32 

GAS CHROMATOGR4PHI~ LIPID PROFILES OF HASCEHT lIPOPROTEIHS SECRETED 8Y 

HYPOTHYRO,ID RAT HEPATOCYTES 

Total lipid profiles for nascent 11poprote1ns isolated fram column fractions 
'1 

1 1 (A) and 2' (8) were obtained using 10w ten:'perature gradient GLC. Peak. 
1 

identification as in Fig. 31. 
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FIGURE 33 

GAS CHROMATOGRAPHIC lIPID PROFILES OF NASCENT LIPOPROTEINS SECRETED BY 

~YPERCHOLESTEROLEMIC RAT HEPAT~CYTES 

Total lipid profiles for nascent l1poproteins isolated from column fractions 

1 (A) and 2 (B) were obtained using low temperature gradient GLC. Peak 
• 

identif1cation as in Fig. 31. 
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difference in profiles of nascent hypercholesterolemic lipoproteins is the 

sign1ficant amount of free and esterified cholesterol present, the latter .. 
bei ng present in ôn ly very sma 11 amounts in nascent normal and hypothyroi d 

l ipoproteins. Triglycerides, as a result, account for relatively 1 ess of the 

total lipid in nascént hypercholesterolemlC.lipoproteins. It is relevant to 

note that the proportions of phospholipid present in the lipoproteins secreted ... 

by the hepatocytes was equivalent in à1l three groups of hepatocytes 
.... 

i ncubated. 

Peaks 36 -~ 42 are derived from phosphol i pase C di gesti on of phospho

lipids during the sample workup for GLC (361), however, these peaks could 

represent di glyceri des present as such in the, 1 i poprotei n s, either secreted or 

arising perhaps frommedium lipolytic activity. To test whether or not this 

could account for some of the peaks in the present studies, individual nascent 

lipoprotein lipids were separated by TLC prior ta phospholipase digestion and 

analysis by GLC. The resu]ts of such an experiment conducted on nascent 1 i po

proteins secreted by normal rat hepatocytes are shown in Fig. 34. 

Oiglycerides arfd free cholesterol are only marginally separated on TLC 

with the solvent system used, therefore the total area corresponding to these 

two components was eluted from the sili~ gel. As shown in Fig. 34,A barely 

detectable levels of diglyceride (peaks 36 - 42)'were present in normal 

nascent lipoprote1ns, in comparison to the signif1cant amount of phospholipid 

in this li pid preparation (Fig. 34,C). The cholesterol ester cOntent was 'low 

(B) in these fractions and the GLC profile of the isolated triglycerides i s 

shown in (0). Sphingomyelins were barely detectable. Similar results were 

obtained on TLC-separated lipids extracted from nascent hypothyroid 

hepatocy~es. 

Based on the proposed models of lipoprotein structure, one would expect 

to see significantly diff~ent molar ratios of surface lipid components for 

• 
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FIGURE 34 

GAS CHROMATOGRAPHIe PROFILES OF TLC-SEPARATED UPIO COMPONENTS OF NASCENT 

LIPOPROTEINS SECRETED SV NORMAL RAT HEPATOCYTES -
, 
" 

L ipids were extracted fram nasC'ent lfpoproteins secreted by nOMII~l rat 
~'~ 

hepatocytes and separ&ted by TLC as descr1bed in Material sand Methods. The 

l ind1v1dùal components were then prepared and~Zed 'by GlIC as descr1bed in 

1. Materials and Methods. Peak identification as in Fig. 31. tA) Diglycerides 

and free cholesterol, (B) Cholesteryl esters, (C) Phospholipids and (0) . 
,) 

Triglycerides. 
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the abnonnal lipoproteins secreted into fraction 2 by hypercholestero1emic 

versus nonnal and hypothyroid rat hepatocytes. Free cholesterol to 

phospholipid mo1ar ratios in nascent lipoproteins are shown in Table XIV. 
• (. , P 

Ratios were close1y.reproducible in lipoproteins secreted by hepatocytes from 

'all tnree groups of rats. The ratio.s were less than 1 for nonna1 and hypo,... 

thyroid nascent particles and were not significantly-different from each 

other. In contrast, the ratios, exceeding 1 in bath fractions of lipoproteins 
" ~ 

isolated from incubations of hypercholesterolemic rat hepatocytes were 

si9nifican~ly different from the values obtained for nascent 1ipoproteins f~om 

the other groups. 

U~ea polyacrylamide gel electrophoretic patterns of hypercholesterolemic 

versus nonnal nascEtnt Hpo~roteins a,re' shown in Fig. 35. The normal p~ttern is' 

virtua11y identical to-that of nascent apo-VlDl obtained from hèpatic Golgi 

(295) and that sêcreted by normal rat hepatocyte monolayers incubated in serum 
, 1 

- freemedi um 0(330). The major apol ipoproteins are apo-B and ap<?-E for 

fractions 1 and 2 for both the nonnal and hypercholèstero1-emic nascent lipo ... 
1 

proteins, however si~nificantly more apo-E 15 p.resent in the latter (See a1so 
, , 

Table V). Incorporation of radioactivity into apo-E in the nonna1 nascent 
, -

. 1ipoproteins was similar to that observed 1n u1tracentrifugally isolated VlDl 

from the earlier studies. 'In contrast, the higher incorporation of radio

active amino acids into the apo-E of nascent hyperch~lesterolemic lipo

proteins suggests a significantly jncreased biosynthesis of this apolipo .. 

protein in these anima1,s. 

The faï r1y' wi de distribution of partfcle s1~es of li poproteins secreted . . 
v by i sola.ted hepatocytes from al1 grouRs of rats suggests a mi croheterogenei t y 

of t~~ flascent species. The double inununodiffuslon studies depicted in Fig. 36 

support this concept. Nascent lipoprote1ns fram a11 groups of rat hepatocytes 

stud1eg'gave 1dent1cal patterns. (The rl!~er 15 ,rctminded that the term$' 
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TABLE X~V . 
FREE CHOLESTEROL : PHOSPHOLIPID MOLAR RATIOS 

OF NASCENT LIPOPROTEINS FROM INCUBATIONS OF HEPATOCYTES FROM NORMAL) 
HYPOTHYROID AND HYPERCHOLESTEROLEMIC RATS 

NORMAL 

FRACTION 1 0.61 ± 0.09 (4) 

FRACTION 2 0.60 ± 0.08 (4) 

HYPOTHYROID 

0.45 ± 0.06 (3) 
\ 

o .47 .± 0.09 (3) 

.... 
f;:.;F 

HYPERCHOLESTEROLEMIC 

It53 ± 0.18a (3) 

1. 36 ± 0 .I7a (3) 

-:::. 
1 

\ 

-' . 
--------------------------------------------------------------------------------------------------------~ ~ N 

Each value represents 'the mean ± S.E.M. of the number of experiments in parentheses. Statistical evaluation compared 
te normal.accordin9 to Student's t-test. 

a p ~ 0.005 

. '. 

p 
~ 

", 

, .' 

.... r ,.~ -~ 



.. _..:;..-_ ..... U .. __ ... _ ••• I _________ ~,":...' -.:,"-.:;..,., ______________ ...... __ 

,j 
1 

1 

1 

1 
1 -, 

. i 
! 

1 

f 

·1 
1 

1 

-.L 

) - 123a -

FIGURE 35 

• -- c.· 
UREA POlYACRYlAMIDE GEL PROF,ILES OF NASCENT LlPOPROTEINS (FRACTIONS 1 AND 2) 

FROM NORMAL AND HYPERCHOLESTEROlEMIC RAT HEPAT;OCYTE INCUBATIONS 

L1poproteins were isolated .from fractions 1 and 2 of the medium from 24 hour 

incubations of normal and hypercholesterolemic rat hepatocytes as described 

in Materials and Methods. Urea polyacrylamide gels were run for each 

fraction, sl iced and counted. The ~ of total rad10act1vity associated with 
v '~ 

the gel regions designated between the 1 ill'e$ is shown. Nonnal pur1fi~d rat . -
serum apo11poprote~ns are shown for compar1son. Total c.p.m. applied per gel 

track: nonmal fractions l (1,300) and 2 (~,800); hypercholesterolemic 

fractions 1 (23,200) and 2 (31,700) • 
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FIGURE 36 

DOUBLE IMMUNODIFFUSION STUDIES OF COLUMN FRACTIONS 1 AND 2 HASCENT 

LIPOPROTEINS FROM INCUBATIONS OF NORMAL, HYPOTHYROID AND HYPERCHOLESTEROLEMIC 

RAT HEPATOCYTES 

Immunodiffusion plates were prepared from 1% lo~ agar and 4.0mm wells were 

cut with a Bio-Rad gel punch. (Other conditions were as described in ref. 24. 

Fractions 1 and 2 were applied to wells marked 1 and 2 from nonnal (Nl and 
, 

N2), hypothyro1d (HTl and HT2) and hypercholesterolemic (HC1 and HC2) rat 

hepatocyte incubations. Antibody (19G) preparations raised aga1nst rat apo-B 
, , 

and apo-E ,were appl1ed to wells m~rked aB and aE respectively. Photographs 

were taken of unstained gels. 
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"reaction of identity" and "partial identityM usually refer to precipitin arcs 

bridging two antigenic wells. For the purposes of discussion here, these well 

establi-shed immunological terms will be used for simplicity). 

Reactions of identity were observed between anti-apo-B and anti-apo-E for 

the lipoproteins secreted into fraction 1 by all three groups of hepatocytes. 

This immunodiffusion pattern suggests that both apolipoproteins reside on a 

single lipoprotein parti~le. ,In contrast. reactions of partial identity 

bet~een the two antibody preparations were observed for nascent lipoproteins 

secreted into fraction 2 by hepatocytes from all groups of rats. The presence 

of a spur pointing towards the anti-apo-B well SU9gests that fraction 2 . . 
contains a species of lipoprotein having only apo-E immunoreactive sites on 

it. This particle then probably represents Lp-E (20). 

Double }mmunodiffusion studies were performed·on the other column 

fractions -(3a to 5) and are shown in Fig. 37. Patterns were identical for all 

fractions from incubations of hepatocytes from all groups of rats studied. 

Fraction 3a gave a reaction of non- or partial identity between anti-rat-apo-E 

and anti-apo-C. The paucity of anti-apo-C reactive material present precludes 

a definite evaluation of this observation. The immunodiffusion patterns 
1 

obtained from fractions 3b and 4 resemble each other closely, however, sig

nificantly more total apolipoprotefn is present in nonnal fraction 4. Again· 

the insensitiv1ty of double immunodiffusion 1n detecting small quantities of 

apolipoprotein, fails to give a definite reaction of non - 1dent1ty between 

ant1-apo.;E and anti-apo-AI. however if these two apolipoprotei,ns did co-exist 

on a single partiele the;r combined Stokes radius would be too great to elute 

in fraction 4. Only apo-E was detectable in Fraction 5. 

The essentially lipid - free ap~E secreted into fractions· 4 and 5 gave 

react10ns of identity ~ith rat serum apo-E (fig_ 38). Polyacrylamide gel 

electrophpret1c patterns obtained after im.unoaff1n1ty chromatography of 
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FIGURE 37 

DOUBLE IMMUNODIFFUSION STUDIES OF COlUMN FRACTIONS 3a, 4 AND 5 FROM 

INCUBATIONS OF NORMAl, HYPOTHYROID AND HYPERCHOlESTEROLEMIC RAT HEPATOCYTES 

Immunodiffusion plates were prepared as in Fig. 36. Fractions 3a to 5 fram an 

incubation of normal rat hepatocytes were applièd' to wells marked 3a to 5 

respectively." Ant1boay (lgG) preparations raised against various rat 

apo11poproteins were applied to peripheral wells. A,nti-apo-B. aB; anti-apo-E, 

aE; anti-apo-AI, lAI; anti-apo-C. IC (directed towards a11 apo-C proteins). 

1 

_L.~ ___ ~ 

Cl 

'1 
\ 
1 

1 



A 8 

c o 
(ac ~ 

( aE 
( 5 

( àAI) 
, , 

(aB ) (ae) 



127a - \ 

FlGUli_3a 

ANTI-RAT-APO-E IMMUNOAfFINITY CHROMATOGRAPHY Of COlYMN FRACTIONS 4 AND 5 

Column fractions 4 an~ 5 from the medium of a 24 hour ir.lcubation of normal 

rat hepatocytes wer~ applied to an anti-rat-apo-E immunoaffinity column as 

described in Materials and Methods. Urea polyacrylamide gel profiles of the 

fractions at various stages of the experiment are shown on the right. (1) 

Purified rat serum apo-E; (2) and (4), Column fractions 4 and 5 before 

application to the column; (3) and (5), Adsorbed protein eluted from column 

with 6M sod"ttim thiocyanate, pH 7.2. Immunod1ffusion plate-1)n left prepared as 

in F19. 36. Center well contained anti-apo-E (!E). Fraction 4 wu applied ta 

.the well marked 4; Cab-O-Si 1 tr.eated horse serum (used for 1 ncubat1on's) was 

app11ed ta the designated wells; fasted rat serum applied to topmost well. 
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medium fractions 4 and 5 from incubations of nonnal rat hep,at9cytes arë shown 

in Fig. 38. Radiobctivtty was associated with the adsorbed apo-E extracted 

from these fractions. . ' 
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. DISCUSSION 

Isolated hepatocytes maintained in suspension for 24 hours proved to be a 

suitable system to measure lipoprotein secretion. The effects of dietary and 

hormonal status in, the, intact animal were reflected in the pattern of lipo

protein secretion by hepatocytes 'isolated from these rats. Metabolic dis

tinctions have been shown to be retained in hepatocytes isolated from chow 

fed, sucrose - fed, triglyceride - fed or starved rats (324, 378, 379, 380). 

The hepatocytes isolated and incubated in the studies described herein 

showed a high.percent (>60i) of viable cells (retaining LOH) ev en after 24 
\f 

hours. Synthesis of cellular ATP, retention of cellular potassium con-
• 

centrations and the incorporation of radioa,ctively - label'led precursors into 

l ipid and protein indicated that the cells were metabol ically active 

throughout the incubation periods whfch confirmed the ultrast~uctural evidence 

fore cellular integrity obtained by electron microscopy. The longer - term ' 

incubation techniques developed by Jeejeebhoy et al. (326) permitted studies 

to be' carried out 10n9 after the '-recoveryll peri od for the hepatocytes. It i s 

well known that hepatocytes, freshly isolated by collagenase enzyme usually 

demonstrate maximal hormone response (381), specifie adhesion to sugars (382), 

specifie receptor - mediated endocyt,osis of asialoglycoproteins (383) and 

chylomicron remnant uptake (384)' on1y afte\r 30 mins to 2 hours ~f incubation. 

It would appear that this period of t1me is required for the hepatocyte to 

NrecoverN from the in jury induced by enzymatic disaggregation (385). 

Maintenance of a ~uspension cu1ture,in a large volume for our studies also 

permitted the isolation of synthesized and secreted material. in a quantity 

sufficient to penmlt biochemical and 1mmunological characterlzation by 

curren~ly ava11ab1e techniques. 

Our fi rst objective was to tnvestigate the nature of the l1poprotelns 

secreted by hepatocytes froo fas~, nonnal rats. Nascent VLDL secreted by 
. . '" '\ 
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isolated normal rat hepatocytes and isolatéd ultraéen.t.Pi f~~d< 1.063 

g.mL-1 exhibiteg several protein band~ when subjected to urea polyacrylamide 
c 

gel el ectrophoresis (see Table VII). How~ver, 3H-amino acids were only' incor-, ., 
r . 

porated into oapo-B and apo-E as Jeejeebhoy et al. previously.jloted (327). In 
1 

contrast to the latter group, we observed proportionately more incorporation 

into apo-E. The nature of the darkly staining protein bands having little or 
! 

-
no radioactivity associated with them was en~gmatic. Unfortunately i,n t~e 

Il 

report by Jeejeebhoy et al. (327) whose system was essentially adopted for our 
'" studies, actual apo- VLDL gel profiles were not shown so that no comparison of 

o • 

the proteins coul d be made. Evid~nce presented here sugge'sts that these 

protein bands are non - dialyzable horse - serum apolipoprot~ins which became 

di ssociated from the li poproteins during the ul traeentri fugal method of 
'\ 

delipidating the serum. When the serum was delipoproteinated using colloidal 

silieic acid (Cab-a-Sil), nascent apo-VLOL profiles on urea polyacrylami'de - ,~ 
electropherogralns were identical to those o~tained by Davis et al. (330) for 

, 

apo-VLOL isolated from serum - free hepatocyte monolayer cultures. Colloidal 

sil icic aCid removes,' apol ipop,roteins fram serum (341) and our results are 

consistent with this. Clearly, then, this method is superior to ultra

centrifugation for delipoproteinating serum for lipoprote1n metabolic studies. 

Although the natur:,e of horse apol i,popro~ei n bi ndi ng to nascent VLOL was not 
b 

investigated extensively, the phenomenon itself is interesti~g. Nestruck and 

Rubinstein (295) demonstrated that nascent VLOL isolated from hepatic Golgi 

acquired apolipoproteins' from serum HDl when ineubated together. They nbted 
o 

that whereas serum VLDL 'could acquire or exchange. apo-E and âpo-C fair1y 
, 

specifically from HDL, the aCqUiSi~ion'of apolipoproteins by na.,sc:ent VLDL was _ 0, 

non - specific and included ap'o-AI ~ a pr.otein not usually f'Ound in association, Q • 

VLDL (295). Studies by DOlphi' (334) aJso indicated that nascent Golgi 
, • 1 • 

t' ' 

acqui red ap'o-E (i n milSS terms~ fram the serum d > 1.063 g.mL -1 fraction 
.( ''''.J 1 

.~ 

q 
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, /) 
did note The~e obse'rvation,s s,uggést that nascent VlOl 

obtained frain G01g1 or isolat~d hepatocytes represents a transient 'foMll of 

1 i po~ro'te1n which cari ~,eadl1y be modified fo11 owi n9 its secretion'. As a.fo:-c 
--,. , 

acquisition.,would appear ta, be, the ~ajQr Inodification of nascent VLOL (295, 

) ~327, 328, 330) it 1s r~asonable to àssume that the 'acquisition of apo-C 1s 

dependent on the availability of apo-C IIdonors". In sttùattons of increased 
<) If • 

chylomicron and/or VLDL ~ro~uct10n, the r~serv~'ir of apo-C in HOl, ~ould be 
• , 1 

relatively deplet1!d as apo-C exhibits a net transfer to these triglyceride -, , 

rich 1 i poprotei ns upon thei r entry i nto the' serum compartTnent (386). Apo":CII, , ,. 

wh1ch' function~ as the activator of li poprotein lipase, therefore woul d be 

less available to newly secreted VlOL. D,uring li~OlYSiS, n~t tr~fer,of apo-C 

back to HOl occurs [l09) and this would serve to replete the lionor" supp1y. '. . 
·1 

. " ïaskinen et al. (387) noted that the distribution of lipid and apo-C within 

the various HOl subfractions was dependent ~n the ratio of VLOL - triglyceride 

and HDL3 protein present in in vitro incubations. It is inte'restin~ to' . \ 
'. 

speculate that the' apo-C distribution amongst lipoproteins functions as a mode 

of r~gulat'ing lipolytiè action. $u-ch a m~chanism may moderate lipo1ysis to 

/' tin"sure- that 1 i poprotei n receptors afë.. not saturated and that li poprotel n . . 
remnants do not (!ccumulatè in' the plas~a. 

, The l,ack of vi,sually ~r immunologically detectable apo-C on eAGE gels or 

,by irnmunodiffusion ,of nascent VLOL secreted by the .. Jsolated hepatocytes 
l , 

éonf,1,s'an earlier o~servation (327) .. However, some in'vestigators have 

reported small amounts of. vi sually detectable and radioactively labelled 

material on PAGE gel,s in the.regïon corresponding to apa-C (224, 330, 332).fpr 
, 

yLDL secreted by hepato{;ytes. Apo-C is virtually absent from Golgi VlDL"~$~95) -

however, when secretory functions are impairedby the administration of 
n) f. 

C01'hicine~ apo-C is f~un(d to be associated with the isol~ted Golgi VLOl (295, 

301). \ Thes~ -fi ndi ng's can b~partly explained b.y the observa~ion that a(!o-C , , 
t 9 
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is acquired by the VLBl Just pr10r to secr~ti'on ,bi. the GOl,g'i.'sécrietory 
, " 

'1 

, ., 

A ~esic1es as' .~s shown by Do1Phin,"et 81" (,J01): AP.o-C i.muno .. eà~t1Ve '~ai:er"1~i. · 

. ' however, was detectable in nascent lipoproteins isolated i~ the high densUy 
.. .., \ • ~,. , • 1;5> . . 

range in·, the studies d'esè,ribe<1 here. However; the·small quantitiès Qf material} . ; 

" '_. 
~ available precluded any further, study ~y the methods emplo'yed for the other 

, , ... 
, a pol.;poprotelnSe ,AS' sugge~ted ~~'Hamilt~~ .(314), this is pr~abl~ due to th~ 

low hepatic sec;r~tion rate J>f HOL:" , l,' ". 1 . '" ~ ~ 

UltracentrclfugatlônJo isolate ttle nàs,"~nt l1poproteins was a time-. .. , 

consumin'g procedure <~ for the 'purpo~es, of studying Aasc~nt l1poprotein 
J ... , ~ - ~ 1'" 1 

secretor.y products did' 'not a'P'pe~r to be ,suitable. Apolipoprotein E ~a$" 
, . 

consistently found ïn the d » 1 ~'21 g·.m~ -1 fraction of th'è ; ncubatio'n medi !,Am, a 

'finding tnat had b,eén reported bY·Dashti et al. ,(331) and was conceivably duè' 
.' . 

• 1 Q 1 

to the ultracentrifu9.al, procedures {36}. Theréfore gel fi1tfati~n on ,Sephacryl 
, . 

- 300 col umns was used ; n all subsequent studies to separate the" nalicent 1; po-
.. ," .. . " 

protein species. This system provided the added advantage that the entire ... "'" ' . 
spectrum of secretory products could be examined for apolipoproteins in a 

single stèp. Fractionation of normal ~rat serum-by this method. resultèd in a 
. \ ~. f . 
rai lure ta detect sign i ficant amoun~s of apo-E or' 'apo-AI,....crs li p1d - free'-

components, confi rming_ the earl ier work of Fainaru et al. (3~) whlch indicated

. that gel filtrat ion was agent 1er procedure ~o separate the 1 i popr:otefn 

classes lind did not give rise. as ultracentrifugation did, to lipid - free 

apolipoproteins. Also s the horse serum used iA the incubat-ions for all~ 

~el')t studies was routfnely delipi<tated by colloidal s11icic acid ta 
. ~ .. 

eliminate any possible modifications of the secreted n'ascent lipopr_oteins by 

horse apol i poproteins. 

Our second aim was to distinguish between the effects of chow feeding s , . -

l 
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o , hypothyroidi sm and ~hY'rOidi sm wi th Chol~sterol, feeding on .. hepat~c 1 i po-

- - ~p1'Oteirr:biosynthesis ana secretion. Previous studies in th~ s laboratory had 1 
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J' 
prov1ded evidence for the direct secretion ~f abnonmal 11poproteins by hypo-, . 

l.. ' • \ ~ ~ , 

thyro'ld~ cho'lestef"o1 - .fed (hy,percholestero1em.ic) rats (120). 

A fun~ament_al $1e:enninant of nascent VLOL size appears t~, the quant1ty 

,of ~ri91ycer,ide to be t'ransported out of the hepatocyte (388). In a lipid -

defiGient. med1ur6, 'hepatocytes are capable of de 'novo sy~thesis of fatty acids, 
~ r~-- 1 

phospholtpids and-cholêsterol (221). A close relatiDnship between the rate of 
#-' ..." .. ... '" , 

~epatic fâtty aCld synthes~s and the'producti~n and release of triglycerides 
'b'. ~ 

~as been dernonstrated (221). Fatty acid'synthesis rates are qUlte variable 
, • • /1 / 

t • 

bet~een'animals {221~, whicn, in part could explain the large standard 
, . 

de~iations in the absolut~ amount~ pf \ipid secreted by the nonnal rat hepa'to-

cyt;s.in this study (Table XII). 'The liptprot~ins isolated from fractiol1s l . ' 

a,nd 2 of the incubation medtt./m secreted by normal rat hepatocytes were 

'cholesterol ester poor when compared with,the serum VlO~ (126)., an observation 

also noted 'by Kempen (332) and Davis .... et al. (330). The higher cholesteryl 

esters in s~ru'm VlDL may .be a result of the contam'ination of this"fraction 

• 1 t h ~hY 1 0lIl1 cron r .... Dnt s, Howeve r. th e h i ghe~ ~roport i on 0 f cho té stero 1 . 

ester in serum versus na,scent VlDL may ar; se fr~ the net transfer of th1 s 
~ ~ . 

li pid. com"ponent from HDL ; n the serum compartment (389). Al though the .... , .... 

'cholesterol ester tra~sfer activity in rats is reported to,be low relative to 
1 • 

, 0 1/1 

the ac~ivity in human serum (51), one cannot preclude ~ possible physiologi-
, () . 

. cal 'role • Since measurements of the rates of cholesterol ester transfer have 

been conducted on incub~s of' isolated serum HOL and VLDL, it is , , 

conceivabl~ that the measurable cholesterol ester transfer from HDL to VLDL • 
- ' ( . 

would be low if any tçinsfer did occur, in V'i-vo, upon secretion of the nascent 
or , 

VLDL. In any case, however, the net transfer of cholesteryl ester does not 

compare to that of humans, as rat HDL is rich in cholesteryl arachidonate and 

ver~ J ittl e o~ ttris species is found in rat serum VLDl • 

.. Hepatocytes from hypothyroid, chow - fed rats exhibited an elevated l1pid . . 

-- ... ~--~--~-----------------.' 
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secretion rate compar~ to normal rat hepatocytes which was 501e1y accounted 

for by an increase in tri~lyceride and phospho1ipid secretion. This is 
'G' 

consistent with a generalized réduction in ca16rigenesis observed.in hypo-

thjroid anima1s (390). It has betn observed in perfuse~ livers that thyroid 

dysfllllctié:m' causes a marked dimi.n ion of fatty acid oxidation through the. 
, ( . , 
tric~rboxy1ic acid cycle resulti 9 in increa~d VLOL triglyceride secretion 

\ 

(336)'. Triglyceride synthesis is increased.in hypothryoid rat hepatocytes and 
- ) 

as a resu1t they synthesize and-secrete larger 1ipoproteins rather than an / . 
increased number of particl~s of the same size as secreted by normal rat 

o _ 

hep~tocytes. -The secretion .of apo-B into the medium by hypothyroi,d rat hepato~ 

cytes, however, was the same if not lower, than that of normal rat hepato-
.' 

.cytes. As this apolipoprot~in is knowh to be essential for lipoprotein 

assembly (109), it woutd appear that each 'moleculeJof app-B can acc9modate a 
, 

larger trig1yceride load when concentrations of this lipid are elevated within 

the cell. The assembly and secretion of larger lipoproteins at tne same 

apollpoprotein secretory rate wou1d provide a rapid me;hani~erebY hepato

cytes' could prev~nt the intrace11u1ar accumulation of excess lipide 

In vivo studies indicate t~at triglyceride secreti,on by the lher in 

hypothyroid rats ;'s decreased rel ative .to euthyrold rats (391). These flndi ngs 

arè apparently at variance with the results obta1ned here and those of Keyes 

and Heimberg (392) who also noted increased triglyceride secretion by isolated . , 

perfused l~vers from hypothyroid rats. A possible explanation for the observed 

differences is suggested here. The production of VlOl is related to the , 
<f 

balance between fatty acid oxidation and esterification (223, 393, 394). 

Thyroid dysfunctidn causes~a reduction in fatty aci~ oxidation (336) whereas 
.... ' 

fastin9- (217) resu1ts in an increase. Thyroxine raises the activity of ,outer 

mitochondrial carnitine palmitoylacyltransferase in iso1ated rat hepatocytes, 
,.-... ~ Q.'" 

the committed step in fatty ac1d -ox1dation (395). HepatQcytes from eut~roidt 
~ 
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~asted ra~ exhibit 1~creaSed ketone body production (380) relative ta fed 

r~ a;;J";n a fatty - acid defic1ent medium such as that ut111-z.ed in thtfse 

studies would rely on endogenously synthesized fatty acids for oxidation. The ,. 

, increased triglyceride synthes'h ob,ser~ed for the hypothryoi,d rat hepatocyt~s 
'~ 

(: would i~dicate that thyroid dysfunction arrests oxidation to an extent that 
, 9 

endogenously synthesized fatty acids are directed towards net lipogenesis to a 
~ . 

larger gegr~than in the normal rat hepatocytes. However, in vivo, the normal 

ra~~iver' is exp,ed to higher in"sulinjevels (396) and probab~ higher con~ 
centrations of plasma fatty. acids (397) than in hypothyroid rats wbich 'could . , . .. 
account for the reiatively hi-gher rate of triglyceride secretion obserV~d in· 

the intact normal animal. It is also 

thy{pxine e~ances the a~t;vitiès of 

-- ), pertinent to note that, in vivo, . 

insul~n (trigJycer1de synthesis~'and ~~ 
, . 

?
,e nephrine (free fatty acfd release ,b7. açipose tissue) (398)~ 

.. The li poprote"ins that were. secPèted' by hypothyroid, chow -fed rat hepato-
~. ~ Il tl , , 

eytes are evidently suit~le substrates for lipolytic activity as the total 

serum triglyeeride levels in the intact animals were lower than that observed 
• 

in nonnal animals (Table VIII). Walton'et al. (399) noted that in human hypo-
, ~ 

thyroid patients the mechanism of disposal o~triglycerides in the serum 
\ 

compartment was not impaired a~though a prolonged half - life for LOL was . , . . 
observed. This is consistent wlth tJ1e hypothesis that 'decreased removal of 

,.r- .-
lipoproteins oecurs in the hypothyroid state as suggested by studies in humans 

( 

(399, 400) and rats (335, 391, 401). The lower triglyceride 1evels in the 

serum, may be accounted for by 'i nc~eased 1 i po lys i s of the 1 i poprotei'ns in the 

serum compartment as a result of the impair~d removal. These factors cpu1d 

give rise to the a- migrating lipoproteins whieh aceumulate in the~sera of 

thesè' animal s. 

It is of interest to note that the uptak~of normal chylomicron remnants 

by isolated hepatocytes from hypotnyroid rats was not impaired relative to 
.. 
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" . euthyroid rats (374). Howeve~J normal chyl~1cron remna ... nt_ upt~e by livers 
4 1" l .. 

from hypercholesterolemic, hypothyroid rats was delayed (374, 402). In these , -

anima1s, in vivo,' on'1y chy1omicron remnant ch()re~teryl est~r clearançe was 

impaired whereas chylomicron triglyceride is cleared efficiently. (403). 
, 1 ~ • 

\ . 
Cholesterol feeding alone did not c~u~e any diminution or uptake (404). 

1 

, These findings suggest that elevated' cholesterol levels can act synér-, 

gi stically with hypoytYfoiqism to. i nduce decreased 11 poprotein u~take •. It 
,.. ~ 1 • ! ' ~ • 

appears that either condition a10ne does pot eltcit decreased lipoprotein . 
." c~ 

.upta~e which raises sorne interesting points worthy of consideration. 

J. Dr~~tic di"fferences ln fasting s= cholesterol le~els have been .. 
reported for various strains of rat (405). These differences are abolished 

upon hYPOPhysect;'~j(405)', suggesting strain - specifi~ mOdUl~9' hormonal 
• <1 J" ~ 

, , i 

1 evel 5 or ta~gét ti'ssue response. ln the- study quoted prey; ously, "showin.g 

normal chylomicron remnant uptake by hypotnyroid rat hepatocytes, the donor. 
, J..r 

albino strain had chPlesterol levels that were ,less than one - half (374) 

those of Long - Evans r~ts utilizedjin the presertt study. Also, serum tri.

glyceride 1evels in the hypothyroid albino rats were similar to the untreated 
d' 

rats (374) indicating a clear difference to the results obtained 1n the 

present study. 
l 

In view of the observation that removal of the thyroid in rat causes a 

marked rise in plasma cholesterol (406), it 1s surprising that the relatively 

high serum ChOlestero~ level in Long - E~ans rats is accompanied by a high , , 
l ' 

.normal thyroxine level (7.4 pg/d1) c0!1'pared to albino rats (approx. 4.0 ,ug/dl) 
! '. 

(335,374,391). It is also interes~/ing to note that h~pophysect.omy causes an 
/ 

increase in cholesterol levels in,fats, the increàse being more dramatic 
. -~ 

.' \ 

(19œ) for strains having initially low ~evels ~han for: those with high levels . 

! - -' (60%) (405). The net. result is that the final serum cholesterol con-

centrations are equivalent in both'stràins. The~exact nature of the genetic 
[ , 

, 1 

! 
. i 
i 

1 

i' 
1 

1 

1 



"': - --

,;. 

() 
" 

) 1 

o· 

: : :1 : .. ; ~ : ~ ~" l: .,~ "' , \", -, 
" 

137 -', 

dlfferences between stra1n~ that gives r1se to variant cholesterol levels 
;, 

remains to be determined, tiowever, it is interésting' to speculate that the 
, . , 

higher cho1ester,01 levels in chow - fed Long - Eyans rats with concomitant. 

> ' hypothyroidi sm woul d para1llel the studi es demonstrat1ng decreased chyl9I;Ri cron 

remnant uptake by hypothyroid, hyperch'o~esterolemic albino rats (374~ 402). In 

fact, a recent report demonstrated, in vivo, the decr:eased removal" uf chylo':' 

micron' remnant cholestérol ester by normal chow - fed Long, - Evans rats versus 

albino. rats (40].). The relative deficiency in chylomicron remnant removal by 

Long:"Evans rats correlated with an increased cholesterolemie response compared 

m alb1no rats when lkholester~l was added t-o the diet (407). 

Irlcreased proportions of cholesterol ,w1thin the liver plasma membrane are 

observed ~ conditions of elevated serum cholesterol levels in the rat (408). 

The decreased fluidity of suc~ membranes could account for the relative 

deficiency ~f chylomicron remnant uptake via specific.membrane - bound 
" -- \ . \ , 

receptors~ 

In this study, hepatocytes from hypothyroid, cholesterol - fed (hyper

cholesterolemic) rats secreted cholestero1-rich ard triglycerf'de - poor l ipo

proteins even.after 24 hours of incubation in a lipid - deficient medium, in 
/' 

contrast to th~ 'triglyceride -. rich, cholesterol - ~iPoproteins secreted 

by normal or hypot-hyroid rat hepatocytes. The highly increased secretion rate" 

for all lip1d components, particularly cholesterol, by hypercholesterolemic 

rat hepatocytes most probably reflec'ts hepatocyte secreti,on of diet~ry op 

. ~ 

derived lipids taken up ~s 'chylomicron remnants and retained by the liver (95, 

374). The l'ipoproteins were simi)ar with respect to particle size as the lipo

protei ns secreted by hypothyroi èt rat hepatocytes and were s imi larily more 

heter9geneous than normal nascent lipoproteins. The significantly diffe'rént 

1 ipid c.omposition of hypercholes,terolemic versus simp'>' hypothyroid nascent, 

liPo~te1ns suggests that cholesterol esters can successful1y substitute for 
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, tri glyceriéie in t'he hy~rophQ.bi c core bf the"nascent l'fpoprotefns (95). In a -
0;) 

rece"t report',_ Davis et al. (95) demoAstrated tha~ the neutral 1ipid 

composition"wi-thin the hepatoéyte'(wliich 15 proportionateJy higher in . ~ ,. 
• 1 

cholesteryl ester durin'g cholesterol feed1ng.) large1y d'ictates the core lip"id . \' 
'. 

compo~ition of de nOvo ~ynthesizeà VLDL. 

Discoida1 ~ipoprotëins observed in incubations of hypercho'lesterolemic., 

rat hepatocyt~s no doubt arise as a resu1t of the excess cholesterol present\ 
p .-

within these ce1ls. These abnormal lipoproteins .were not detected in 
, 

incubations of· hypothyroid or normal rat hepatocytes. The dimensions of 'these 
G - • 

o 
particles (227 X 54 A), (Table XIII) c10sely resemble ~hose for ·the discoïdal 

HDL present in the plasma of hyperchblester,olemic guinea pigs (252 X 51 A) 
(203). Compared to f1orm~l plasma HDL, the discoidal lipoproteins,secr'eted by 

. the hypercholesterolemic hepato~ytes are re1atively deficien~ in core lipids 

and are apo-E - rien rather than being sphericar and having apo-AI as thei r 
. , 

major apolipoprotein. (Table XIII and Fig. 35). The plasma of pati,ents with 

LeAT deficiency contain similar apo-E - rich discoidal"HbL (5, 409). Such" 

partic1~s are a1so secreted by isolated rat livers in the preSénce of an LCAT . " \,- . 

. " 

, J 

1 
l t 
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1 

i 
1· 
1 
l' 

1" 
i. 

i'nhibito~ (205). The LCAT enzyme is believed ta be responsible for the. 
• r 

conversion of nascent discoidal HOL to spherical HOL, and thi s enzyme has been 
l ' '" > .. .., . 

shawn to cataTyze this conversion in vitro -(5). These studi.es' c'onducte~ on 

discoidal HOL fr.om LCAT defiFient patients demonstrated that LCAT aëtion not ., 

only gave rise to chol~steryl esters but tHicited the acquisition of apo .. AI I)y 
, ' 

-1 the tlOl (probably from the d > 1.25 g.mb. protein fraction) and a con-
. ' 

comitant 10ss of apo-E (5). - . , 

As the secretion of LCAT by suspénded rat hepatocyt~s has been shown" 
. , 

(410), it is reasonable ta assu!"e that incubations of normal and hypothyroid" , . 
~ , 

rat hepatocytes secrete nascent' HOL which can be efficient1y madifiep by thi·s . ' 

enzyme., Felker et al. (323) had shown that normal isolatéd. perfused, Hvers ' . , ' , ( , . 
" 

.( 

, . , 
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• . " 
secreted ~ sign'ificant proportion of the total,apo-AI as a l1pid- free 

, (l • 0 

,parti.cle, much as was observed in this study (Fig. 26)... Additi'On ~f the lCAT 

1rlhlbitor (-oTNB) ,ln t'he fonner st~dy resulted in the secretion of discoidal 

apo-E - rich HDL with a signfficantly larger proportion of the apo-AI present 

as â .ljpid - free particle in the d > 1 .• 21 g.mL-l fraction of the li~er 
, \. '., 

! 
1 

perfusate (323). These findings are consistent with the concept that apolipo-' . 
, . 

protèi ri AI i s acqui red by nonnal nascent HDL from the i nteract i on of nascent p 

" ! 
1 

l'· 
Q , -1 

HOL,w1th either'lCAJ, and apo-AI or a complex,of both (205,411) .... · 

As th~ incu'batio~ medi!Jm conta1ns no "LCAT,activity ~er se, the.,pccurrence 
" \ " 1 

of disc?idal partic.1es can result from one of the 'following possibiltties. Firstly, a "1 
,lower than nonna,l LeAT 'output ~y hyperc'ho.1'esterol emi ç rat hepatocytes cou"l d 

'1. 

:::~:::k::r C::9::s;:v:,:: o::;~o:::~::~:\;: · ~ 0 
e::e:: ~y: ::z~a:::: ;: :::erve 

,intact ~per~hOl.sterO)!"IIi ~ anlm.l. There1re it i 5 P.~S i bl e that in hyper
~no lesterolemi,C 'r.: hep~tocyte S<Jspe~siw{s. the 'capacity \~f the LCAT en.zyme i s 

exceeded as a re,sult' qf the exor~ C~l 01 10ad. s di scoida1 . 
'" 1 l ' J ~ 

< ~ j "., ,-P l 

parti~les 'were-,not ~bsiv~d in -the sera, intact fasted hyperchol~stero1emic 

rats, theV1asma LCA: l,evels' may" be ~fici'ently hi9h (as a result,of the 
" r 

additional 'contribution to LCAT 1evels by other tissues such as in~estinal 

muëoscl and adrenal-) (4) .to pennit the conversion of these particles to 
C' 

- '" . , Secon~l>" the excess of, ft'ee ,c,ho l estero l secreted by these.hepatocytes 

may evoke,a functional deficiency of LCAT by virtue of the higher cholesterol' 
} '" • • 1 ... - ~ 

~, phospholipid'molar ratios in ,the discoïdal HDL' (413). The Înolar ratios of, 
, ' 

un.esteri,fied cholesterol to, phospho 1 ipid 9f the spherical li poproteins in 

fractions 1. and 2 from 24 hour incubations of normal and hypothyroid rat hepa-
, , , , 

tocytes ar~ 0.6 and 0.5 re'spectiv~ly whereas the corresponding 'r-atio in 

nascent. hypercholeste'rol~iC l1poprote1ns 15 1.4 (Table XIV).·A molar ratio of 
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free cholesterol to phosphol1pid of 1 1 or greater has been shown to 

cClllpletelY fnhibit LeAT activity'in vitro (413).' ~s a :result, a funct,jonal ' 
, 

defic1~ncy of LeAT activity would be expected for, the part1cles hav1,ng a high 

rat 10 and su'ch a mechani sm i s' thought 'to give r~ se to' the discoïdal ,HOL 

(cho l est~ro l to, phospHo 1 i pi d 2 : l) t hat accumu l ~'te" i ~ t'he ~era of hype.r

choles1Jrolemic guinea pigs (203). These observat'i'on-s are consistent with the 
; 4. :IJ 

concept that the disc - to - sphere conversion.Qf HOL is retarded in 
" 

inc,ub.ati ons of hyperchol esterolemi c. -rat, hepatocytes by vi rtue of t:he substrate 

cClllposition. However, nascent hypercholesterolemic lipoprote'ins secreted into 

fracti.on 1 are spherical despite their h1gh free cholester~l t.o phospholipi<f 
, 

molar ratios., Thes!! 1 ipoprotèins ,have stgnificantly more core lfpids th,an' the 

discoidal particles of fra~tibn'2 (Table XIII) ~n~ thus 1i,~ould appear that 

,the amount of non- polar l1p1'd present 1s an' lmportant factor in detehnining, 
" 

particle morpholo9Y. 

Thirdly, it is J3'0ssibl~ that a deflciency of fatty a~ids for chole,sterol, 
, ."1 1 

- esterification occurs within,hypercholesterolemic cells 1n~ubated i~ the 
, .. , " -, 

11pid -. deficient medium. Intracenula~ ACAl activity in h~pa,tocytes iS'''-
, - ' 

, , . 
increas~d du'~ing '~holesterol 'fee?,ing (273, 414) ,'which therefore places a 

1 

demand for cell'ular f~tty ac·ids. As hep'atocyte~ incubated 'Und~r the conditions 

descr1b~d "here are de,pendent on endogenously synthe~i~ed fatty ac1ds for 

substra~e t the ra~e of synth~si s cou l d l iIDi t cha l estero l esteri fi caUon b( 

'ACAT •. .Ttierefore despite the inc~eased cpolesterol load th~ amount of 

_~holesteryl ester synthesized as VLOl would be less than,9Ptimal. This 

.~oss'ibl1i-~y 1s indicated'in 'Our ,stud1es by'ttle 16wèr 'proportion of cholesterol . ,. 

ester with respect to t~tal cholesterol secreted as.VlDl-like-particles by,the 
1 ' 

, • 7-

hypercholestèrolemfc hepatocytes compared to the part1cles secréted by the 
- Il ,,' 

, , , 

,isolated 11ver (120). S1mflarily, ln the' gulnea,p1g the inhe ently low liver 

ACAT acdvity may be'partly re~ponsible for the high proport1 of, 
, , , 
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'unesterified ch01esterol secreted as discoidal HDL (415). 

The difference in agarose gel electrophoretic profiles of nascent versus . 
. sérum lipoproteins (Fig. 30) is probably related ta the difference in apolipo-

prot~in composition, as the latter largely confers the net charg on the 

particIe. However, there was no significant qualitative differen e between the . . 
nasc~nt lipoproteins secreted by the three groups of hepatocytes which 

suggests that a,simiIar proportion of the apolipoproteins contribute to the 

lipoprotein~" overall charge, despite differences in lipid compo ition. Hypo

thyroid and hypercholesterolemic nascent lipoproteins secreted into fraction 1 
. 

,had l ess charge heterogenei ty th~n the norrna 1 li poprotei ns. The former li po-
<1 , 

proteins exhibited heavy lipid stainable bands migrating as fast pre- B. 

, Lipoproteins secreted into fraction 2 of the incubation medium byall 

three groups of hepatocytes exhibited a -mobi l ity on agarose r ge l el ectro

phoresis, despite significantly different lipid compositions between the 

nascent hypercholesterolemic and hypothyroid or normal lipoproteins. The (3-

migration of the discoidal lipoproteins secreted into fraction 2 by hyper-

choJesterolemic hepatocytes has also been observed for similar particles in 

human cholestasis (190) and the less intense staining of the observed band on 

agarose gel is typical ot' lipoproteins containing predominantly polar lipids 

(205) • 

Apolipoprotein secretion and distribution amongst nascent lipoproteins 

can be altered by dietary or hormonal manipulation (95, 120, 334, 416,417). 

As apolipoproteins essentia"l1y function as metabolic programmers for the 

ljpoprotein particles, their distribution amongst nascent lipoproteins is 

clearly significant with respect to the subsequent metabolism of these 

particles. 

In the present study, apo-E and apo-AI were secreted by normal rat 

hepatocytes at a rate t~at closely resembled the secretion rates observed by 
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l1ashti et al. (331) for hepatocyte monolayers ; ncubated for sim11ar per10ds of 

time. The latter group employed ~1tracentr1fug~tion tf isolate the na~cent 
. . 

llpoprotefns and a significant proportion of ap-d-E (65~) was found to b,e : 
, , 

secréted a$. a lipid - free particle. In~ prese~t"study, gel fl1trcition of 
' .. 

the nas.cent lip6protein species revealed that only 45~ of the total apo-E was . ( 

secreted as a paJrticle of low 1 ipid content (fractions 3b,4 and 5). Therefore, 

up to 20% of the total apo-E found ln the d > 1.21 g.mL -1 fraction i Q the 

study by Dashti et al. (331) could have resulted from ultracentrifugation, an 

observat ion previ ously reported by thi s l aboratory (126). 

Both apo-B and E secretion rates were sign; ficantly increa~ed in in

cUbation~ of hypercholesterolemic rat hepatocytes, paral~ling the increased 

secretion of lipid (Table X, Table XII). After 24 hours oljncubation 

secretion rate for these apolipoproteins decreased. It is possible th the 

decreased secretion rate after a longer period of incubation sim y' eflects 
; 

tl,f hepatocytes· reduceç! need to secrete lipoproteins at such an accelerated 

rate once removed from the high serum 1 i pi~ levels. 

Apo-AI secretion by hypercholesterolemic rat hepatocytes was slightly but 

not significantly increased, yet the serum levels of this apolipoprotein were 

e~evated in the intact animals. As the liver only contributes approximately . 
44'4 of the total serum apo-AI (308), it ,would appear that either the '\. 

.c 
intestinal secretion rate of apo-AI is increà'sitd in PTU - cholesterol feeding 

or that decreased removal of apo-AI - containing lipoproteins occurs to 

account for the elevated serum levels. Riley et al. (418) did not observe any 
:J 

increase in the total amount of apo-AI secreted by the intestine in 

cholesterol - fed rats. However, unlike the studies described here, Riley et 

al. (418) did not induce hypothyroidism. a condition which is known to 

increase the chol esterol C> absorpt ion by the intestine (265). 

The secret i on rates of apo l i poprote in sB. E and AI by hypothyro i d rat 

, , , 
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hepa~ocytes was not sign1 f1ca'ntly different fr['"' nonnal rat ,hepatocytes. Serum 

levels of 'apo-AI in the intact animals were identical to nonnal, whereas apo-B 

and E level s were i ncreased. Si nce the 1 i ver 1 s the primat Y" source of serum 
o 

apo-B and E (308) and the obsenrved secret i on rates by hypothyroid rat hepato-

cytes are normar, it follows that there i s a defectfve removal of apo-B and E 

- contai.ni ng li poprotei ns from the ci reu lat f on of hypothyroid ani~a l s. 

Ser.um levels of apo-Al in hypothyro1d, chow - fe~ rats may be subject to -differe~ces in strain response to the degree and duration of hypothyroidism., 

This is suggested byOth~ obser,vation that no-change in apo-AI levels in our 

animals occurred whereas Dory et al. (335) reported increased ~po-AI levels in 

their albino rats maintained on the same regimen. However, the Long - Evans 
, 'l'" 

j 

rats used in the present study demonstrated el evated l eve l s of apo-AI a fter 

being administered PTU for an extended period of time (419). On the other ~ 
, ' 

hand, Wllcox et al. (420) noted that mil d hypothyroidi sm had no effect on rat 

pl asma apo-AI l eve 1 s. 

The distribution of the apolipoproteins amongst the nascent lipo

prote.ins secreted by the hepatocytes was clearly affected by tt\e dietary and 

hormonal man; pul at i-ons. Hypercho1 esterol emi c rat hep~tocytes secreted pro-
'/ 

portionately more of the total apo-B and E associated with larger lwoprotein 
-''\) 

particles than normal rat hepatocytes. A simllar observ.ati.on was made by 

Patsch et al. (416) who noted a redistribution of apo-B and E into larger 

lipid - rich lipoprotelns after incubating hepatocytes in the presence of 

added fatty acid. Conversely, wh en triglyceride and phospholi pid ·secretion was 

acutely inhibited by insul in treatment, it was noted that proport:ionately more 
\ " 

apo-B and E was secreted either-associated with smaller ~artfcles or 
\ 

essentially lipid - free (417). This apparently lipid - dependent redi,s., . 

tribution of the apolipoprote~ns was demonstrated in' the present studY. 
, 

Significantly less of the total apo-E was secreted into the medium as a lipid 
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- free particle (26% in fractions 3b,4 and 5) by hypercholesterolemic rat 

hepatocytes than by (loMnal cell s (44%), consistent with ear1ier studies of 

~ascent 1ipoprotein secretion.by isolated perfused livers (120). Sirnilarily, 

the increased'secretion"and redistribution of apo-B towards larger lipo

protein-particles i'n these hepatocyte incubations is in agreement with the 

, increase in the absolute am6Unt of triglyceride secreted wh~n compared to 

normal s and supports the concept that apo-B i s essenthl for the transport of 

triglyceride out of the liver (lQ9). There was only a slight increase in 

triglyceride secretion by hypothyroid rat hepatocytes with no significant 

increase in apo-B'secretion. although a redistr~bution of the apolipoprotein 

towards larger lipoprotein particles was observed. This suggests that 

sufficient apo-B is secreted by hypothyroid, chow - fed rat hepatocytes ta 
, 

accomodate the relatively small increase in 'triglyceride secretion with"the 
, 

'result that larger lipaproteins are secreted. The distribution of apo-E, in 
') 

contrast. aPPaeared to be more sensitive to rormonal alterations. Th,e hypo-

thyro1~t hepatocytes secreted proportionately more apo-E in association 
- 1 

with lipoprotein complexes and less as a lipid - poor particle (Fig. 26). The 

absolute amount of apo-E secreted by these cell 50 was not si gnificantl,y. 

different to that secreted by normal hepatocytes. This is of i,nterest as there 

is evidence to indlcate that total liver protein synthesis is reduced in hypo-' 

, thyr01dism (421). As only the. secretion of apolipoproteins into the medium was 

measured in this stu&y, it is not possible ta ascertain whether or not the 

normal output of apo-E by hypothyroid rat hepatocytes resultÉ!d- from active 

synthesis or.simply additional secretion -from a large intracellular pool. 

Li n-Lee ~t a 1. (290) observed an i ncrease 1 n total li ver ce 11 apo-E mRNA in 

cholesterol fed rats despite cancomi,tant hypothyroid1 sm. In hyper

cholesterolemia muah of the newly synthesized apo-E was not actively secreted 

into the medium but expanded the hepatocyte intracellular pool of this 
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apolipoprotein (290). The higher proportion of.'radioactive amino-acid incor

poration into apo-E versus apo-B in l1poproteins secreted by hyper-

cha l estera l emi c hepatocytes èompared to . nonnàl (F'f g: '35) supports the concept 

of a more active synthesis of the fonner proteine The data J5"resent~d here 

sU9gests that the highly elevated""1Tlo-E secretion rates in hyper-
< 

cholesterolemie rat hepatocyte incubations probably refl~ct an increase in 

apo-E biosynthesis whereas in hypothyroid rat hepatocytes no significal)t 

increase in apo-E biosynthesis occurs. 

Hepatocytes ,from all 'three groups of rats studied secreted apo-AI at 

similar rates and primarily as a particle with a Stokes radius smaller than 

! 

1 , 
1 

-1 

1 
1 
, 

13 albullIin. Les!' tEn 30% of th~ total apo-AI secreted was associated with larger 

lipoprotein pa ticles. It i's Possi/ble that the characteristics of the large 

nascent lipopro ins ~re not suitable for ~CqUis~tion. Tall et, al. 

.. 

(422) demonstrated that multilamellar liposome's incorporated far less human 

apo-AI with increasing liposomal molar ratios of cholesterol to phospholipide 
" 

The relatively higher free cholesterol content of nascent serum lipoproteins 
~~ ~ , i 

versus serum lipoproteins leads us to suggest that similar principles m~y \, '1 

govern "pol i poprotei n ",qui sition in the rat. Thi s pos.ibil Hy i s supported bY,\, -i 
! 

the observation·that a sianificantly lesser proportion of the total apo-AI 

secreted by hypercholesterolemic hepatocyt? was found to be àssociated with 

the large cholesterol -'il",ich lipoprote'ns wh~n compared to Ronnal or hy,po-

thyroid nascent lipoproteins (Fig. 26). 
" 

An interesting observation was the similar-ity in immunodiffusiorl patterns 

exhibited by the l ipoproteins secreted by the hepatocytes of the three groups 

of 'rats (Figs. 36 and 37). Reactions of identity between apo-B and apo-E for 

.lipoproteins in fraction 1 would indicate that both these apolipoproteins 

reside on a single particle. (The levels of apo-AI in these fractions were too 

low to Rermit similar studles.) In contrast, the reaction of partial if;tentity 
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for lipoproteins in~raction 2:~ith a spur extend1ng towards apo-B infers that 
' .. 

a portion of the apo-E 1s secreted as Lp-E, i.e. with apo-E as"'1:he 
/ . 

i 
1 
1 

sole apol1poprotein present on these particles. To our knowledge the secretion . 1 

. ---. 1 
of an Lp-E partfcle has not prev10usly been reported. The observation that t'he \'{. 

pattern.s fO; nascent lipoproteins from the three ,groups of rats are the same, 1 
1 would indicate that the basic mechanism~ of lipoprotein assembly'and secretion 

are idenJcal despite the va~iant amounts of lipid secreted per particle •. 

A faint reaction indicating the presence of apo.C in fracti~n. fram 

incubations of rat hepatocytes (Fig. 37) is probably analogous to the single 
\ 

reaction of partial identity observed for ultracentrifugally isolated HDL 

(Fig. 21). The secretion of a,po-C in association with nascent HOl had been 

proposed by Hamilton et ~l. (328) and is present in HDl secreted by perfused 

normal rat livers (320). This may provide a source of apo-C for nascent VLOL 

1 within the space of Disse. The relative deficiency of apo-C observed in VLDL , 
'secreted by'hypercholesterolem1c rat livers versus normal rats, then, (120') 

could be the result of a defective acquisition of HOL- apo-C by the nascent . 
VLDl. 

, 
In summary, under conditions of hypothyroidism·and cholesterol feeding, 

the liver cell secretes increased amounts of apo~B, E and lipid (especially 

cholesterol) as large abn~rmal lipoprotein ,omplexes. In conditions of. mildly 
. . 

elevated lipid secretion (hypothyroidism) more apolipoprotein (apo-E) may be 

required for-'?èh~sSembly of larger parti,cles having relatively nonnal . 
compositio~. This, would cause an increased proportion of apoliPoprot~n 

(especially apo-E) to be associated with these lipoproteil\.s, sugk~ng that 

the lipid - poor apoliPoprotein~ secreted by the hepato.cyt~ represents an 
'--..-

lIexcess" pOQl of apol ipoprotein. Such~~ meehanism of apol ipoprote1n 
.. • 1 J'. 

acquisition by naseent lipoproteins during their intraeellular as~embly would 
1 

not neeessitate the increased biosynthesis and secretion of the apolipo-

" 
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prote1ns per se. The l1pld - frée apo1fpoprote1n 5ecreted by the hepatocytes 

may a150 serv'e as'a read11y ava1lable pool of serum apo1,ipoproteins that can . 
associate with enzymes (~.g. LeAT) and llpoproteins (e.g. chylomicrons) to 
~ .> St-...! 

mediate the degradation and cellular uptake of the latter. As ~oth apo-8 and E 

have been implicated in receptQr ~.~~diated uptake of lip6proteins by hepatlc 
,1 , 

"-
and extrahepatic ~is5ves (l07, 423), it· is likely that higher proportions of 

these a~poprote1ns woul d be requi red for nascent li poprote1ns when the 

hepatoc~tes.are secreting higher amOqnts of 1ipid. Thus. the apo-B and apo-E 
, 

would elicit the removal of the lipoprotein remnants trom the circulation or, 

- ( would confer st'abillty to the more 11 p'1d - rich particles. 

Thè presence of cholesterol - rlch, B ~ migrating lipopr.oteins in simple 

hypothyroidism does not arise from the direct hepatic secretion of~these 
~ , ' 

part1cles' bùt,may be derived either fram VlOl or chy1omicron metabolism. Their . - \ 

( accumul ation may result from impai red remova(, possibly as a consequence of 

decreased 11poprotein - receptor number. In dietary - induced hyp~r

cholesterolemia with hypofhyroidism, in contrast, the liver responds to the 
" 

increased cholesterol loaQ by secreting cholesterol - r1ch particles which 
- n 

contribute directly ta the accùmulating serum pool of these lipoproteins, a 

condition which is only exacerbated by the con~Omltant thyroid deficiency. 
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1) SeparatioQ of the lipoprotein secretofY products of isolated hepato-
1 

cytes by gel filtration lnd1cates that the liver cell secretes apolipo-

proteins 1n association with large 1ipoproteln complexes as welJ as 1n 

essential1y lipid - free forms. This is one of the first demonstrations that 

essential1y lipid - free apolipoproteins not arising from ultracentrifugation 
L \ 

are secreted by lsolated hepatocytes. 

2) The secretion rates of apo-B, E and AI by hepatocytes from euthyroid, 

hypothyroid and hypercholestero1emic rat\:'ere detennined~ Al l' three 

apolipoproteins were secreted at higher rates by hypercholesterolemic hepato-. ' 

cytes. No si gni fi cant di fference was observed for hypothyroid hepa~ocytes 

compar~d to normal. 

3} Total 1ipid'secretion by the three groups of hepatocytes was 

da.termined and was 'found to be ~ark.edly elevated in the 'hypercholesterolemic 

hepatocytes, whereas on1y a slight increase in triglyceride and phospholipid 

se~retion was observed for hypothyroid hepatocytes compared to nonmal~' 
.. 

4) Lipid compositional analysis of th~ large nascent lipop,rotein com-
" 

plexes secreted by the hepatocytes indicated that the hypercholesterolemic 

hepatocytes secreted.abnormal, cholesterol - rich particles whereas the com

position of the hypothyroid and normal nascent lipoproteins was similar. 

5) The hypercholesterolemic hepatocytes secreted a discoida1, apo-E -
~ 

rich lipoprotein which was visualized by electron microscopy. Such particles 

were not detected in'electron micrographs of nascent lipoproteins isolated 

from incubations of nonnal or hypothyroid hepatocytes. 
(--

1 

6) Fractionation of the nascent lipoprote1n product$ by gel filtration 
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revealed the redistribution of apo-B and E from ~percholestero~em1c hepato-
, , 

,cytes and apofE fram hypot~roid hepatoc~es to larger lipoproteins compared 
t . 

to normal apol1poprote1n distributions. 

q) Ev1deoce 1s prov1ded to suggest that apo-C is secreted by the hepato

cytes as an HDL. - 1 Ue partiele and that apo-E can be seereted as an. LP-E. . 

, lipoprotein. 
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